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as In any manner |icensing the holder or any other persorn or corporation, or 5
conveying any rights or permission to manufacture, use, or sel!l any patented
invention that may In any way be related thereto.

This Interim Technical Report has been submitted by Simulation Physics,
Inc. under Contract F33615-74-C~2001. The effort Is sponsored by the Air
Force Aero Propulsion Laboratory, Air Force Systems Command, Wright-Patterson
AFB, Ohlo under Project 3145, Task 314519 and Work Unit 31451948 with
Capt. John M. Green/POE-2 as Project Engineer. Allen R. Kirkpatrick of
Simulation Physics, inc. was tectnically responsible for the work.
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and 1s releasable to the National Technical Information Service (NTIS).
At NTIS I+ will be available to the general pubilc, including foreign
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SECTION |

i NTRODUCT ION

Over the past decade, the potential technical and economic advantages
of integral rather than glued covers for spacecraft solar cells have led to
a series of invesfigafions('-g) of possible integral cover application methods.
Prior to the present work, techniques evaluated included molecular deposition
by RF sputtering, electron beam evaporation and high vacuum ion beam sputtering
and particulate application by frit and fuse methods. Fach development effort
resulted in unacceptable technical capabilities and/or impractical economics.
Technical problems generally related to high stress levels in the deposited
cover material, degradation of cell performance by the application process
or inferior characteristics of the glass compositions as applied to the cell
surface. High cost factors had to be projected because of difficult or low
rate application processes, expensive required facilities and significant
probabilities of cell losses.

The present new approach to integral cover technology for silicon
solar cells which is being developed has none of the disadvantages of earlier
methods. The technique involves the use of electrostatic field assisted
sealing to permanently attach complete slides of Corning type 7070 borosilicate
glass to solar cell surfaces without employing an adhesive interface. Slides
of any available thickness can be integrally bonded to solar cells in periods

of a few minutes using moderate temperature process conditions that do not

degrade performance of most solar cell structures. Integrally covered cells

exhibit no evidence of residual mechanical stresses.

kil e b e kDo

!
!

Sy deaams g

e

b i R e s




|

e B P R Ly e R

Integral covers have been successfully applied to conventional N/P
cells with titanium-silver, titanium-palladium-silver and aluminum contacts,
with silicon monoxide and tantalum pentoxide antireflective coatings, tfo
high performance viotet cells and to lithium doped P/N cells. In general it
has been possible to achieve post-covering cell output performance at least
equal to that resulting following application of convenional glued fused
silica covers.

A series of environmentil evaluations has been performed on groups
of representative integrally covcred cell samples. Tests have included
temperature-humidity storage, thermal cycling and ultraviolet exposure under
vacuum. Radiation testing under | Mev proton and | Mev electron environments
has been completed. Without exception the integrally covered cells have
exhibited excellent, or even superior performance under all conditions.

In addition to offering excellent technical capabilities, the integral
process being developed is expected to result in substantially reduced costs
for protective covers. The method is fast, reproducible and adaptable to
total automation using only moderately complex facilities. Cover costs below

$0.10 per cm2 are considered feasible.
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SECTION (1

INTEGRAL COVER DEVELOPMENT

2.1 SELECTION OF COVER MATERIAL g

Success or failure of an integral cover development program is dependent
upon the choice of cover application process, but experience has shown that the
process is in turn strongty limited by the physical characteristics of the cover
materials employed. Optical parameters of cover materials are fixed by solar
cell requirements. Consequently specification of essential parameters and j
selection of acceptable candidate materials was the logical starting point for i
this integral cover program. Considerable integral cover development work which ‘
has been conducted to date has demonstrated that very few truly adequate materials

are available. As a result of the factors to be discussed, Corning type 7070 ﬁ

borosilicate glass is the cover material being used in the present effort.
Choice of a protective cover material for the silicon solar cell is
governed by a series of technical considerations which demand that the material
exhibit the characteristics listed below:
(1) The cover material should exhibit essentially 100% transmission
of photons over wavelengths between 0.3 and |.2 micromeiers.
(ii) The cover material must resist darkening due to exposure to
ultraviolet and ionizing particte radiations.

