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1.0 ABSTRACT 

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

a s  well as a blanket design compatible with annealing temperatures. Thermal bulk annealing 

of radiation damage in silicon has been repeatedly demonstrate J in t he  laboratory. 

Attention has been given t o  laser directed-energy annealing un le r  this contract.  lnitiai 

tes t s  of laser annealing of thin solar cells with glass covers  were dedicated t o  measuring 

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

a r e  less than earlier est imates by about a factor  of 5 and have been ref lected in definition 

of the  reference laser annealing system. 

A t e s t  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 u s r e  of poor quality, e.g., full of bubbles, and contained much 

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

up like potato chips and the glass fractured. Attempts a t  R F  sputtering at Boeing yielded 

glass deposition ra tes  too low t o  be  usable. Ion sputtering was tr ied on a few cells at 

lon Tech. Good quality coatings were produced, but t he  cells were  diimaged in handling. 

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

mechanical failures of t h e  Schott-coated cells. Ion sputtering meri ts  further investi- 

gdtion, as does electrostat ic  bonding of glass microsheet. 

L ~ s e r  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 t o  exposure t o  t he  laser. 

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

without breakage showed sorne recovery. One cell was subjected t o  two cycles and 

showed recovery on both cycles. Cells t ha t  were moderately degraded appeared t o  recover 

more cornpletely than those more severly degraded. Exposure times ranged frorn two 

t o  ten seconds a t  500'~. There was sorne indication tha t  longer exposure was beneficial. 
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20 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 both 

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

f olIowing criteria: 

I. The front surf ace cover must pass solar inolation in the spectral range compatible 

with t h e  spectral response of the solar cell. 

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

f orma?ion caused by charged particle 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 a t  the interface from - 1 5 0 ' ~  to  +600°c, is not destructive t o  the 

cell structure or the cover glass. 

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

cover, provided t h e  glass caq be bonded to  the solar cell in such a way as to  prevent 

d a m x e  caused by high temperature exposure or thermal expansion mismatch between the 

glass and silicai. Ther ma1 expansion of cer ium-do ped borosil icate glasses current1 y 

available t!ws not match the  thermal expansion of silicon closely enough t o  be integrally 

compatible from 1o.v temperature through annealing temperatures ( 5 0 0 ~ ~ ) .  

In past experiments ( 1  ), 250 urn-thick silicon solar cells with electrostatically bonded 

250 vm-thick front surf ace covers of Corning 7070 glass have been successfully annealed. 

Thermal expansion characteristics of Corning 7070 borosilicate glass a re  closely matched 

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

temperature extremes from room temperature through annealing temperatures (500'~). In 

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

annealing temperatures without degrading the solar cell performance. 

These previous rosults indicate that  an annealable, integral glass cover for a 50 pm-thick 

solar cell is feaslkllc. The experimental work described in this report was designed t o  

further develop the high-temperature, low-mass cover coocept, and t o  verify that  a ttun 

cell and thin cover glass can b e  joined and annealed similar to a thicker cell and thicker 
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glass. The rationale for evolving the thin glasslthin solar cell  stack t o  be annealable is 

that  .space solar arrays a re  tending t o  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 t o  pursue achievement of a lightweight solar cell 

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

Sirice the problem of joining glass t o  a solar cell without adhesive is difficult, various 

methods of effecting the joining were explored. Among the newer possibilities a r e  the use 

of a laser beam, and bonding by electrostatics. 
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3.0 OBJECTIVE 
The objective of this test was t o  demonstrate the  feasibility of I)  bonding an integral 

glass cover to a 50 pm-thick solar cell and 2) laser annealing of a 50 ~ m - t h i c k  solar cell  

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

irradiation damage of the  50 pm-thick silicon cell, structural tolerance of the 50 um-thick 

cell to high temperatures ( 5 0 0 ' ~  and above) and annealing characteristics of 50 m-thick 

solar cells. 
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4.0 STATEMENT OF WORK 

The contract task was performed by completing the  following items: 

1. Establish initial test parameters for deposition of laser energy into t h e  radiation 

damaged region of the silicon. 

2. Test laser effects on uncovered test cells and analyze the  results t o  determine if 

thermal stresses cause observable damage t o  the  silicon cell. Adjust the  test 

parameters t o  optimize thermal annealing and minimize structural damage t o  the  

cell. 

3. Apply laser pulses t o  solar-cell-and-cover assemblies t o  conform the  ability 02 t h e  

covered cells t o  withstand the thermal stresses of laser annealing. 

4. Irradiate 7 glass-covered cells with 1 M e V  electrons t o  a fluence level of 2 x 10 15 
7 

electrons/cm' and irradiate 3 glasscovered solar cells with I I MeV proton irradia- 
2 tion t o  a fluence !eve1 of 3 x protonslcrn . 

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. 
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6.0 TECHNICAL APPROACH 

6.1 INTEGRAL CLASS COVER DEVELOPMENT 
Traditionally, glass covers have been bonded to  the solar cell using adhesives. At 

annealing temperatures (400-500'~) 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  t ime of this report it was believed 

that  Corning 7070 borosilicate glass is most suitable as  a n  integral cover for silicon a s  the  

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

not available in thin sheets (50-75pm 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 p m-thick cells. 

