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1.0 A8S1RACT 

Annealing of the solar blanket on an SPS will require a technique tailored to that purpose, 

as well as a blanket design compatible with annealing temperatures. Thermal b1Jlk annealing 

of radiation damage in silicon has been repeatedly demonstrate Jin the laboratory. 

Attention has been given to laser directed-energy annealing un jer this contract. lnitiai 

tests of laser annealing of thin solar cells with glass covers were dedicated to measuring 

thermal response of solar cells to laser energy density. Resulting energy requirements 

are less than earlier estimates by about a factor of 5 and have been reflected in definition 

of the reference laser annealing system. 

A test program was conducted to further explore the laser annealing of glass-encapsulated 

50-micron solar cells but a suitable method of glassing was not found. Ten cells were 

coated with 75 microns of glass by Schott in Germany using electron-beam evaporation 

of the glass. The coatings\\ 2~e of poor quality, e.g., full of bubbles, and contained much 

frozen-in strain. When subjected to annealing temperatures, the coated cells curled 

up lih:e potato chips and the glass fractureG. Attempts at RF sputtering at Boeing yielded 

glass deposition rates too low to be usable. Ion sputtering was tried on a few cells at 

Ion Tech. Good quality coatings were produced, but the cells were dc.maged in handling. 

Some damaged cells were subjected to annealing temperatures and did not exhibit the 

mechanical failur~s of the Schott-coated ceUs. Ion sputtering merits further investi­

~<ition, as does electrostatic bonding of glass rr.icrosheet. 

Laser annedling tests were conducted on ten 50-micron cells. Two were control ce!ls 

that were not irradiated. These showed no loss in output due to exposure to the laser. 

Two cells were broken in handling. Six cells were successfully tested. All cells tested 

without breakage showed some recovery. One cell was subjected to two cycles and 

showed recovery on both cycles. Cells that were moderately degraded appeared to recover 

more completely than those more severJy degraded. Exposure times ranged from two 

to ten seconds at 500°c. There was some indication that longer exposure was beneficial. 
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2.0 RATIONALE 

The front surface cover glass of a solar cell must be capable of withstanding the various 

environmental conditions to which the solar array is exposed. To be compatible with bl'th 

the space environment and thermal annealing techniques, the cover must meet the 

following criteria: 

1. The front surface cover must pass solar inolation in the spectral range compatible 

with the spectral response of the solar cell. 

2. The front surface cover must resist loss of transmissivity due to color center 

formation caused by charged partide irradiation. 

3. The front surface cover and silicon solar cell face must be dosely matched, optically 

and thermally, such that spectral reflectance at the interface is minimized and 

thermal expansion at the interface from -150°c to +6oo0c, is not destroctive to the 

cell structure or the cover glass. 

Cerium-doped borosilicate glass meets the specified requirements for a front surface 

cover, provided the glass ca'l be bonded to the solar cell in such a way as to prevent 

dam3.ge caused by high temperature exposure or thermal expansion mismatch between the 

glass and silico.,. Thermal expansion of cerium-doped borosilicate glasses currently 

available cl'les not match the thermal expansion of silicon dosely enough to be integrally 

compatible from lo•v temperature through annealing temperatures (500°C). 

In past experiments (I), 250 µm-thick silicon solar cells with electrostatically bonded 

£50 µm-thick front surface covers of Corning 7070 glass '1ave been successfully annealed. 

Thermal expansion characteristics of Corning 7070 borosilicate glass are dosely matched 

to those of silicon such that this glass, integrally bonded to silicon, can survive 

temperature extremes from room temperature through annealing temperatures (500°C). In 

these tests it was shown that a silicon solar cell with an integral glass cover can withstand 

annealing temperatures without degrading the solar cell performance. 

These previous r"!sul ts indicate that an annealable, integral glass cover for a 50 µm-thick 

solar cell is f easibl~. The experimental work described in this report was designed to 

further develop the high-temperature, low-mass cover cMcept, and to verify that a thin 

cell and thin cover glass can be joined and annealed similar to a thicker cell and thicker 

2 



0180-25037-4 

glass. The rationale for evolving the thin glass/thin solar cell stack to be annealable is 

that space solar arrays are tending to become larger as the spacecraft's electrical loads 

show increases in the future. That, plus the longer life, lower weight requirement for 

large arrays, forces the technology to pursue achievement of a lightweight solar cell 

stack, with aMealing capability. in order to minimize solar array area. 

Since the problem cf joining glass to a solar cell without adhesive is difficult, various 

methods of effecting the joining were explored. Among the newer possibilities are the use 

of a laser beam, and bonding by electrostatics. 

3 
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3.0 OBJECTIVE 

The objective of this test was to demonstrate the feasibility of 1) bonding an integral 

glass cover to a 50 ).Im-thick solar ceU and 2) laser annealing of a 50 ).Im-thick solar ceU 

with integral glass cover. Associated topics of investigation were charged particle 

irradiation damage of the 50 }Jm-thick silicon cell, structural tolerance of the 50 1-1m-thick 

celJ to high temperatures (500°C and above) and annealing characteristics of 50).lm-thick 

solar cells. 