(iii) The cover material must be stable under ambient atmosphere

and space environment conditions.




For normal thermal control purposes the cover material must
be highly emissive for photon wavelengths exceeding 5 microns.
Because of the absence of antireflective coating materials

with refractive index above 2.4, the cover material on a

silicon solar cell should have refractive index below 1.5.

To this point these requirements are best satisfied by fused silica
(amorphous Si02) and to varying lesser degrees by alumina (AI203) and a number
of silicate glasses. Fused silica is the most expensive of al! glasses but is
clearly superior to all other candidate cover materials in many respects. Fused
silica would be an optimum material for the integral cover but unfortunately,
in addition to satisfying requirements (i) through (v) above, the integral
cover material must possess two additional characteristics:

{(vi) The material must have thermal expansion coefficient as

close as possible to that of silicon (approximately
30 x 10-7 oC_l) over a temperature range from weil
E:low room temperature up to several hundred degrees
centigrade.

(vii) The material must be compatible with some practical
integral deposition process which can be accomplished
under conditions which do not cause degradation of the
solar cel | device.

The most important requirements upon an integra! cover material which
can be deposited by some process are a close match of thermal expansion co-
efficient to that of silicon, high optica! transmission over the solar cell
response band and an ability to retain ftransmission in spite of exposure to

ionizing radiation. Fused silica which has an expansion coefficient of




approximatelv 5 x IO"7 oc Is not compatible with requirement (vi) and except
to a limited degree not with requirement (vii). Alumina has the same
deticiencies and also has too high a refractive index. Certain aluminosilicate
glasses are available with some potential for integral cover applications but,
because of their alumina content, have expansion coefficients somewhai higher
than that of silicon and have refractive indices greater than |.5. Borosilicate
glasses are the least expensive of the potential integral cover materials and
certain borosilicate compositions exhibit the best combined characteristics for
integral cover use. Several other integral cover development programs(l’ Zi 20
have independently identified Corning type 7070 borosilicate glass as an
acceptable choice for an integral cover.

Graphs of thermal expansion versus temperature are shown in Figure |
for silicon, 7070 glass and the glasses which have beer used for conventional
glusd covers. Ihe integral cover must possess an expansion coefficient
similar to that of silicon in order to insure stability of the covered cell
under the transient space thermal environment and for successful integral
deposition of a low residual stress cover. |+ is obvious from Figure | that
7940 fused silica is not compatible with silicon in *iis essential requirement,
nor is 0211 microsheet which has been used as a glued cover for some space
applications. Type 7070 glass has expansion characteristic closely matched
to that of silicon and, if applied to the cell at a process temperature of
approximately 450°C, 7070 can be left without residual stress.

The solar cell cover must transmit to the cell virtually all solar

spectrum photons with energy greater than 1.! eV, the silicon band gap energy.
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Figure 2 shows transmittance characteristics of 300 pm thick slides of unirradiated

o K A

7940, 0211 and 7070 glasses. While 7940 is measurably better in the shortest

ataanr;

wavelengths region, all three materials can be considered to have acceptable

initial transmission characteristics.
The cover must protect the solar cell from damaging space (anc perhaps
nuclear weapon) radiation environments with minimum degradation to its own trans-

mission over the cell response band. Figures 3a and 3b show transmittance of
300 um slides of 7940, 021} and 7070 glasses after exposure to IOI5 and IOl6 I MeV ;

it

electrons per cm2. Microsheet and 7070 glasses exhibit sufficiently severe
darkening that they might be considered inadequate for certain high radiation
environment applications. However another factor must be taken into consideration.

Under the ultraviolet component of AMO sunlight, appreciable bleaching of the

color centers introduced into some glasses by ionizing radiation can take place.

Figure 4 illustrates the effects of exposure of electron irradiated 7070 glass

to the approximate equivalent of 12 and 48 hours of the less than 400 nm
component of AMO sunlight. Rapid bleaching of the radiation induced darkening

results in restoration of preirradiation transmission behavior except at shorter

LIRS g

wavelengths where the recovery is less than complete. For purposes of comparison,
Figure 5 illustrates that effective UV bleaching behaviour also takes place
in irradiated 0211 microsheet.