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

subjected to  thermal tests  t o  determine the  structural properties at annealing 

temperatures. 
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6 2  LASER ANNEALING TESTS 
Each thin cell, once provided with an integral glass cover, was charged particle irradiated 

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

then to  be annealed using a C02 laser a s  the annealing energy source. At this point, laser 
annealing ~n!.lld be analyzed to improve annealing effectiveness using a laser. 
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7.0 TEST RESULTS 

7-1 INTEGRAL CLASS COVER 

In t h e  f i r s t  s tage of this testing program 50 ~ m - t h i c k  solar cell. were provided with 

integral glass covers. Fifteen solar cel l  samples were  coated  with 46 t o  78 p m  of Schott  

8329 glass by means of a n  electron beam evaporation process. These cells were  to b e  t h e  

primary glasscovered t e s t  specimens for laser annealing studies t o  be conducted in a 

l a t e r  portion of t h e  t e s t  sequence. In a separate procedure four cel l  samples were coated 

with 50 Dm of Corning 7070 glass. This glass coating procedure employed an  ior, beam 

sputtering prwess. 



7.2 EARLIER TESTS 

Pre-test analysis of 50 p m-thick, glass-c~vered solar cell annealing was based on earlier 

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

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

slibcontract t o  Boeing, by SPIRE Corporation, shows annealing e f f ec t s  (Figure 2) of a n  

unglassed, 200 t o  300 pm-thick, violet cell a f te r  pulsed laser irradiation. In this test 

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

ser ies  of tes t s  was conducted with the intcnt of ascertaining t h e  feasibility of annealing 

cells with electrostatic-bonded glass covers. It was decided t o  concentrate  on h e r  

annealing, since t he re  was concern tha t  the  elecrron beam would not penetrate  t he  glass 

cover and would heat t h e  glass excessiveiy. SPIRE a t tempted  t o  bond 250 pm glass 

coverslips t o  50 p m  siiicon solar cells cslng their e lectrostat ic  technique. These a t t empt s  

were unsuccesaful, resillting in cell bt-eakage in every case. Consequently, annealing tests 

were conducted using conventional (200 pm to  300 pm)  silicon cells with 250 urn covers. 

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

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

At this point, SPiRE resorted t o  a C 0 2  iaser with a much longer pulse (2  seconds) of lower 

intensity. The CG2 laser energy (1.6 m) was absorbed entirely in the  glass, preferentially 

heating the glass which then heated t h e  cell by conduction. It was observed t h a t  depsoi t i n g  
the l ase r  energy i n  the glass r a the r  than i n  the so l a r  c e l l  reduced cell 

breakage. The phenomenon i s  under cont inu ing inves t iga t ion .  The same  e f f e c t  

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

problems. Charge accumulation in t he  glass rnay cause dielectric breakdown; also t h e  

electron beam path might be  influenced by e lec t r ic  or magnetic fields around t h e  ta rge t ,  

thus posing issues a s  to  i t s  practical application on an SPS. C02 laser annealing tes t s  we re  

cmduc ted  on a 250 m-thick so!ar celi with a 250 rn-thick ESB cover glass (Figure 31, 

indicating good annealin- results a f t e r  electron irradiation degradation. In these tests  t h e  

front  surface cover glass (Figure 4) reached sufficient t e m p e r a ~ d r e  t o  cause t h e  glass t o  

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

unbroken. The laser spot size was smaller than t h e  cell; a to t& of five laser pulses was 

used in each case. The locations where the  laser pulses ivpinged on the  sola. cells a re  

clearly discernible in Figure 4. These tests  had the cells mounted on heat sinks and 
2 employed an energy intensity of 64 watts/cm . Thus the  tests  were not a good simulation 

o i  annealing an array in spdce, where both sides of the array will reject heat only by 

radiation. 
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A steady-state thermodynamic analysis of the IG pm-thick solar cell with 50 pm-thick 

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

the region of from MO'C to WCOC (Figtire 51, and the time required to attain 5 0 0 ' ~  f x  
2 different energy densities ranging from 10 to 40 watts/cm (Figure 6). 



Figure 5;Steady State Tmpmture Resulting F m  D i h n t  Ensr~y lhmitiw 
in a 5 0 ~ - T h i c k  Solar CBII With 5 0 ~ - T h i c k  In- Glass Corn 
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7 3  LASER A N N W C  TEST SET-UP 
This procedure describes the  test set-up and test sequence used at the Boeing Metrology 

'Aora to ry  (BML) for  heating solar cells with pulses of C02 laser radiation. 

7.3.1 Laser Test Sct-Up Desuiitim 

Figure 7 shows schematically the test set-up. A CG2 laser capbhle of greater  than i5O 

watts  CW was w e d  as t h e  laser source. A mechanical shutter  was used which utilizes two  

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

radiation and an electrical timing pirlse respectively. The electrical pulse was measdred 

with a counter t o  determine the exac t  laser beam pulse length. With the shutter  held 

open, a sampling m i r r x  was placed in t h e  beam to deflect  tk hearn in to  the reference 

power t r m s d w e r  which was used t J measure the  total  raw beam power as a reference. 