4 



D 180-25037-4 

•.O STATEMENT OF WORK 

The contract task was performed by completing the following items: 

1. Establish initial test parameters for deposition of laser energy into the radiation 

damaged region of the silicon. 

2. Test laser effects on uncovered test ceJJs and analyze the results to determine if 

thermal stresses cause observable damage to the silicon ceJJ. Adjust the test 

parameters to optimize thermal annealing and minimize structural damage to the 

cell. 

3. Apply laser pulses to solar-cell-and-cover assemblies to conform the ability ot the 

covered ceUs to withstand the thermal stre'Sses of laser annealing. 

4. Irradiate 7 glass-covered cells with l MeV electrons to a fluence level of 2 x 1015 
? 

electrons/cm- and irradiate 3 glass-covered solar cells with 11 MeV proton irradia-

tion to a fluence !evel of 3 x 1012 protons/cm2• 

5. Laser anneal the 10 specimens, measuring performance before and after. 

6. Perform repeated annealing on four of the 10 solar cell specimens. The number of 

repeat cycles will be determined. 

7. Write a report describing the work and summarizing the results. 

5 
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6.0 TECHNICAL APPROACH 

6.1 INTEGRAL GLASS COVER DEVELOPMENT 

Traditionally, glass covers have been bonded to thP. solar cell using adhesives. At 

annealing temperatures (400-.500°C) these adhesives degrade. In seeking a non-adhesive 

integral bond between glass and solar cell, electrostatic bonding, ion sputtering, and 

electron beam evaporation were considered. At the time of this report it was believed 

that Corning 7070 borosilicate glass is most suitable as an integral cover fo .. silicon as the 

thermal expansion of both materials is closely matched. Because Corning 7070 glass was 

not available in thin sheets (50-75iim thick), electrostatic coverglass bonding could not be 

investigated. The procedures of ion beam sputtering and e!ectrom beam evaporation were 

both used to create thin (50-7~) integral glass covers on 50 Jim-thick cells. 

Once the thin cells were provided with integral glass covers, the covered cells were 

subjected to thermal tests to determine the structural pioperties at annealing 

temperatures. 

7 
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6.2 LASER ANNEALING TESTS 

Each thin cell, once provided with an integral glass cover, was charged partide irradiated 

to simulate damage received in a space environment. These radiation damaged cells were 

then to be annealed using a C02 Iaser as the annealing energy source. At this point, laser 

annealing ~uld be analyzed to improve annealing effectiveness using a laser. 

8 
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7.0 TEST RESULTS 

7 .1 INTEGRAL GLASS COVER 

In the first stage of this testing program 50 µm-thick solar cell!' were provided with 

integral glass covers. Fifteen solar cell samples wue coated with 46 to 78 µm of Schott 

8329 glass by means of an electron beam evaporation process. These cells were to be the 

primary glass-covered test specimens for laser annealing studies to be conducted in a 

later portion of the test sequence. In a separate procedure four cell samples were coated 

with 50 µm of Corning 7070 glass. This glass coating procedure employed an ion beam 

sputtering prrx:ess. 

9 
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7 .2 EARLIER TESTS 

Pre-test analysis of 50 µ m-thick, glass-c.:>vered solar cell annealing was based on earlier 

thin-cell annealing studies and on a thermodynamic model of a 50µm-thick silicon solar 

cell with a 50 µm-thick borosilicate glass cover. Previous studies conducted under 

subcontract to Boeing, by SPIRE Corporation, shows annealing effects (Figure 2) of an 

unglassed, 200 to 300 µm-thick, violet cell after pulsed laser irradiation. In this test 

series, electron beams were also tried on unglassed cells with similar results. A second 

series of tests was conducted with the intwt of ascertaining the feasibility of annealing 

cells with electrostatic-bonded glass covers. It was decided to concentrate on \aser 

annealing, since there was concern that the electron beam would not penetrate the glass 

cover and would heat the glass excessively. SPIRE attempted to bond 250 µm glass 

coverslips to 50 µm siiicon solar cells l.::>rng their electrostatic technique. These attempts 

were unsucces.5ful, resulting in cell br-eakage in every case. Consequently, annealing tests 

were conducted using conventional (200 µ m to 300 µ m) silicon cells with 250 µm covers. 

Initial laser tests were conducted using a Nd-YaG laser with a pulse duration of roughly 

1 msec. These laser puls0s heated the cell preferentially and resulted in cell breakage. 

At this point, SPIRE resorted to a co2 iaser with a much longer pulse (2 seconds) of lower 

intensity. The co2 laser energy (1.6 rn) was absorbed en~iiely in the glass; preferentially 

heating the glass which then heated the cell by conduction. It was observed that depsoiting 

the laser energy in the glass rather than in the solar cell reduced cell 

breakage. The phenomenon is under continuing investigation. The same effect 

could be obtained with the electron beam, but the electron charge poses potential 

problems. Charge accumulation in the glass rnay cause dielectric breakdown; also the 

electron beam path might be influenced by electric or magnttic fields around the target, 

thus posing issues as to its practical application on an SPS. C02 laser annealing tests were 

c~nducted on a 250 rn-thick solar cell with a 250 m-thick ESB cover glass (Figure 3), 

indicating good annealin"' results aftec electron irradiation degradation. In these tests the 

front surface cover glass (Figure 4) reached sufficient temperaLure to cause the glass to 

melt, but the solar cell was not damaged and the solar cell-to-glass cover bend was 

unbroken. The laser spot size was smaller than the cell; a tota~ of five laser pulses was 

used in each case. The locations where the laser pulses irrpinged on the sol<i• cells are 

clearly discernible in Figure 4. These tests had the cells mounted on heat sinks and 

employed an energy intensity of 64 watts/cm 2• Thus the tests were not a goud simulation 

of annealing an array in space, where both sides of the array will reject heat only by 

radiation. 