Wt ile ultraviolet illumination can remcve darkening of the cover glass ;

material resulting from particle irradiation, the ultraviolet itself can eventually

cause a loss of short wavelength transmission of the glass. Figure 6 shows trans- %
E mittance of 300 um thick 7070 glass initially and after mercury vapor lamp ;
exposure under vacuum at 30°C approximately equivalent to 600 a u 1200 hours of i

the less than 400 nm component of the AMO spectrum. Comparison of the 600 and
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Figure 3a. Transmittance of Glass Slides After IOI5 cm—2

Electron Irradiation.
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PERCENT TRANSMITTANCE
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1200 hour curves suggests a saturation of this darkening effect. Further

comparison with the Figure 4 transmission curves of the UV bleached electron
Irradiated 7070 glass indicates that the portion of the lost initial trans-
mission under electron irradiation which is not restored by UV bleaching occurs
in the spectral region sensitive to ultraviolet induced darkening. While the
effects of ultraviolet irradiation on the short wavelength transmission properties
of 7070 glass are not insignificant, it must be considered that in the case of
nonintegral cover cells an interierence filter must be employed to reject shorter
wavelengths so that they do not degrade the optically transparent adhesive used
to attach the cover. In addition to rejecting wavelengths below cut-on, the
multilayer filter can also be sensitive to alteration by ionizing particle or

UV radiations. Figure 7 shows the effects of 1200 hours of the equivalent of

the AMO spectrum below 400 nm upon a 7940 slide with 400 nm cut-on filter.

In addition to exhibiling adequate characteristics in the tests of this
program from which the above results have been extracted, some flight test data
does exist for cells with integral 7070 glass covers. Flight data is from
earlier integral covers applied by ion beam spuTTering(z’ '3), but does confirm
acceptability of 7070 material for space use. Cells with 75 um thick 7070
covers on the ATS-6 flight experiment show "excellent stability" after exposure
to synchronous orbit for 247(l4) and 32l('5) days. After 30 months in circular
orbit at 31 earth radii, celis with 75 um thick 7070 covers on IMP-H continue
to perform similarly to cells with conventional glued covers(|6).

None of the existing data relating to 7070 glass indicate that this
specific composition cannoi be adequate, perhaps even superior, for spacecraft

solar cel! integral cover purposes. Ultimately it may be determined tnat some

additional optimization can be achieved by variation of the constituent ratios

-4~
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or by addition of ceria to improve resistance to radiation induced darkening.

But at present these changes are not considered to be necessary.

2.2 BONDING PROCESS

Unlike previous approaches to applying integral covers onto solar

cells, the processes being developed start with a slide of cover glass exactly

as in the case of the conventional gluad cover and then attach the slide to the
cell without employing an adhesive interface. The method is based upon a
field-assisted glass to metal sealing fechnique(IO). The cover glass is
positioned upon the sclar cell surface, the temperature is raised and an
electric field is us:d to produce the bonding effect. The elevated temperature,
usual ly above 400°. but always well below the softening point of the glass, is

E used to create mobile alkali ion species from dissociation of Na20 and L320(||).

Initially the glass and cover make direct contact only at a few points. When

a voltage is applied so as to move positive ions away from points of contact at

the glass-cell interface, a shallow layer in the glass at touching positions

hecomes depleted of available positive ions. Almost all of the applied voltage,
many hundreds of volts, appears across this polarized layer. |mmediately adjacent
to points of contact between glass and cell, most of the applied voltage is
supported by the gap and strong electrostatic forces proportional to the square

ot the field in the gap act to close the interface. Spreading from the points of

initial contact, the entire cell-glass interface is forced together in a period
of seconds. The bond is then completed as oxygen ions in the glass interact

with the solar cell surface. Total process times of the order of a few minutes

are required.
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Excel lent bonds have been demenstrated of severa! different glasses to
silicon and to SiOx and Ta205 antireflective coatings. The bonding process is
not reversible and once formed the bond cannot be released. Strength of the bond
exceeds the yielc stress of silicon. Figure 8 shows the resuit of bonding e
slide of 0211 microsneet to a silicon wafer and allowing the integral pair to
return to rocm temperature. As cooling takes place the microsheet tries to
contract more than the silicon but the interface cannot yield and consequently
high stresses are created which increasingly distort the bonded materials during
cooling until the yield stress of silicon is reached and a layer of silicon is
torn from the wafer and remains bonded to the still distored glass siide. The
importance of using expansion coefficient matched materials is clear. Integral
7070 glass covers on silicon cells exhibit no evidence of residual stress upon
returning to room temperature.