.A zirlc selenide ;ens with a 5.0 inch focal length was used to spread the beam. Distance C 

in Figure 7 was adjusted t o  give the required power density at the  test plme. 

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

controlled and can be  used for  aligning and centering the  beam and for scanning t h e  beam 

a c r o s  the aperture plate (2 mm aperture) t o  ?rovide power density profile maps of t h e  

beam. 

T k  laser test t a c ~ l i t y  is pictorially illustrated in Figures 8 through 12. Figure 8 shows the 

coherent optics, Everlase 150 I\xier with tk test set-up on t h e  work table above t h e  laser 

cabinei. Figures 9 and 1C. show the ta rge t  s i t e  with power meter  t o  measure beam 

uniformity. Figures 11 and 12 shew the tes t  cell and control cell for  thermal measure- 

ment. Note tha: the cells are thermally insulated from the f i re  brick ta rge t  a r ea  by 

ceramic pillars. 

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

outputs from: 

i. The reference transducer. 

2. The standard transducer behind the aperature plate. 

3. The thermocouple. 

4. The shutter  timing signal. 
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The system was also used to control the  X-Y mirror scanner and provided beam profile 

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

for the  thermocouple on the  test cell (Figure 15). 

7.3.2 Laser Test Sequence 

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

a d  temperature rise for the standard cell. Several runs were made on the  standard cell 

to determine the  repeatability both before and af te r  the  test cell is irradiated as sho;:n in 

Figure 17. 
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7-4 EVALUATKjN OF E-BEAM EVAPORATED INTEGRAL GLASS COVER 
FifteenJO pm-thick so:ar cells were covered with 46 to 78 pan of Schott 8529 borosilicate 

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

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

100pmIhr. of the 8329 glass. Cor;l:r~q 7070 glass or the Schott equivalent 8248 glass was 

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

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

obtain either Corning 7070 or Schc-t 8248 in the proper form for their E-beam sputtering 

process so Schott 8329 glass was used to provide tile deposition process eoinpatibility with 

50 p m-thick solar cells. 

Figures 18, 19,and 20 show magilifications of the resultant 8329 glass deposition. The 

photos sere  Laken at the glass edge where the cell surface was masked to prevent glass 

deposition over the e!ectrical contact pads. Note the high bubble contem in the deposited 

glass. It is believed that this is a resclt 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, the 8329 glass 

was found to fracture at temperatures above 200'~. This indicates either an unexpect- 

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

process induced stresses ir! the 8329 glass, Figures 27 and 28 show glass covered sola- 

cells after being raised to 5 0 0 ~ ~  by C02 laser exposure. These cells erhibit glass 

fixture and deformation of the cell and cover st. ucture. The 5Opm-thick cell show11 in 

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

o\len. Figure 29 shows the glass beginning to fracture in long, smootll breaks. The portion 

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

result of handling of the solar cell. Figure 30 shows a glass covered 50 urn-thick solar cell 

after an 18 watt C.W. laser exposure that raised t l : ~  temperatllre of the cell to 200'~. In 

this test, glass fractures first became apparent after 3 seconcs at  a cell temperature of 





Figurn 21 ; Glass Coward Sdsr Cell Characnristict, SoIamx a l l  No. 3 

Figun 22; GI= Cowrsd Solar Cell Characteristics, Sokrex Cell No. 4 

26 



Figure 23; GI- C o d  Solar Cell Chmacteristia, S o l n x  Cell No. 8 

Figure 24; G I s  Cowred Solar Cell Characteristics, Solarex Cell No. 1 1 



Figure 26; Glass Covered Solar Cell Characteristics, O.C. L. I .  CeN No. 23 

Figure 25; Glass Cbvwwi Solar C& Chamteniaics, 0-C. L. I. Cell No. 2 1 
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150'~. The electrical grid deformations shown are manufacturing defects a s  these cdlr 
were intended primarily for mechanical testing. Figures 31 and 32 show solar cell  
fragments with integral glass cover that was thermally tested in an oven. Figures 33 
through 38 are magnified views of the glass covered solar cells showing details of c w c r  
glass fractures, solar cell surface texture,and A.R. coating shear as the glass separated 

from the solar cell. 
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7.5 EVALUATKlN OF K)N-BEAM SWTERPD HTeCRAl GLASS COVER 
Four.50 pm-thick silicon solar cells were covered with 50 pm of Corning 7070 borosilicate 

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

Inc. of Fort Cdlins, Colorado. Tiwse tests established a 2 pm/hr. deposition rate; 

considerably slower than the E-Beam evaporation process. The initial deposition tests 
resulted in bending and crackiw of the solar alls during the  process. This cell damage is 
attributed to long term heating of the solar cell causing the cell to deform. The 50 pm- 

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 7 0 0 ' ~  by C02 laser 

irradiation. Evidence of large, d i i e t e  bubble formation is visible, but no glass fracture 

or cell-and-glass deformation was observed. The large bubbles that formed a t  high 

temperatures ( ~ O O ~ C - ~ O O ~ C )  are bdieved to k c&e to outgassing of the AR coating 

between the solar cell and glass cover. 
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7.6 EVALUA'IWN OF ELECTRICAL DEGRADATSON IN UNCLASSED SOLAR CELLS 

DUE TO LASER EXPOSURE 

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

specimeri were subjected t o  various laser intensities and exposure aurations t o  determine 

the mechanical effects of thermal shock during laser irradiation. Unglassed,TO pm-thick 

solar cells were found to  deform in a unpredeterminable fashion above 3 0 0 ' ~  where 

subjected t o  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 C 0 2  laser exposure that  raised the cell temperature t o  500°c, no reduction in the  

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

ances. 