10 
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A steady-state thermodynamic analysis of the 50 ~m-thick solar cell with 50 ~m-thick 

glass cover reveals the theoretical energy density required to maintain temperatures in 

the region of from 200°c to .50C°C (figure 5), and the time requ!red t<' attain .500°c far 

different energy densities ranging from 10 to 40 watts/cm2 (Figure 6). 

13 
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7.3 LASER ANNEALING TEST SET-UP 

This procedure describes the test set-up and test sequence used at the Boeing Metrology 

1..aboratory (BML) for heating solar cells with pulses of co2 laser radiation. 

7.3.1 Laser Test Set-Up Desaiptim 

Figure 7 shows schematically the test set-up. A co
2

1aser cap~le of greater than i50 

watts CW was used as the laser source. A mechanical shutter was used which utilizes two 

knife edge shutter leafs and a light emitting diode - photo cell to generate a pulse of laser 

radiation and an electrical timing pulse respectively. The electrical pulse was meas;.ared 

with a counter to determine the exact laser i>eam pulse length. With the shutter held 

open, a sampling mirrnr was placed in the beam to deflect t~ ..,earn into the reference 

power tr3flsdl.;cer which was used t' measure the total raw beam power as a reference. 

A zinc selenide lens with a 5.0 inch focal length was used to spread the beam. Distance C 

in Figure 7 was adjusted to give the required power density at the test plane. 

The beam travels through a motor-driven mirror arrangement which was computer 

controlled and can be used fa- aligning and centering the beam and for scanning the beam 

aero~ the aperture plate (2 mm aperture) to _;>rovide power density profile maps of the 

beam. 

The laser test tdc1lity is pictorially illustrated in Figures 8 through 12. Figure 8 shows the 

coherent optics, Everlase 150 l:lSer with the test set-up on the work table above the laser 

cabinet. figures 9 and IO show the target site with power meter to measure beam 

uniformity. Figures 11 and 12 shew the test cell and control cell for thermal measure­

ment. Note tha~ the cells are thermally insulated from the fire brick target area by 

ceramic pillars. 

An HP 3052A automated data acquisition and contrcl system is used to collect all the 

outputs from: 

l. The reference transducer. 

2. The standard transducer behind the apera!ure plate. 

3. The thermocouple. 

4. The shutter timing signal. 

IS 
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The system was also used to control the X-Y mirror scaMer and provided beam profile 

tables (Figure 13) and plots (Figure 14). A temperature versus time plot was also provided 

for the thermocouple on the test cell (Figure 1.5). 

7.3.2 Laser Test Sequence 

Figure 16 shows a sample data sheet for recording run II, peak power density, pulse length 

'1nd temperature rise for the standard cell. Several nms were made on the standard cell 

to determine the repeatability both before and after the test ceU is irradiated as sho>:n in 

Figure 17. 

19 
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7.lf EVALUATION OF E-BEAM EVAPORATED INTEGRAL GLASS COVER 

Fifteen,.50 µm-thick solar cells were covered with 46 to 78 JJi-n of Schott 8;29 borosilicate 

glass by means of an electron-beam evaporation process. This work was done at the 

Schott Glass Facility in Mainz, Germany. The process was able to deposit up to 

100 lJm/hr. of the 8329 glass. Corn;:-1g 7070 glass or the Schon equivalent 8248 glass was 

preferable for this application as a dose thermal expansion match to silicon is required 

due :o thermal extremes experienced during annealing (400-.500°C). Schott was unable to 

obtain either Corning 7070 or Schc. t 8248 in the proper form for their E-b~am sputtering 

process so Schott 8329 glass was used to provide the deposition process compatibility with 

50 µm-thick solar cells. 

Figures 18, 19,and 20 show mag.1ilications of the resultant 8329 glass deposition. The 

photos were ~aken at the glass edge where the cell surf ace was masked to prevent glass 

deposition over the electrical contact pads. Note the high bubble content in the deposited 

glass. It is believed that this is a result of the depositior. rate and may be inherent to the 

E-beam evaporation process. 

Figures 21 through 26 show electrical parameter degradation due to the glass deposition 

process. The Solarex solar cells had an average 9.15% power reduction after the integral 

glass cover was applied.while the OCLI cells showed a 12.31% reduction in output power. 

The decrease in solar cell performance may be due to cell damage incurred during the 

E-beam deposition process or it may be attributable to the quality of the glass cover and 

its bubble content. 