The constraints upon thickness of 7070 glass which can be integrally
bonded to a sclar cell are very minor. |in fact, limits are apparently to be
defined by availability of glass in slide form. Conventional glued covers have
usually been employed with minimum thickness in the range of 100 to 150 um
because of practical problems in preparing and handling thinner slides. Similar
lower limits can be assumed for the integral process for the same reasons. In
the upper extreme it is probably possible to bond almost any thickness of cover
material. Experimental work to date has involved thickness from |50 to more than
3000 um with equal ease.

An important requirement of the bonding process is that the surfaces
to be bondad must be reasonably flat and able to mate properly. For the most
part develiopment work has involved application of lapped and polished glass

slides onto chemically-mechanically polished silicon solar ce!l surfaces.

-17-
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Figure 8. 0211 Microsheet Slide Bonded to Silicon Wafer with
Slide and Silicon Surface Torn from Wafer Due to
Stresses Upon Return to Room Temperature.
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However abradirg either the glass or silicon surface with | um tapping grit does

v
> bl

not prevent bonding.

4 The sclar cell front contact grid metallization pattern can be accommo~

dated by either of two approacties which have been siccessfully employed in this

z

program. A method which can be used for almost any cell structure involves scor-
ing shallow grooves into the glass cover ciide such that the grooves accept the

] grid pattern. Cover glasses with narrow grooves approximately 25 um deep are

oo g o e

prepared using a micrometer indexed vacuum table in conjunction with a 150 um

iy

wide diamond scoring blade. The second solution to the problem presented by the
grid metal is to utilize the strong forces generated by the bonding process itself
éi to cause plastic flow deformation of the cover glass around the grid patterr.
This plastic deformation method requires the process to be performed above the |

450°C strain point of 7070 glass while grooved covers can be bonded at minimum

temperatures of 400°C or even less. Figure 9 shows magnified views of cell finger

;f regions for the cases of plastically deformed and mechanically grooved covers.

2.3 CELL PERFORMANCE

Development effort under this program has involved a number of solar

cell types purchased from OCLi, fabricated by Simuiation Physics and supplied
by AFAPL. At the present time integral covers have been successfully applied %

to rost cell structures which have been considered and it is possible to apply

adlega S

covei's to the following available cell types without causing cell performance

e

degradation:

:
P
3
E
4
k:
]

~19-
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Cel Contacts AR Coating Cover Type
OCL{ TiAg or SiOx or Grooved or
N/P TiPdAg Ta,0, Pltastically Deformed
Simulation TiAg or SiOx or Groovad or
Physics, N/P Aluminum Ta, 0, Plastically Deformed
OCLI Violet Ag-Cr-Au Ta205 Grooved
Simulation Aluminum SiOx Grooved
Physics P/N
Lithium

Among cell types considered under the program, only OCLI aluminum contact cells

(N/P and P/N with lithium) and lor Physics Corporation cells with CeO2 antire-

flective coatings could not be acceptably integrally covered. OCLI cells with

aluminum contacts exhibited eiectrical degradation due to junction shunting as

a result of the covering process. Simiiar cells fabricated by Simulation Physics

with aluminum contacts deposited by modified processing show no shunting

problems. Cerium oxide coated cells were not integrally covered because bonding

conditions could not be established which would result in cover adherence to the

cell.
A representative -V characteristic showing lack of cell performance

degradation as a result of the bonding process is shown in Figure 10. A tfest

was conducted to compare performance changes caused by application of integral
7070 covers to changes resulting in identical cells to which were applied

several types of glued covers. The results are summarized in Table I. All

integral covers in this particular test were grooved to accept the contact grids.