Figvre 43; C02 Laser Annealed Solar Cell Without Coverglass, Solarex Cell No. 45 

Figure 42: C02 Laser Annealed Solar Cell Without Coverglass, Solaex Cel! No. 44 
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7.7 EVALUA- OF LASER-ANNEAL OF IRRAWAnOiU DAMAGED 50pm-THK=K 

SOLAR CELLS 

integral glass covered solar c d l s  provided during this test  program have been found t o  be 

intolerant o! annealing test temperatures o r  were damaged as in the  case of the  Corning 

7070 glass covered cdls.  To further ttris testing p rogram,unglad  50 pra-thick solar 

cells were tested for annealability using a 150 watt C02 laser. 

Figure 44 shows typical recovery characteristics of a 50 pm-thick solar cell a f t e r  first 

being charged-particle irradiated and then laser annealed. Figure 45 shows the  laser 

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

Figures 46 through 52 i lks t ra te  laser annealing of charged-particle irradiated Solarex and 

0.C.L.I. >O~rn-thick solar cells. Each cell was to  be irradiated with 1.9 MeV protons t o  a 

f luence of I x 1012 protons/crn2, however cells IS. 19. 31 and 32 did not receive full 

irradiation f Lence due t o  malfunction of the proton source during the  irradiation por t im 

of the *c3t sequence. Cells # I S  and 32 had reduced outputs aftcr  the laser anneal portion 

of the test due to  cell damage. Cell #IS was broken and 2 5 8  of the  cell was lost. Cell 

#3i  wr ied  during laser expoxre  to such an extent that  accurate electrical measurement 

under solar simulations conditions was not possible. 

Figure 53 illustrates repeated laser annealing undcr ttir same test  conditions as applied t3 

those solar cells depicted in Figures 46 through 52. Figure 54 is a summary o i  output 

power variations aftcr  each step of the annealing test sequence for all cells except cells 

t i  S and 32 which were darnaged during laser exposure. Electrical characteristics for the 

anneal~ng test sequence Conti01 cells a r e  shown in Appendix a. 



Figure 44; 1- V ChimcWtic of 50 pm, Unglassed Solar Cell A h r  Proton IrraorraOiarian and 
After C02 Laser A n d .  
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Figure 45; Te,~,peratrrre vs. Tit:).* Plot fcr Laser Annealing Test of Proton Irradiatd 50 pn  Silicon 
Solar Cell Withour Cover@dss. 



figure 16i. C02 Lilrer Anncokd W a r  Ccll Withart  Covwgl-, Solarrex Cell No. 16 

Figurn 47; C02 Laser Annealed Solar Cell Without CoverS,ass, Solatex Cell No. 18 



Figcre CC, Lao# Anneakd Solar Cell Without CovwgJazr, Solatex Celi No. 19 

Figure 4% C02 Laser Annealed Solar Cell Witnout Coverglass, Solamx Celi NN~ .  20 



Figure 51; C02 L wer Annealed Solar Cell Without Coverglass, O.C. L. I. Ce;l No. 32 

Fipm C02 Laser Annarkd Sdar Cell Without Covw9,dss, O.C. L. I. Cell No. 31 
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F igure 52: C02 Larer Annealed Solar Cell Withwt CowsJass, O.C. L.I. Cell No. 33 
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Figure 5% C02 Laser Annealed Solar Cell Without Coverglass, Solarex Cell No. 13 



ORlG INAL IRRADIATED ANNEALED IRRADIATED ANNEALED 

Figure 54; Degradatim and Recovwy of Maximum Pomr for LspW Annealed Soler Celk 



8.0 C0NCLUSK)NS 

Available application techniques for those glasses that  a r e  thermally compatible t o  silicon 

at annealing temperatures ( 5 0 0 ~ ~ )  a r e  slow or  require glass in a form not presently 

available. Deposition rates for glass range from 2 pm/hr for ion-beam sputtering t o  

100 pm/hr for electron-beam evaporation. Although the  E-beam process is faster, t h e  

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

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

stress free t o  prevent disiortion or breakage due t o  thermal shock during laser exposure. 

Electrostatic bonding of glass t o  t h e  50pm-thick solar cell  requires a stress f ree  thin cell 

t o  prevent cell breakage as pressure is  applied during bonding. 

Corning 7070 glass has thermal expansion characteristics tha t  are very closely matched t o  

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

Coming 7070 glass is not commercially available at this t ime in 50 pm to 75 pm thickness 

to  be electrostatically bonded t o  a 50 pm 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 a n  oven for 20 minutes has shown 90-100% recovery. This difference in recovery 

suggests a time dependance for more complete annealing. 



0 18025037-4 

9.0 REOMMENDATIONS 
To further the development of an integral glass cover for the  50 pm-thick solar cel! 
requires t h e  development of a fast glass deposition process or a thin glass sheet with 

associated bonding process such as electrostatic bonding. 