Upon subjecting these glass covered test cells to annealing temperatures, <;he 8329 glass 

was found to fracture at temperatures above 200°c. This indicates either an unexpect­

edly high thermal mismatch between the solar cell and integral glass cover or deposition 

process induced stresses in the 8329 glass. Figures 27 and 28 show glass covered sola~ 

cells after being raised to 500°c by co2 laser exposure. These cells exhibit glass 

fracture and deformation of the ceH and cover st. ucture. The 50 µ m-thick cell show·1 in 

Figure 29 was heated from room temperature to 300°C over a period of 45 minutes in an 

o,1en. figure 29 shows the glass beginning to fracture in long, smooth breaks. The portion 

of the cell that is missing and the smaller fractures in the corner of the solar cell ar~ the 

result of handling of the solar cell. Figure 30 shows a glass covered 50 µm-thick soldf" ::ell 

after an 18 watt C.W. laser exposure that raised tr..: temperat•11·e of the cell to 200°c. In 

this test, glass fractures first became apparent after 3 seconcs at a cell temperature of 
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Figure 21; Glass Coimed Solar 0111 Characteristics, Solarex C•/I No. 3 

Z AfTllt IUCTRON llMI IVAIOAATION -----.... 
Of •,,_Of ICHOn mt llOM>llLICATI GLASS 
v.·.IMY •ec• 1tl.J-

.1 

0 ~----'---
0 20 IO II 100 Ua 140 

Figure 22;Gless Covered Solar Cell Characteristics, Sola."ex Cell No. 4 
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Figure 27; Solarex 5()..µm-Thick Solar Cell With 70.µm-Thick Schott 8329 Glass 
Cover After s:45 Sec. Laser Exposure Raising Cell Temp. to 50d'C 

Figure28;0.C.l.I. 50-µm-Thick Solur Cell With 60·µ.m-Thick Schott8329 
Glass Cover After 6.56 Sec. laser Exposure Raising Cell 

~· Temperature to 5()(/JC. 
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1.50°C. The electrical grid deformations shown are manufacturing defects as these cells 

were intended primarily for mechanical testing. Figures 31 and 32 show solar cell 

fragments with integral glass cot1er that was thermally tested in an oven. Figures 33 

through 38 are magnified views of the glass covered solar cells showing details of cover 

glass fractures, solar cell surface texture.and A.R. coating shear as the glass separated 

from the solar cell. 
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Figure 32; ·Thick Solar Cell 
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7 ·' EVALUATION OF ION-BEAM SPUTTl!REJ> INTEGRAL GLASS COVER 

Four.50 IJm-thick silicon solar cells were covered with 50 IJm of Corning 7070 borosilicate 

glass by means of an ion beam sputtering process. This work was done by M.O.E. Systems 

Inc. of Fort Colli~, Colorado. Tnese tests established a 21Jm/hr. deposition rate; 

considerably slower than the E-Beam evaporation process. The initial deposition t~sts 

resulted in bending and cracking of the solar cells during the process. This cell damage is 

attributed to long term heating of the solar cell causing the cell to deform. The 50µm­

thick glass coating, as seen in Figure 39, has good optical qualities and no apparent 

bubbles due to deposition as in the E-beam process. Figures 40 and 41 show two Corning 

7070 glass covered solar cell fragments that were heated to above 100°c by co2 laser 

irradiation. Evidence of large, discrete bubble formation is visible, but no glass fracture 

or cell-and-glass deformation was 1Jbserved. The large bubbles that formed at hig~ 

temperatures (600°C-800°C) are b~ieved to be due to outgassing of the AR coating 

between the solar cell and glass cover. 
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Fi{IUte 41; O.C.L.I, 5().µm. Thick Solar Cell With 
lon-SPam Sputtered, 50·µm· Thick, Coming 
1070 Glass Cover After Being Laser Heated 
To Over 70f1JC 
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7.6 !:.VALUATION OF ELECTRICAL DEGRADATION IN UNGLASSED SOLAR CELLS 
DUE TO LASER EXPOSURE 

Before formal laser annealing tests began, mechanical 50 µm-thick solar cell test 

spedmens were subjected to various laser intensities and exposure ourations to determine 

the mechanical effects of thermal shock during laser irradiation. Unglassed.50 µm-thick 

solar cells were found to deform in a unpredeterminable fashion above 300°c where 

subjected to a laser beam of uniformity similar to that shown in Figure 14. Upon 

measuring electrical characteristics (Figures 42 and 43) of test cells after a 5 second, 100 

watt co2 laser exposure that raised the cell tetr.!)erature to .500°C, no reduction in the 

solar cell's electrical characteristics was apparent within measurement variation toler­

ances. 
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Figure 42; C02 Laser Annealed Solar Cell Without Coverglass, Solarex Cell No. 44 
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Figure 43; C02 Laser Annealed Solar Cell Without Coverglass, Solarex Cell No. 45 
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7 .7 EVALUA TlON OF LASER-ANNEAL OF IRRADIATION DAMAGED )()~ m-THICK 

SOLARCEU.S 

Integral glass covered solar cells provided during this test program have been found to be 

intolerant o! amealing test temperatures or were damaged as in the case of the Corning 

7070 glass covered cells. To further this testing program.unglassed 50 µm-thick solar 

cells were tested for annealability using a 1'0 watt co2 laser. 