Examination of the data given in the 'able indicates that post covering air mass

zero performance of integral covered < . should be equal or superior to per-

formance of cells with glued covers and ultiaviolet rejection filters.
J
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TABLE |

{
A

SUMMARY OF CELL PERFORMANCE CHANGES RESULTING FROM
APPLICATION OF INTEGRAL AND GLUED C"VERS

¥

o

P T PROPES S,

1 # CHANGE AFTER :
COVER NO. OF COVERING E
: CELL TYPE COVER MATERIAL THICKNESS CELLS |Sc Pmax
TiAg - Si0_ Integral 7070 300 um 5 -0.7 -0.8 a
;_ TiAg - SiOx Glued 7070 300 2 -3.6 -3.8 k
: TiAg - Si0_ Glued 7940 300 | -1.4 -2.1 ]
', TiAg - SiO)< Glued 7940 w/UV Filter 175 2 ~3.4 -3.5 3
,. TiAg - SiOx Glued 0211 w/UV Filter 150 | -2.2 -2.8
3 TiPdAg - Si0_ Integral 7070 300 um 4 =1.8 -2.9
TiPdAg - SiO)< Glued 7070 300 2 -4.3 =3.1 ,,
TiPdAg - SiOx Glued 7940 300 ] -1.4 =2.4 g
TiPdAg - SiOx Glued 7940 w/UV Filter 175 2 -2.9 -3.5
TiPdAg - SiO>< Glued 0211 w/UV Filter 150 | -1.4 =2.4 :
TiAg = Ta,0, ‘ntegral 7070 300 um 4 +0.7 -0.2 [
3 TiAg - TaZO5 G.ued 7070 300 2 +0.7 +0.2 .
TiAg - TaZOS G ued 7940 300 | +2.9 +0.9 ;
TiAg - Ta205 Gi 23 7940 w/UV Filter 175 2 0 -0.4 ’
TiAg - TaZO5 Gluxd 0211 w/UV Filter 150 | 0 -3.2 7
TiPdAg - TaZO5 Integrai 7070 300 um 4 +2.6 +1.3 i
TiPdAg - Ta205 Glued 7070 360 2 +2.2 +1.6 i
\ TiPdAg - Ta205 Glued 7940 300 I +2.2 +2.3 !
3 TiPdAg - TaZO5 Glued 7940 w/UV Filter 175 2 +1.4 +0.2 j
' TiPdAg - Ta205 Glued 0211 w/UV Filter 150 | +0.7 0 3
‘ All cells OCLI 10 Q-cm N/P
Glued Covers attached with Sylgard 182 and Sylgard Primer ,

Test Conditions: AMO 26°C

%
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SECTION 11

ENVIRONMENTAL EVALUATIONS

3.1 GENERAL

A series of environmental tests has been performed upon integral cover
cells, glued cover cells, control cells and samples of cover materials. Tests
performed have included:

(i) Temperature = humidity storage

(30 days at 45°C, 95% relative humidity)
| (ii) Thermal Cycling

(300 cycles from -150°C to +150°C

(iif) Vacuum - ultraviolet storage

(3 months at <l0-5 torr, 30°C under total ultraviolet

2

exposure of 14 watt-hrs/cm”)

(iv) Proton Irradiation

-2

(|l Mev protons to IOI3 cm 7)

l (v) Electron lrradiation

: (I Mev electrons to IO|6 cm—z)

Temperature-humidity storage and thermal cycling tests were performed in
facilities at Acton Environmental Test Corporation, Acton, MA. Vacuum-ultra-
viciet storage was conducted using a test stand assembled by Simulation Physics.

Proton irradiations were performed using a Van de Graaff Accelerator Facility at

i KSW Electronics, Burlington, MA and electron irradiations were carried out using

13 a Dynamitron at Air Force Cambridge Research Laboratory, Bedford, MA. Throughout
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these tests all electrical data were meacured using a Spectrosun X-25 MK |1 AMO
solar simulator. Each cell sample was inspected microscopically before and after

envionmental exposure.