The primary obs tade  in testing 5 0 ~ m - t h i c k  cells is the  high test sample loss due t o  

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

individual cell is protected f rorn excessive external stress. ALSO, some cell distortion or 

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

200'~. The cell, metalization and glass structure must be studied t o  reduce internal 

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

short term ( 1 - 10 sec.) annealing effects and long term (20 minutes) annealing effects. 

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

anneal cycles may disclose accumulative effects inherent in the annealing process 

especially when lasers are  used at the  annealing energy source. 

Future tests should: 

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

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

(unglas.ed) cells. 

2. Perform tests on glassed cells a s  Sooil 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 .  1.1 BACKGROUND 

L i t t l e  work has been done i n  the area o f  thermal annealing o f  

solar c e l l  radiat ion damage using laser  enerrv. Thermal propert ies o f  advanced 

solar c e l l  designs have not been tested z t  high temperature ( 5 0 0 ~ ~ )  

2nd breakage o f  the u l  t r a - th in  (50um) solar  c e l l s  due t o  thermal shock 

i s  a serious concern i n  present developmental tests. As the state-of- 

the-art development of solar c e l l s  Drogresses, i t  i s  important t ha t  a 

good quant i ta t ive understanding o f  the physical propert ies o f  these 

c e l l s  be min ta ined as a basis f o r  fu r ther  development and accurate 

solar c e l l  modeling. 

The tes t  w i l l  define those sola,. c e l l  and laser  parameters tha t  

are pert inent t o  thermal annealing o f  50pm s i l i c o n  solar  c e l l s  covered 

wi th 50um t o  75um of boros i l i ca te  glass. Those parameters such as laser  

beam intensity,  exposure time, beam uniformity,  and the c e l l  s t ructure 

thermal s t a b i l i t y  w i l l  be examined and developed as much as the contract 

period and funding w i l l  allow. This test  i s  an i n i t i a l  development task 

i n  which tes t  parameters for fu ture work are t o  be determined. 

A.1.3 TECHNICAL APPROACH 

1 . s  e f f o r t  requires test ing o f  laser anpealed solar c e l l s  and 

analysis o f  tes t  results.  The contract allows f o r  only minima! pre-test 

analysis. 



Initial test  pa,~aaetitr~s wi l l  be taken f r m  earl ier iaser annealing 

tests performed on glass covered, 250;:,1; thicA solar cells and from a 
s t edy  state therniodynamic loode1 of the test  cell structure. Pre-test 

xrr-  ~etcrs  w i  11 be adjusted from post- test resul ts  in all 1:erative process 

hal lea ', to tho most effective dnnedling technique for- the materials 

~ n d  ldser being tested. I n  this manner, test andlysis will establish the 

o p t  i~nuni ekposure times an3 intettsi t ies  o f  the laser bean1 for achieving 

dt!nea? ing  w i  thic the constraints of the allwable therml stresses in 

t?e s i l  icori-glass structure. 

A . I . 4  .STATEMENT OF WORK 

Th? pi.opt~sed tdsk w' 11 be per-formed by completing the f o l  loking 

i t ~ I : S  : 

\ I  ! t s t ~ b !  i s h  jnitial test  parameters for deposition of laser 

e~let'qy i ! i t~ the radiation damaged regiori o f  tho s i l icon. 

2 )  Test Idset- effects on uncovered test cells arid drialyze 

the resul t s  to dete~n~ine if thetinal stresses cause observakle 

ddl:i;llle to the silicon cell .  Adjust the test paranieters to 

c-rptiaiizt. thonildl anneal inti dnd :nininiize structul-a1 daniaqe to 

t h e  cell .  

( . I )  Apply lnser pulses to ~ ~ l ~ ~ . - i e l l - ~ ~ n d - ~ o ~ e r  dssenlb! ips to 

contitn; the 'jbiliiy o t  the icvered cells to withqtnnd the thermal 

st~.csstls o f  l ,~so. .~nneal ing.  

( 3 )  I~-t- , tdi~tc ; glass covered cells w i  ttl 1 KeV e1ectro:ls to a 

f i u rn i r  levc! ~f : l o i 5  eleitt-onrjcai' and irrddidte 3 

qlL3ss cover-ed solar ::el 1s with 11 MeV proton irr-ddi,~tion 
1 7  7 

to d fl1,cnze level o f  3 x 10" protons/cm'-. 

5 I . ~ ~ t l t .  , ~ i l f l t ~ , ~  1 the 1 ~ 1  sile~- iirlcr;~, r~ic.tsu~- in!l per tennarlit. before 

dl),! d t'tc1.. 



i 6 )  Perform repeated anneal ing on four o f  the 10 solar  c e l l  

specimens. The number 3 f  repeat cycles w i  11 be determined. 

(7)  Write a report  describing the work and ~c r rna r i r i ng  the 

results.  

A.1.5 DATA ANALYSIS 

Tc deten ine the e f fec t  o f  p a r t i c l e  i r r i i d ia t i oa  and laser annealing 

on each solar c e l l .  pre- and post-test e lec t r i ca l  parameters w i l l  be 

compared. I n  acdit ion, thermal measurements made on the c e l l  during laser  

be&! exposure w i  11 be used t o  adjust laser  beam in tens i t y  and duratian to  

prevent mechanical damage t o  the ce l l .  A solar c e l l  w i  11 be judged 

mecharlically davaged when such damage i s  observable w i th  the a i d  o f  a 

XI0 power microscope. 