Figure 44 shows typical recovery characteristics of a 50 ~m-thick solar cell after first 

being charged-particle irradiated and then laser an~aled. Figure 45 shows the laser 

exposure (two pulses) used to anneal the cells described in Figure 44. 

Figures 46 through .52 illustrate laser annealing of charged-particle irradiated Solarex and 

O.C.!4.1. )Oum-thick solar cells. Each ceU was to be irradiated with 1.9 MeV protons to a 

fluence of l x 1012 protons/cm2, however cells 18, 19, 31 and 32 did not receive full 

irradiation fluence due to malfunction of the proton source during the irradiation portian 

of the •est sequence. Cells ~lS and 32 had reduced outputs after the laser anneal portion 

of tht> test due to cell damage. Cell 118 was brokf'n and 25~ of the cell was lost. Cell 

1131 Cl!rled during laser expo~re to such an extent that accurate electrical measurement 

under solar simulations conditions was not possible. 

figure 53 illustrates repeated laser annealing under the same test conditions as applied t::> 

those solar cells depicted in Figures 46 throuE;h 52. Figure 54 is a summary oi output 

p.Jwer variations after each step of the annealing test sequence for all cells except cells 

:: i S and 32 which were damaged during laser exposure. Electrical chara<..:teristics foc the 

annt~ahng test sequence conti ol cells art- shown in Appendix B. 
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Figure 44; 1-V Characteristic of 50 pm, Ung/asslNJ Solar Cell After Proton Irradiation and 
After C02 Laser Annal. 
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Figure 45; Te.1.perat'Jre vs_ Til:>i' Plot for Laser Annealing Test of Proton lrradiateJ 50 µm Silicon 
Solar Cell Without Co.,,erg/tJSS. 
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1.0 CONCLUSIONS 

Available application techniques for those glasses that are thermally compatible to silicon 

at annealing temperatures (500°C) are slow or require glass in a form not presently 

available. Deposition rates for glass range from 2 µm/hr for ion-beam sputtering to 

100 µm/hr for electron-beam evaporation. Although the E-beam process is faster, the 

quality of the deposited glass layer is poor having a high bubble content. 

Mechanically the 50 ~ m-thick solar cell and equivalent thickness glass cover must be 

stress free to prevent distortion or breakage due to thermal shock during laser exposure. 

Electrostatic bonding of glass to the .50 ~m-thick solar cell requires a stress free thin cell 

to prevent cell breakage as pressure is applied during bonding. 

Corning 7070 glass has thermal expansion characteristics that are very closely matched to 

silicon such that this glass is an acceptable silicon cell cover at annealing temperatures. 

Corning 7070 glass is not commercially available at this time in .50 µm to 75 }Jm thickness 

to be electrostaticaUy bonded to a .50 µm thick solar cell. 

These preliminary laser beam annealing tests showed an average 50% recovery from 

charged particle irradiation damage with 5-10 seconds exposure. Thermal bulk annealing 

in an oven for 20 minutes has shown 90-100% recovery. This difference in recovery 

suggests a time dependance for more complete annealing. 
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9.0 RECOMMENDATIONS 

To further the development of an integral glcm cover for the .50 lJm-thick solar eel! 

requires the development of a fast glass deposition process or a thin glass sheet with 

associated bonding process such as electrostatic bonding. 

The primary obstade in testing 501Jm-thick cells is the high test sample loss due to 

breakage. To reduce these losses, handling techniques need to be developed such that the 

individual cell is protected from excessive external stress. Also, some cell distortion or 

breakage is due to internal stresses released when the cell temperature is raised to above 

200°c. The cell, metalization and glass structure must be studied to reduce internal 

stresses in these thin cells. More study is necessary to determine the differences between 

short term 0-10 sec.) annealing effects and long term (20 minutes) annealing effects. 

Also, if thin cell breakage can be reduced, repeateti annealing characteristics of 20-30 

anneal cycles may disdose accumulative effects inherent in the annealing process 

especially when lasers are used at the annealing energy source. 

Future tests should: 

1. Explore a wider range of time, temperature, and degradation conditions with a 

statistically significant number of samples. This testing could be done on base 

(unglassed) cells. 

2. Perform tests on glassed cells as soou as a suitable glassing technique has been 

developed. Ideally, cells fully encapsulated with covers, substrate, and interconnects 

should be tested. 
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TEST PLAN 

LASER ANNEALING OF RADIATED DAMAGED, ULTRA-THIN SOLAR CELLS 

A. 1.0 SCOPE 

A.l.l BACKGROUND 

Little work has been done in the area of thenna1 annealing of 
solar cell radiation damage using 1aser ener~y. Thennal ~roperties of advanced 
solar cell designs have not been tested at high temperature (5oo0 c) 

Jnd breakage of the ultra-thin (SOµm) solar cells due to thennal shock 
is a serious concern in present developmental tests. As the state-of-
the-art development of solar cells orogresses, it is important that a 
good quantitative understanding of the physical properties of these 
cells be maintained as a basis for further development and accurate 
solar cell modeling. 