3.2 TEMPERATURE~-HUMIDITY STORAGE

In each environmental test, the effects of the test environment upon
the physical and electrical characteristics of the cells, particularly the
integral cover cells, are important. |In the case of 30 day storage at 45°C and
95% relative humidity the physical effects included weathering of cover glass
materials and oxidation of contacts. Weathering was more pronounced on 7070
glass than on 0211 microsheet and did not occur to a visible degree on 7940
fused silica. Optical measurements on glass samples and electrical measure-
ments on covered cells indicate that the weathering, which is a surface corrosion
effect, causes some scattering of incident light but does not measurably reduce
total transmission. Oxidation of contacts was largely cosmetic in the case of
titanium-silver and titanium-palladium~silver contact cells but was sufficiently
severe to prevent post test electrical measurements on cells with aluminum
metallization. One cell with aluminum contacts was treated with potassium
hydroxide solution to make measurement possible and confirmed essentially
initial output characteristics.

Among 15 cells in the test with integral 7070 glass covers, only one
showed any evidence of local physical change in or near the ceil-cover interface
as a result of the test environment. The single exception was an OCLI N/P cell

with SiOX antireflective coating and integral cover applied using plastic

-25-
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deformation around the titanium silver contact grid. The cell developed small

area (I mm diameter) separations under the cover at the extreme ends of 5 of Its
6 grid fingers. The separations are metallic in appearance indicating that the
SiOx antireflective coating had detached from the silicon surface. No other test
cells showed any similar effect even on a microscopic scale.

Electrical measurements from OCL|I N/P cells with TiPdAg and TiAg
contacts and SiOx and Ta205 antireflective coatings have been combined for each

cover type and are summarized in Table !l. The data suggest absence of

significant degradation mechanisms for the integral cover in the temperature-

A R ke

humidity test environment.

343 THERMAL CYCLING

A total of 300 cycles from -150°C to +150°C werz completed at a rate

of approximately one cycle per hour using low femperature nitrogen gas to reduce
tesT chamber temperature to the lower extreme and electrical heaters to return

to the higher temperature. Atmosphere in the unsealed chamber was mainly residual

nitrogen but did include some air which resulted in a degree of contact

oxidation and minor moisture marking of exposed surfaces.

None of |7 integrally covered cells included in the test developed any
physical defects involving their covers. Some cells with glued covers developed
regions of cell-cover delamination. Glass samples exhibited no changes in op- ;

tical transmittance. :

¥ Electrical performance data are summarized in Table [1l. Aluminum

contacted cells are not included in the tabulated data because cf measurement :

-26-
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TABLE I
TEMPERATURE-HUMIDITY TEST DATA SUMMARY

AFTER 30 DAYS AT 45°C, 95% RELATIVE HUMIDITY

NO. OF AVERAGE % CHANGE
COVER TYPE CELLS bsc VOC o
Integral 7070 - grooved 10 +0.3 -0.4 -1.2
Integral 7070 - deformed 2 +1.5 0 -0.5
Glued 7070 3 -1.7 ~0.4 -2.0
Glued 7940 4 =1 +0.7 0
None 8 ~-0.4 0 -1.3
All Cells OCLI N/P
TiAg or TiPdAg Contacts
SiOx or Ta205 AR Coatings
AMO 26°C
]
]
i
-27-
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TABLE 111

THERMAL CYCLE TEST DATA SUMMARY

AFTER 300 CYCLES FROM -150°C to +150°C

COVER TYPE

CELLS

AVERAGE % CHANGE

max

e daa e s

Integral 7070 - grooved

Integral 7070 - deformed 3

Glued 7070

Glued 7940

None

oc
.0 -0.2
.5 -0.2

All Cells OCLI

TiAg or TiPdAg Contects

SiOx or Ta205 AR Coatings

AMO 26°C

-28-
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problems involving contact oxidation. The integrally covered cells show no

performance deficiencies through the cycling test.

