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SECTION I
INTRODUCTION

This report describes a thirty month effort from January
1974 through June 1976 to develop electrostatically bonded integral
glass covers for silicon solar cells. Some of the content has been
discussed previously in an Interim Report, AFAPL-TR-75-54, distri-
buted in August 1975.

The development of electrostatically bonded (ESB) integral
covers is considered to have been very successful. Technology now
exists for integrally attaching covers of almost any thickness to
many solar cell types including standard production and "violet"
designs. Compatibility with high cell performance, absence of
residual stress effects and ability to tolerate severe environmental
conditions have been demonstrated. Electrostatically bonded
integral covers show promise for definite technical and economic

superiority over conventional glued covers.

There have been many attempts to develop integral covers by

several other approaches(l_lo).

These earlier programs involved
deposition of the protective cover material in molecular or partic-
ulate form by evaporation, by a number of sputtering techniques,

by frit and fuse and by some modified processes. Each effort was
found to result in unacceptable technical capabilities and/or
impractical economics. Technical deficiencies generally were
directly or indirectly related to high residual stress in the covers
or to degradation of cell performance by the process. Although many
of the programs sought to use fused silica as a cover material, in
each case a redirection to a less satisfactory material was found

to be necessary. Most of the candidate methods were found to
involve inherently low deposition rates, expensive facilities and

substantial yield losses leading to noncompetitive costs.

2
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Based upon the findings of earlier integral cover efforts,
a number of conclusions could be drawn which defined starting

rationale for the program of this report:

(i) Although fused silica (amorphous $i0,) ., i
because of its outstanding optical,
physical and chemical stabilities, would
be the best material for a solar cell
cover, its physical characteristics are
such that no existing process or process
likely to be developed can adequately :
deposit it in thick integral form and

unstressed condition on a silicon cell.

(ii) Among other available candidate cover

materials, Corning type 7070 borosilicate

Lo SO A s R i

glass possesses satisfactory combined

physical, optical and chemical characteristics

SPPRR S

for solar cell use.

(iii) The economics of all molecule-by-molecule
deposition processes are such that pro-

duction volume costs goals of less than

e R RN Bt b

$0.10 per cm2 for thick integral covers

are almost certainly unachievable.

(iv) In order to meet cost goals for integral
covers, a bulk application process 1in
which the entire cover mass is attached

simultaneously must be used.

The choice of electrostatic bonding to attach slides of Corning

7070 glass directly to cell surfaces was a natural and logical

consequence of the facts listed above.




Electrostatic bonding is actually an electrostatic field

(11)

assisted sealing technique which avoids all the major dis-

‘ advantages of other candidate integral cover processes. Slides

of 7070 glass of any available thickness can be integrally bonded in
to a cell surface in five minutes or less under moderate tempera-
ture conditions that need not degrade performance of most solar
cell structures. The covered cells exhibit no evidence of

residual mechanical stresses.

During the period of the program, integral covers were
successfully attached to most solar cell structures with a number
of contact types and antireflective coatings. Textured surface ]
cells were not considered. The most difficult problems encountered
involved the mechanics of applying a flat glass cover sheet to
a cell surface with a raised metallization pattern and also
involved effects of the experimental bonding ambient conditions
upon stability of cell contacts. It is believed that satisfactory

methods and corrective procedures have been identified.

Throughout the program, a number of environmental evaluations
were conducted upon integrally covered samples. Tests included
thermal cycling, temperature-humidity storage, vacuum-ultraviolet
exposure, proton irradiation and electron irradiation. Integral

covers exhibited ability to perform well under all these

s i el i e i b S i i i Al el b

conditions.

In order to produce sufficient numbers of ESB cover
cells for purposes of this program and for requirements of !
anticipated test programs, a pilot production facility was
designed and constructed. The unit is capable of automatically

applying covers to 60 2 x 2 cm cells per hour.

o
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Economic projections based upon the use of such a unit indicate

that production costs should be low. Production of a thin sheet

form of 7070 glass might allow glass cost to be reduced to less
than $0.01 per cmz. Total cover cost, including glass cover,

sizing, bonding, yield and profit could be less than $0.10 per
2

cm
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SECTION I1I
PRELIMINARY CONSTIDERATIONS FOR ESB INTEGRAL
COVER DEVELOPMENT

10 THE ELECTROSTATIC BONDING PROCESS

The method of electrostatic bonding is based upon a pro-
prietary field-assisted glass to metal sealing technique(IZ).
The mechanics consist of correctly positioning a glass slide on
the surface to which it is to be bonded, raising temperature until
the glass becomes ionically conductive and then applying voltages
so as to first set up electrostatic forces sufficient to bring the
bonding surfaces into intimate contact and then to move reactive

ions to the interface to create a bond.