A.l.2 OBJECTIVE 

The tE~t will define those sola.· cell and laser parameters that 
are pertinent to thennal annealing of 50µm silicon solar cells covered 
with SOµm to 75µm of borosilicate glass. Those parameters such as laser 
beam intensity, exposure time, beam unifonnity, and the cell structure 
thermal stability will be examined and de~eloped as much as the contract 
period and funding will allow. This test is an initial development task 
in which test parameters for future work are to be detennined. 

A. 1.1 TECHNICAL APPROACH 

1 .s effort requires testing of laser anrcaled solar cells and 
analysis of test results. The contract allows for only minimal pre-test 
analysis. 
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l!litidl test p.:l.·dmeters will be taken from earlier iaser annealing 

tests perfonned on ylass .:overed, 250ia1i thick solar cells and from a 
steady state thermodynamic model of the test cell structure. Pre-test 

;:-;::.rr1e~ers will be adjusted from post-test results in an iterative process 

ha~ l~a:, to the most effective dnnedling technique for the materi.:llS 

,·rnd ldSei· being tested. In this manner, test dnalysis will establish the 

optimum ~xposure times and interisities of t~ laser beam for achieving 

iPmea,ing wHhir~ the constraints of the allowable thernul stresses in 

t~e silicon-glass structure. 

A. 1.4 STATEMENT OF WORK 

items: 

Th~ pn.>pl~:>ed t.lsk. w~ 11 be perfonned by completing the fol low!!lg 

\ l ~ EstJt:-1 ish ~nitial test parameters for deposltion of laser 

energy into the radiation damaged region of the silicon. 

f ., ) 

l~ Test laser effects on uncovered test cells and analyze 

the results to dt:>tennine if thennal stresses cause observable 

d.11:1a~w to the s i1 icon ce 11. Adjust the test parameters to 

nptimL:e tht~tinal annealinq and :ninimize structural damage to 

the cell. 

(3) .l\ppl_v ldser pulses to sol..lr-cell-,rnd-cover dSSemb1it:>s to 

ctrnfirn: the .1bility of the c0vered cells to withc;tdnd the tl-iermal 

stresses of lJser Jnnealin4. 

(4) lrr,1JiJte 7 9lJss covered cells \"lith 1 MeV electro:1s to a 

fluence levc~ Jf : x 10 15 electrons/cm2 and irrddjdte 3 

~lJss covered solar cells with 11 MeV proton irradiJtion 
1? ., 

to a fl~ence level of 3 x lO'L protons/cm~. 

\5) L..ist•r dillk'.11 ~ht:> lt1 spet:iH1ens, 111e.1suri119 perfcnna111.:e before 

,wJ d ftt'r. 

:'\-~ 



0180-25037-4 

(6) Perfonn repeated annealing on four of the 10 solar cell 
specimens. The number ~f repeat cycles will be detennined. 

(7} Write a report describing the work and ~Ulmlarizing the 

results. 

A.1.5 DATA ANALYSIS 

Tc determine the effect of particle irradiatio~ and laser annealing 
on each soiar cell. rre- dnd post-test electrical parameters will be 

compared. In addit~on, thennal measurements ma~e on the cell during laser 
bea.~ exposure will be used to adjust laser beam intensity and duration to 
prevent mechanical damage to the cell. A solar cell will be judged 
mechanically daw.aged when such damage is observable with the aid of a 
XlO power microscope. 

A.2.0 ELECTRICAL PERFORMANCE TEST 

A.2. 1 PURPOSE 

The objective of this test is to measure electrical perfonnance 

characteristics for eacr. cell at standard conditions while illuminated 
by a solar simulator. 

A.2.2 TEST CONDITIONS 

A. Illumination: 1.0 solar constant+ 0.75% (+ 0.25% goal). 
B. Spectral distribution: AMO conditions. 
C. Unifcrmity: .:!:. 2.0%. 
D. Stability· .:!:. 1.0% (~ 0.25% goal). (As measured with a control cell). 
E. Cell temperature: 25°c + 1°c. 
F. Environment: ~ir 
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A.2.3 TEST M£ASUREMENI ACCURACY 

A.2.3. l Spectral 

.... Illumination: 0. l~. 

B. Spectral radiance: ,:!:. 3.0% i+9.0% in U.V. range). 

C. Unifonnity: + 1.0~. 

A.2.3.2 Themal 

A. Cell temperature~ o.s0c. 

A.2.3.3 Electrical 

~. Short circuit current: + 0.1~. 

B. Open circJit voltage: + 0.li. 

C. SfS cP.11 accuracy~ + 0. ~i. 

0. I-V ~haracteristic curve ~ccuracy: As defined by 
Attachment B. 

A.2.4 SAMPLE SIZE AS REQUIRED 

A.2.5 TEST EQUIPMENT 

A . 2. 5. l Opt i ca 1 

A. X-25 Mark II So13r Simulator (Refer to Attachnent A). 

B. Bec~~an Spectroraaiometer. 

A.2.5.4 Thermal 

A. Temperature control test block. 
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A.2.5.3 Electrical 

A. Digital volt'lleter. 
B. Moseley Model 135 X-Y Plotter. 
C. Spectrolab D-550 ~lectronic Load. 
D. "Balloon Flight Standard". 