3.4 VACUUM-ULTRAVIOLET STORAGE

The vacuum-ultraviolet storage test was performed in a water cooled
vacuum system which allowed samples under test to temperature stabilize at 30°C.
An oil diffusion pump system with liquid nitrogen cooled baffie maintained
continuous vacuum well below IO'5 torr. An automatic liquid nitrogen refill
control mainiained baffle temperature to minimize backstreaming of diffusion
pump oil. A General Electric UA-2 250 watt mercury vapor lamp was mounted outside
the vacuum system and samples under test were illuminated through a 6 inch
diameter fused silica window. Actual ultraviolet intensity at the test location
was measured using an Eppley thermopile in conjunction with a set of filters. 4

Ultraviolet intensity upon test samples was measured to be 10.3 mW/cm2 between

220 and 440 nm with total spectral irradiance of 53 nW/cmz. The one solar

(12) so that

constant AMO spectrum includes 1.8 nW/cm2 of ultraviolet below 400 nm
this ultraviolet exposure test came close to approximating real time. Figure ||
compares the spectral distribution of the Thekaekara AMO curve in the ultra-
violet to manufacturer's data on the mercury vapor lamp distribution. The ultra-
violet exposure test was interrupted for sampie measurements after the corrected
equivalent of 600 hours of AMO UV exposure and the test was terminated after
the equivalent of 1200 hours.

None of the solar cells or cover giass samples showed any visible
changes after 600 hours. After 1200 equivalent hours, some minor yellowing of
7070 glass slides was evident. Optical transmission data from the 7070 and

filtered 7940 glasses were given as Figures 6 and 7 respectively of Section 2.1

above.
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Table |V summarizes electrical performance averages after 600 and 1200
equivalent hours. All of the integral cover samples in this test had titanium-
silver cr titanium-palladium-silver contacts buv glued cover samples were all
of similar OCLI N/P celis with aluminum contacts. Bare cell data are included
for both contact types. 1t can be seen that the integrally covered cells showed
appreciably less degradation than cells with glued 7940 fused silica covers
which included 400 nm cut-on filters. Glued 7070 glass covers which did not
include ultraviolet rejection filters allowed lamp UV to reach the Sylgard 182

silicone resin adhesive and the cells involved exhibited large current losses.

3.5 | Mev PROTON IRRADIATION

Proton irradiations were performed on groups of integrally covered
cells. All covers were 300 um thick 7070 glass. Each sample was irradiated
to only a single fluence step. Uncovered cell front contact bars were protected
with 75 um thick aluminum foils during irradiations. Test data are summarized
in Table V. Any cell exhibiting performance change greater than reproducibility
of the AMO measurement was found under microscopic inspection to involve small
exposed surface area due to cover misalignment. The 7070 glass covers are judged

to provide completely adequate protection against proton damage.

3.6 | Mev ELECTRON {RRADIATION
Cells and glass samples were subjected to | Mev electron fluences of

15 15 16 -2

3 x I0|4, I x 1007, 3x 107" and I x 10~ cm Each sample was exposed to all

levels. Samples with glued 0211 microsheet covers were included in this test.

-3]-




TABLE 1V

ULTRAVIOLET-VACUUM STORAGE TEST DATA SUMMARY ]

AFTER 600 AND 1200 EQUIVALENT AMO HOURS AT 30°C, <IO_5 TORR E

AVERAGE % CHANGE AVERAGE % CHANGE §
NO. OF 600 HRS. 1200 HRS. ;
COVER TYPE CELLS | 1 |v P | v P ]
scC oc max sC oc max
Integral 7070 - grooved 7 -0.2 0 -0.3 -2.1 | -0.7 -3.1
Integral 7070 - deformed| 2 -0.4 0 -0.2 -2.3 | -0.6 -3.5
Glued 7070%* 2 -8.2 | -0.2 | -7.2 -14.9 [ ~-1.1 |-14.0
Glued 7940 with 400 nm 2 -4.6 0 -3.5 -5.7 | -0.6 -5.6 ]
cut-on filter* :
None 3 -0.8 0 -0.9 -1.3 | -0.5 =2.1
None* 2 0 0 +0.4 -1.1 |]-0.9 -2.9