A. 2.0 ELECTRICAL PERFORMANCE TEST 

A. 2.1 PURPOSE 

The object ive o f  t h i s  tes t  i s  to  measure e l e c t r i c a l  performance 

character is t ics f o r  each c e l l  a t  standard conditions whi le i l luminated 

by a solar simulator. 

A.2.2 TEST CONDITIOfiS 

A. I l luminat ion: 1.0 solar constant - + 0.752 (+ 0.25'%goal). 

B. Spectral d is t r ibu t ion :  AM0 conditions. 

C. Unifcrmity: - + 2.0%. 

D. S t a b i l i t y '  - + 1.0% (+ - 0.2% goal). (As measured wi th  a control  c e l l ) .  

E. Cell  temperature: 25 '~  - + 1°c. 

F. Environment: 4 i r  



A. 2.3 TEST MEASUREMENT ACCURACV 

A. 2.3.1 Spectral  

... I i l umina t ion :  0.15. 

B. Spectral  r-adiance: 5 3.0% 1+9.0% i n  U.V. range). 
C. Uni formity:  + 1.0.:. 

A. Cel 1 tmpe ra tu re  + - O . S ~ C .  

4. Short c i r c u i t  cur rent :  - + 0.1%. 

B .  Open c i r c ~ i t  voltage: + - 0.1%. 

C. EFS c e l l  accuracy: - + 0.13. 

0. I - V  cha rac te r i s t i c  curve zccuracy: As defined by 
Attachment B. 

A.2.4 SAMPLE S I Z E  AS REQUIRED 

A.Z.5 TEST EQUIPMENT 

A.2.5.1 Opt ica l  

A.  X-25 Mark I 1  So13r Simulator (Refer t o  Attachnent A!. 

B. Beckinan Spectroraaiometer. 

A.2.5.4 Thermal 

A. Temperatiire con t ro l  t e s t  b lock.  



A.2.5.3 Elec t r i ca l  

A. D i g i t a l  vol tneter. 

8. Moseley Model 135 X-Y P lot ter .  

C. Spectrol ab D-550 Electronic Load. 

D. "Bal loon F l i g h t  Standard". 

A.  2.6 ELECTRICAL PERFORMANCE TEST PROCEOliRE 

NOTE 1  : A solar  c e l l  t e s t  gt-oup i s  c-mprised o f  3 monitor c e l l s  2nd the 

t e s t  c e l l  batch. The m n i t o r  c e l l s  are t o  be tested before and a f t e r  the 

t e s t  c e l l  batch, and a t  in te rva ls  no longer than 30 minutes during a test .  

A. Turn on a l l  equipment and a l low 20 minute warm-up. 

0. Cbl i b ra te  the solar simulator w i th  the BFS solar  c e l l  t o  

the prescribed i n t e r s i  t y  level .  

C. Measure and record the temperature and sho r t - c i r cu i t  current 

of the contr3l  c e l l  for  future reca l ib ra t ion  o f  the solar 

simulator. 

5 .  Mount a  solar c e l l  i n  the t e s t  f i x t u r e  and make s l e c t r i c a l  

connect ions. 

E. S tab i l i ze  the solar c e l l  i n  the t e s t  f i r t u r e  and make 

e l e c t r i c a l  c~nnect ions. 

NOTE 2: Steps F through 3 are to be i n  accordance w i t h  Attachment B. 

F. Measure and record the open-circiv i t  voltage o f  the c e l l .  

G. Plo t  the c e l l  current-voltage character is t jcs by weeping 

the load from open-circui t  voltage t o  shor t -c i rcu i t  current. 

H. Measure and record the shor t -c i rcu i t  current o f  the c e l l .  

I. Measu. e  and record the temperature o f  the c e l l .  

J. Remove the solar c e l l  from the tes t  f i x tu re .  



NOTE 3: Repeat Steps D through J u n t i l  the t e s t  group i s  f in ished. 

Repeat tes t ing  of the monitor c e l l s  i n  accordance w i t h  NOTE 1, as 

necessary. 

K. C t x k  the repeatabi 1 i ty o f  each rioni t o r  c e l l  performance 

t o  determine i f  i t  i s  i n  accordance w i t h  the requirements 

o f  t h i s  t e s t  plan. 

i. Recal i b ra te  the solar simulator every 30 minutes w i t h  the 

control  c e l l  a f t e r  ver i fy ing  i t s  t e s t  temperature. 

A. 3.0 ELECTRON BOMBARMENT TEST 

A. 3.1 PURPOSE 

This t e s t  w i  11 es tab1 i s h  the degradation character is t ics o f  the 

glass covered 2 m i l .  so lar  c e l l s  t o  1 MeV elect ron bombardment. 

A.3.2 TEST CONDITIONS 

A. Electron energy: 1 MeV + 5%. 
3 -1 1 2 B. Beam flux: 10 t a  5 x 10 e lec t ron ics /m - sec., + 16%. 

15 2 C. Fluence level  : 2 x 10 electrons/cm , - + 16%. 