A.2.6 E~ECTRICAL PERFORMANCE TEST PROCECl.IRE 

NOTE l: A solar cell test group is cumprised of 3 monitor cells ~nd the 
test cell batch. The monitor cells are to be tested before and after the 
test cell batch. and at intervals no longer than 30 minutes during a test. 

A. Turn on all equipment and allow 20 minute wann-up. 
B. Calibrate the solar simulator with the BFS solar cell to 

the prescribed intersity level. 

C. Measure and record the temperature and short-circuit current 
of the control cell for future recalibration of the solar 
simulator. 

D. Mount a solar cell in the test fixture and make electrical 
connect ions. 

£. Stabilize the solar cell in the test fi~ture and make 
electrical connections. 

NOTE 2: Steps F through J are to be in accordance wit:1 Attachment B. 

F. Measure and record the open-circt·it voltage of the eel 1. 

G. Plot the cell current-voltage characteristics by sweepi~g 
the load from open-circuit volt~ge to short-circuit current. 

H. Measure and record the short-circuit current of the cell. 
I. Measu.e and record the temperature of the cell. 
J. Remove the solar cell from the test fixture. 
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NOTE 3: Repeat Steps 0 through J until the test group is finished. 
Repeat testing of the monito~ cells in accordance with NOTE 1. as 
necessary. 

K. C~~k the repeatability ~f each monitor cell performance 
to detennine if it is in accordance with the requirements 
of this test plan. 

L. Recalibrate the solar simulator every 30 minutes with the 
control cell after verifying its test temperature. 

A.3.0 ELECTRON 30MBARDMENT TEST 

A.3.l PURPOSE 

Tt.is test wi11 establish the degradation characteristics of the 
glass covered 2 mil. solar cells to 1 MeV electron bombardment. 

A.3.2 TEST CONDITIONS 

A. Electron energy: 1 MeV + 5%. 
B. Beam flux: 10~ to 5 x 1011 electronics/an2 - sec .• + 16%. 
C. Fluence level: 2 x 1015 electrons/cm2, .:!:. 16%. 
D. Solar Cell Temperature: Jo0c +s0c. 

A.3.3 TEST MEASUREMENT ACCURACY 

A. qeam energy: .:!:. 0.4%. 

B Beam flux: .:!:. 16% (See Attachnent C). 
C, Fluence level: .:!:. 16% (See Attachment t). 

0 0. Solar cell temperature: + 1.3 C. 

A.3.4 SAMPLE SIZE 

7 glass-covered, 2 mil, silicon solar cells. 
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A.3.5 TEST EQUIPMENT 

A. Oynamitron. 
B. Keithley 610 Electrometer. 
C. Brookhaven Instruments Model lOOOC Current Integrator. 
D. Type-K Thennocouple Strip Chart Recorder. 

A.3.6 ELECTRON BOMBARDMENT TEST PROCEDURE 

A. Verify the unifonnity, energy and flux of the charged 

particle beam. 

B. Mount the test cells on the test block. 
C. Recc··d the temperature of the target. 
0. Turn on the charged particle source and bombard the test 

cells until the correct fluence level is achieved. 

~- Turn off the charged particle source. 
F. Record the temperature of the target. 
G. Remove cel~s from the test chamDer. 

A.4.0 PROTON BOMBARDMENT TEST 

A.4.l PURPOSE 

This test will establish the degradation characteristics of the 

test solar cells to 1.5 MeV proton bombardment. 

A.4.2 T~Sf CONDITIO~S 

A. !'roton energy: 11 MeV + 5:~. 
6. Beam +~ux: 107 to 109 ;rotons/ci - sec., + 16'.~. 
C. Fluence level: 3 x 1012 prot1Jns/cm2, 1- 16'.;'. .. 

D. Solar cell temperature: 25°c ! ~o0c. 
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A.4.3 TEST MEASUREMENT ACCURACY 

A. Beam energy: + 0.4S. 
B. Beam fhlx: !. 16% (See Attactwnent C). 
C. Fluence level: !. 16S (See Attachnent C). 
O. Solar cell temperature: !. 1.3°c. 

A.4.4 SAMPLE SIZE 

3 test cells. 

A.4.5 TEST EQUIPMENT 

A. Dynamitron. 
B. Keithley 610 Electrometer. 
C. Brookhaven Instrll11ents Model lOOOC Current Integrator. 
D. Type-K Thennocouple Strip Chart Recorder. 

A.4.6 PROTON BOMBARDMENT TEST PROCEDURE 

A. Verify the uniformity, energy and flux of the charged 
particle beam. 

B. Mount the test cells on the test block. 
C. Record the temperature of the target. 
0. Turn on the charged particle source and bombard the test 

cells until the correct fluence level is achieved. 

E. Turn off the charged particle source. 
F. Record the temperat~re of the target. 
G. Remove cells f,·c,m the test chamber. 

A.5.0 LASER ANNEALING TEST 

A. 5. l PURPOSE 
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This test will establish the recovery potential of thermal 
annealing using a co2 laser energy source. 