All cells OCLI N/P

TiAg or TiPdAg Contacts, except *Aluminum

S|Ox or Ta205 AR Coatings

AMO 26°C

S
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TABLE V i
| MEV PROTON IRRADIATION DATA SUMMARY %
FOR INTEGRAL COVER CELLS
4
1
GROOVED INTEGRAL COVERS DEFORMED INTEGRAL COVERS
| Mev PROTON p
FLUENCE NO. OF % CHANGE NO. OF » CHANGE
P
CELLS | P | celLs I . %
10'% cn2 3 0 -0.1 2 0 0 .
X
10 3 0 -0.1 | 0 0
12 .
10 3 -0.2 -0.6* 2 0 0
13
10 3 0 Sors 2 -0.4% 1.2

A1l cells OCLI N/P
TiAg or TiPdAg Contacts

Si0_ or Ta,0. AR Coatings
X 5

2

*|ncluded cell or cells with small unprotected surface ar:as due to cover
misal ignment

AMO 26°C

-33' |




Both 7C70 and 0211 glasses showed significant darkening under the electron
irradiation. Transmittance curves were presented previously as Figurcs 3a and
3b. At lower fluences darkening of the 7070 glass was less than that of the 0211
microsheet. Howecver the microsheet darkening saturated then decreased slightly
so that at higher fluences 7070 losses were approximately comparable to those in
0211. As was discussed in Section 2.1, both glasses showed rapid, effective
bleaching when exposed to ultraviolet illumination following irradiation. As
was shown in Figures 4 and 5, transmittances were restored to almost pre-
irradiation levels by the equivalent of approximately 48 hours of AM) solar con-
stant ultraviolet.

As a result of darkening of the 7070 glass, cells with integral 7070
covers degraded under electron irradiation more rapidly than did similar bare or
glued fused silica covered cells. Averaged normalized |rc and Pmax data are
presented in Table VI. Following the final! irradiation step, half of the
cells with integral 7070 covers were axposed to the equivalent of 14 hours of
solar constant UV (~150 mw-hrs/cm2 of <400 nm) under vacuum at 30°C and were then
retested. Output performance exhibited increase to approximately the bare

cell level. Normalized maximum power data averages are plotted in Figure 12.

-34-

St il

O R P o




4

NORMALIZED | AND P
sc max

TABLE Vi

| MEV ELECTRON {RRADIATION DATA SUMMARY

St iane i LR S pa o e L

NO. OF 'sc/lsco
COVER TYPE CELLS 3 I0I4 /cmz | x IOI5 3 IO'S | x lo|6
None 4 0.90 0.€3 0.79 G.71
Glied 7940 4 0.90 0.84 0.78 0.70
Gluxd 02H1 3 0.85 0.79 0.75 0.68
Integral 7070 10 0.87 0.80 0.74 0.64
Integral 7070 after UV 5 0.71
NO. OF max/Pmaxn
COVER TYPE CELLS 3 |O|4 | x |0I5 3 o IO|5 | x IOI6
None 4 0.85 0.76 0.69 0.60
Glued 7940 4 0.86 0.76 0.68 0.56
Glued 0211 3 0.80 Q72 0.66 0.56
Integral 7070 10 0.82 0.73 0.65 0.54
Integral 7070 after 'V 5 0.59

AMO 26°C

All Cells OCLI N/P

TiAg or TiPdAg Contacts

Si0 or Ta,0
X

275

AR Coatings

-35-
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SECTION 1V

CONCLUS IONS

Integrally bonded glass covers for silicon solar cells are being developed.
Corning type 7070 borosilicate glass has been selected because of good com~

patibility with the solar cell and the bonding process combined with resistance

to permanent radiation induced darkening. Cells with any thickness of integral
7070 glass covers are left in a physically unstressed condition.

Development to date has concentrated upon several types of cells with
polished front surface. The cell front metallization grid is accommodated
with good success by plastic deformation of the glass around the grid or by
appropriate grooving of the glass. Covers have been successfully bonded to
cell types able to withstand minimum processing of at least 400°C for a few
minutes. Output performance of an integrally covered cell equals or exceeds
that expected from a similar cell with glued cover.

Integral ly covered cells have exhibited stability under a range of

environmental exposures and particle irradiations. Moderate darkening of the

7070 glass with corresponding loss of cell output as a result of | MeV electron
irradiation has been observed but is found to be effectively eliminated by

g
bleaching by the AMO ultraviolet component for short periods of time. :
<
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