D. Solar Cel l  Tempzrature: 30 '~  - +!iOc. 

A. 3.3 TEST MEASUREMENT ACCURACY 

A. Seam energy: + 0.4%. 

B Beam f lux :  - + 161 (See Attachment C). 

C .  Fluence level:  - + 16% (See Attachment d ) .  
0. Solar c e l l  temperature: -- + 1 . ~ O C .  

A.3.4 SAMPLE SIZC 

7 glass-covered, 2 m i l ,  s i l i c o n  solar  ce l l s .  



A. 3.5 TEST EQUIPMENT 

A. Dynamitron. 

B. Ke i th ley  61C Electrometer. 

C. Brookhaven Instruments Model 1 OOOC Current In tegra to r .  

3. Type-K Thermocouple S t r i p  Chart Recorder. 

A. 3.6 ELECTRON BOMBARDMENT TEST PROCEDURE 

A.  Ver i f y  the un i fo rm i ty ,  energy and f l u x  o f  the  charged 

p a r t i c l e  beam. 

8. Mount the t e s t  c e l l s  on the t e s t  block. 

C. Rexb-c! the temperature of the target .  

D. Turn on the charged p a r t i c l e  soLirce and bombard t he  t e s t  

c e l l s  u n t i l  the co r rec t  f luence l e v e l  i s  achieved. 

t .  Turn o f f  the charged p a r t i c l e  source. 

F. Record the tmperatut.e of the target .  

G. Remove cel:s from the  t e s t  chambzr. 

A .  4.0 PROTON BOMBARDMENT TEST 

A. 1.1 PURPOSE 

This t e s t  w i l l  e s t ab l i sh  the degradation cha rac te r i s t i c s  o f  the  

t e s t  so la r  c e l l s  t o  1.5 MeV proton bombardment. 

A. ')~.oton energy: 11 MeV + 54. 
7 9 2 

6. Beam C; ux: 10' t o  10 protons/ca - sec. , f 16':. 
2 C. Fluence leve l  : 3 x 10" prott~ns/cm , - i 16:. 

D. Solar c e l l  temperature: 2 5 ' ~  _+ loOc. 



A. 4.3 TEST MEASUREMEW ACCURACY 

A. Beam ener'gy: 2 0.4%. 
B. Bean! f lux: 2 162 (See Attachent C). 

C. Fluence level: - + 16% (See Attachnent C). 

D. Solar ce l l  temperature: - + 1.3'~. 

A.4.4 SAMPLE SIZE  

3 tes t  cel ls. 

A. 4.5 TEST EQUIPMENT 

A. Dynami tron. 

B. Keitnley 610 Electrometer. 

C. Brookhaven Instruments Model IWOC Current Integrator. 

D. Type-K Thermocouple S t r i p  Chart Recorder. 

A. 4.6 PROTON BOMBARDMENT TEST PROCEDURE 

A. Verify the uniformity, energy and f l ux  o f  the charged 

par t ic le  beam. 

B. Mount the tes t  ce l l s  on the tes t  block. 

C. Record the temperature o f  the target. 

0. Turn on the charged par t i c le  source and bombard the t es t  

ce l ls  u n t i l  the correct fluence level  i s  achieved. 

i. Turn o f f  the charged par t i c le  source. 

F. Record the temperat,re o f  the target. 

G. Remove ce l ls  f,.cm the tes t  chamber. 

A.  5.0 LASER ANNEALING TEST 

A .  5.1 PURPOSE 



This t e s t  will establish the recovery potential of thermal 

annealing using a CO laser  energy source. 2 

A. 5.2 TEST CONGITIONS 

I;. 

H. 

I .  

Maximum power: 250 watts. 

Beam wave1 eng t h  : 10.6 i m  ( C o p ) .  
2 Target area: 2,,~cm . 

3 
Beam energy density: -40 watts/cmb. 

Beam uniformity: mu1 timode operation. 

Exposure duration: variablp from 0.1 sec. to  2 sec. with 

the use of a mechanical shutter.  

Solar ce l l  temperatwe: 25'~ t o  5 0 0 ~ ~  during tes t .  
Env i ronmen t : Air. 

Solar ce l l  modnting: The cell  structure i s  to  be unrestrained 

and lain horizontally, face up,  on a block of fused s i l i ca .  

The GO2 laser beam is  projected vertically, normal to the so'lar 

cel l  surface. 

A .  5.3 TEST MEASUREMENT ACCURACY 

A. Beam energy: 2 10;;. 
F. Beam uniformity: The energy d i s t r i b ~ t i o n  a t  the target i s  

mapped a t  the s t a r t  of the t e s t  and uhenever the beam path 

is a1 tered by means of 1 enses o r  mirrors. 

C. Solar cel l  temperature: - + 5'~. 

A.5.4 SAMPLE SIZE 

As required. 



A. 5.5 TEST EQUIPMENT 

A. 250 watt  C02 laser  manufactured by Coherant Radiation o f  

Palo A1 to, CA (Model 421 ). 

B. Huggins Infra-Scope. 

C. Type-K Thermocouple S t r i p  Chart Recorder. 

D. Mechanical shutter t o  provide accurate exposure times o f  

from 0.1 sec. t o  2 sec. 