A.5.2 TEST CONDITIONS 

A. Maximum power: 250 watts. 
B. Beam wavelength: 10.6 µm (C02). 
C. Target area: 2,ircm2. 
D. Beam energy density: -40 watts/ cm2. 
E. Beam uniformity: multimode operation. 
F. Exposure duration: variablP from 0.1 sec. to 2 sec. with 

the use of a mechanical shutter. 
G. Solar cell temperatu~e: 25°c to soo0c during test. 
H. Environment: Air. 

I. Solar cell moJnting: The cell structure is to be unrestrained 
and lain horizontally, face up, on a block of fuseu silica. 
The CO ... laser beam is projected vertically, normal to the so·1ar 

L 

cell surface. 

A.5.3 TEST M~ASUREMENT ACCURACY 

A. Beam energy: .::!:. l Q;-:.. 

f. Beam uniformity: The energy distribution at the target is 

mapped at tr.e start of the test and whenever the beam path 
is altered by means of lenses or mirrors. 

C. Solar cell temperature: .::!:. s0 c. 

A.5.4 SAMPLE SIZE 

As required. 
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A.5.5 TEST EQUIPMENT 

A. 250 watt co2 laser manufactured by Coherant Radiation of 
Palo Alto, CA {Model 421). 

B. Huggins Infra-Scope. 
C. Type-K Thermocouple Strip Chart Recorder. 
0. Mechanical shutter to provide accurate exposure times of 

from 0.1 sec. to 2 sec. 

A.5.6 LASER ANNEALING TEST PROCEDURE 

A. Place test cell on target block. 
B. Connect thermocouple wires to Type-K thermocouple strip 

chart recorder. 

C. Make continuous thermocouple measurements throughout test. 
0. Record Huggins Infra-Scope measurements of solar cell temperature 

and compare with calibration value for :oom temperature. 

E. Record infra-scope output throughout test. 
F. Turn on co2 laser and allow warm-up as rec011111ended by 

manufacturer. 

G. Record beam energy level. 
H. Actuate mechanical shutter to expose solar cell to laser 

beam for desired exposure period. 
I. Turn off co2 laser. 
J. Disconnect solar cell from test equipment and remove solar 

cell from target block. 

K. Repeat steps A through J until all solar cell specimens have 
~een tested. 
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ATTACHMENT A 

SOLAR SIMULA~OR D~SCRIPTION 

Solar cell performance will be measured while irradiating the 
cells with a Spectrolab X-25 Mark II solar simulator. This simulator is 
spectrally filtered to closely match the solar spectrum at air mass zero 
(AMO). The irrddiance of the simulated solar beam will be set to 1.0 
Earth·· Suns (approximately 135. 3 mw/cm2} as measured with a ca 1 ibrated 
balloon flight standard (BFS) solar cell provided by the Jet Propulsion 
Laboratory. The total irradiance will be measured with a TRW differential 
radiometer, and the spectral irradiance will be measured with a Beckman 
model 139323 spectroradiometer. 

Calibration of all solar simulators will be performed before 
use on this program, and after each 100 hours of solar simulator operation. 
The following will be verified at each calibration. 

Solar beam uniformity of irradiance. 

Solar beam spectral energy distribution. 

Solar beam irradiance stability. 

The solar simulation accuracy and calibration procedures are 
defined in Boeing Document 0180-15115-1. 
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ATTACHMENT 3 

REQUIREMENTS FOR MEASURING CURRENT-VOLTAGE CHARACTERISTICS 

The following technique shall be used in measuring the 
current-voltage characteristic {I-V curve} of each solar cell. The 
curve shall be plotted on bond graph paper having 10 divisions per 
1/2 inch grid. 

Verify electrical zer·o and mark on data sheet. 

Measure the open-circuit voltagt: (V~c) using a digital 
voltmeter with the electronic load at ~current. Mark 
and label this point on the data sheet. 

Measure the short-circuit current (Isc} using a digital 
voltmeter with the electronic load at zero voltage. Mark 
and label this point on the data sheet.lt:::> 

Record the cell temperature, calibretion cell output, 
solar cell serial number, date, and solar simulator serial 
number on the data sheet. 

Periodically check the X-Y plotter to determine that hysterisis 
does not exceed 4 percent in current at any voltage. 

~ The I
5
c and V

0
c of the I-V curve plot shall be within 1/20 

of an inch of the respective digital voltmeter readings. 
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ATTACHMENT C 

PARTICLE IRRADIATION MEASUREMENT ERROR 

The tolerance of the Faraday Cup used to measure particle 
flux is !:_ 15% and the tolerance of the Keith1ey 610 Electrometer that 
monitors the Faraday Cup is :!:. 3%, therefore, the probable error in the 
flux measurement is: 

IJ{C.5) 2 + (0.03) 2 

or + 15.3%. The tolerance of the integrator used to determine total 
fluence is!:_ 2%, therefore, the probable error in fluence measurement 
is: 

~(0.5) 2 + (0.03) 2 + (0.02) 2 

or+ 15.4%. 
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APPENDIX B 

TEST DATA 
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