A. 5.6  LASER ANNEALING TEST PROCEDURE 

A. Place t e s t  c e l l  on ta rge t  block. 

6. Connect thermocouple wires t o  Type-K thermocouple s t r i p  

chart  recorder. 

C. Make continuous thermocouple measurements throughout test .  

O. Record Huggins Infra-Scope measurements of so lar  c e l l  temperature 

and compare w i t h  cal i b ra t i on  value f o r  .-om temperature. 

E. Record infra-scope output throughout test .  

F. Turn on C02 laser  and a l low warm-up as recommended by' 

manufacturer. 

G. Record beam energy level.  

H. Actbate mechanical shutter t o  expose solar  eel 1 t o  laser  

beam for desired exposure period. 

I. Turn o f f  C02 laser. 

J. Disconnect solar c e l l  from t e s t  equipment and remove solar 

c e l l  from target  block. 

K. Repeat steps A through J u n t i l  a l l  so lar  c e l l  specimens have 

Seen tested. 



ATTACHMENT A 

SOLAR SIMULATOR DESCRIPTION 

So la r  c e l l  performance w i  11 be measured w h i l e  i r r a d i a t i n g  t h e  

c e l l s  w i t h  a  Spect ro lab X-25 Mark I 1  s o l a r  s imula tor .  Th i s  s imu la to r  i s  

s p e c t r a l l y  f i l t e r e d  t n  c l o s e l y  match t h e  s o l a r  spectrum a t  a i r  mass zero 

(AMO). The i r r a d i a n c e  o f  t h e  s imula ted s o l a r  beam w i l l  be s e t  t o  1.0 
2 Earth-Suns (approximately 135.3 mw/cm ) as measured w i t h  a  c a l  i b r a t e d  

b a l l o o n  f l i g h t  s tandard (BFS) s o l a r  c e l l  p rov ided by t h e  J e t  Propu ls ion  

Laboratory. The t o t a l  i r r a d i a n c e  w i l l  be measured w i t h  a  TRW d i f f e r e n t i a l  

radiometer, and t h e  spec t ra l  i r r a d i a n c e  w i l l  be measured w i t h  a  Beckman 

model 139323 spectroradiorneter. 

Cal i b r a t i o n  o f  a1 1  s o l a r  s imu la to rs  w i  11 be performed be fo re  

use on t h i s  program, and a f t e r  each 100 hours o f  s o l a r  s imu la to r  opera t ion .  

The f o l l o w i n g  w i l l  be v e r i f i e d  a t  each c a l i b r a t i o n .  

So la r  beam u n i f o r m i t y  o f  i rraaiance.  

So lar  bean1 spec t ra l  energy d i s t r i b u t i o n .  

So lar  beam i r r a d i a n c e  s t a b i  1  i ty. 

The s o l a r  s imu la t i on  accuracy and c a l i b r a t i o n  procedures a r e  

def ined i n  B ~ e i n g  Document D180-15115-1. 



ATTACHMENT 3 

REQUIREMENTS FOR MEASURING CURRENT-VOLTAGE CHARACTERISTICS 

The fo l lowing technique sha l l  be used i n  measuring the 

current-vol tage character is t ic  ( I - V  curve) o f  each solar c e l l .  The 

curve shal l  be p lo t ted  on bond graph paper having 10 d iv is ions  per 

1/2 inch gr id .  

Ver i fy  e l e c t r i c a l  zerBo arid mark on data sheet. 

Measure the open-circui t  voltage (V,,) using a d i g i t a l  

voltmeter w i th  the e lect ronic  load a t  ero current. Mark Ib and label  t h i s  po in t  on the data sheet. 

Measure the sho r t - c i r cu i t  current ( ISc )  using a d i g i t a l  

voltmeter w i t h  the e lect ronic  load a t  zero voltage. Mark 

and label  t h i s  po in t  on the data sheet. b 
Record the c e l l  temperature, cal  ib rz  t i o n  c e l l  output, 

solar c e l l  se r i a l  number, date, and solar  simulator se r i a l  

number on the data sheet. 

Periodical l y  check the X-Y p l o t t e r  t o  determine tha t  hys ter is is  

does pot exceed 4 percent i n  current a t  any voltage. 

The ISc and 'I,, o f  the I - V  curve p l o t  sha l l  be w i th in  1/20 

o f  an inch o f  the respective d i g i t a l  voltmeter readings. 



ATTACHMENT C 

PARTICLE IRRADIATIOK MEASUREMENT ERROR 

The tolerance o f  the Faraday Cup used t o  measure p a r t i c l e  

f l u x  i s  - + 15% and the tolerance o f  the Kei th ley 610 Electrometer t h a t  

monitors the Faraday Cup i s  - + 3%, therefore,  the  probable e r r o r  i n  the 

f l u x  measurement i s :  

o r  + 15.3%. The tolerance o f  the in tegrato i -  used t o  determine t o t a l  

fluence i s  - + 2X, therefore, the  probable e r r o r  i n  f luence rncasurement 

i s :  
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L af te r  cell # indicates laser anneal, cells 113, 19 and 20 were .annealed i n  an oven. 
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led i n  an oven. 




