Temperatures needed for the process are not critical.
Developmental bonding under this program has been performed at
temperatures from below 450°C up to as high as 570°C. No
variation of the quality of the bond itself is observed. However ,
at lower temperatures the surfaces to be bonded must be able to
come into good contact,while at higher temperatures the strong
electrostatic forces cause deformation of the glass to occur during
the process so that initial surface profiles need not be entirely
complementary. Regardless of temperature employed, the bonding
mechanisms require only that a condition of ionic conductivity be
established in the glass,usually by creation of mobile alkali

ion species from dissociation of Na,0 and Li,O. When a negative

voltage is then applied to the glasi, transfir of positive ions away
from the glass/cell interface occurs and produces a shallow polarized
positive ion depleted layer in the glass at points of contact with
the cell. As a result, almost the entire applied voltage, usually
several hundred volts, is dropped across this interfacial layer.
Adjacent to points of contact, wherever there is a gap between the
cell and the glass, the applied voltage appears across the gap and
can produce very intense electrostatic forces acting to close the
space. The forces can cause plastic deformation of the glass to
occur, more easily of course at higher temperatures. Once the cell
and glass surfaces have been brought into close contact, a bond is

produced by reaction of free oxygen ions in the glass with the




material of the cell surface. Glasses will permanently bond
directly to silicon, to SiOX or Ta205 and most other solar cell
antireflective coating materials and to some contact metals

such as aluminum. A bond to the contact grid is unnecessary and

does not take place with a silver surface contact. It is only the
extreme surface of the solar cell which is involved in the bond

and no change results in the effectiveness of the AR coating
relative to its performance with a glued cover. The bonding process
is not reversible and once the bond is completed, it cannot be
released. Strength of the bonded interface exceeds the yield

strength of silicon.

Total times required for the ESB process need not be longer
than a few minutes. Bonding conditions developed and used during
this program have depended upon whether the cover glass was mechan-

ically grooved to provide for the cell contact grid or whether

plastic deformation around the grid was desired. 1In addition to
the time required for the actual electrostatic bonding process,
some additional period is required for heating the cell and cover
to process temperature and for cooling again after bonding.

These times have ranged from less than one to several minutes de-
pending upon the bonding facility utilized and the process para-

meters selected. Typical conditions have been as follows:

Grooved Plastic
Covers Deformation
[ Temperature 450°C 560°C
I
i Applied Voltage 1200 Volcs 1200 Volts
i Time 1-3 Minutes 3 Minutes
|
| 6
|
|
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2. SELECTION OF GLASS FOR THE INTEGRAL COVER

Choice of the glass for an integral cover is critical,
perhaps even more so with ESB than other methods. Fused silica is
by far the best material for glued covers but it cannot be con-
sidered for the ESB integral cover because it lacks one key
characteristic: expansion coefficient match to that of silicon.
Experience during this program has shown that the starting point

for selection of the ESB cover material must be the following:

(1) The glass must have a net expansion
characteristic between room temperature
and bonding process temperature (450-
560°C) which closely matches expansion

of silicon over the same range.

Figure 1 illustrates the result of violation of the expansion
match requirement. The photograph shows a slide of Corning 0211
microsheet with substantially higher expansion coefficient than

Toet vs 36 x 1077 oC—l) which was electro-

silicon (59 x 10~
statically bonded to a bare silicon wafer at approximately 500°C

and then returned to room temperature. As cooling took place, the
microsheet tried to contract more than the silicon and severe
distortion of glass and wafer began to occur. When stress in the
silicon reached yield level, the surface of the silicon was torn from
the wafer and left bonded to the still highly stressed and distorted

glass slide.

After matching expansion characteristics, the requirements
on the glass are less rigid but still not necessarily easily

accomplished:

(ii) The material must exhibit close to
1008 transmission of photons over
wavelengths between 0.3 and 1.2 micro-

meters.

(iii) The material must resist darkening
under exposure to ultraviolet and

ionizing particle radiations.

7
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Figure 1.

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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(iv) The material must be stable under
ambient atmosphere and space
environment conditions and also
under conditions of the ESB pro-

cess.

(v) For purposes of thermal control, the
material should be highly emissive at

wavelengths exceeding 5 micrometers.

(vi) For optimization of optical coupling
into the cell using available anti-
reflective coating materials, the
material should have refractive index

as low as possible.

Glued covers on spacecraft solar cells have usually been of
Corning 7940 fused silica or sometimes 0211 Microsheet for low
radiation environment missions. As can be seen from the thermal
expansion characteristic curves of Figure 2, neither of these
materials is closely matched to silicon and they cannot be
considered for ESB cover use. A number of borosilicate glasses
do have satisfactory expansion coefficents. From commercially
available products, Corning 7070 glass has been selected on the
basis of overall best suitability for integral covers. 1In
particular its thermal expansion behavior is very well matched
to silicon. It should be noted that several of the earlier integral
cover development efforts using other methods also identified

7070 glass as a best available material.
Figure 3a shows optical transmittance of a 300 um thick

slide of 7070 glass initially, after irradiation with 1&6 1 Mev

electrons per cmz, and then after the approximate equivalent of

R ———— {
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solar ultraviolet below 400 nm for 48 hours. The effective
bleaching of radiation induced darkening in 7070 glass by solar
ultraviolet is very advantageous. As shown in Figure 3b, the

1 ultraviolet alone after long duration can cause color center
formation in the glass and some transmittance loss at shorter
wavelengths. A somewhat more detailed discussion of the effects of
particle irradiation and ultraviolet exposure on 7070 glass was
presented in the Interim Report AFAPL-TR-75-54.

Both initial transmittance and transmittance after irradia-
tion observed with 7070 glass under this program were slightly bu*
significantly lower at short wavelengths than was reported for 7070
slides in one of the previous integral cover studies(7). During
the present program some variation of optical characteristics was
observed in slide samples obtained from different suppliers who
apparently purchased their 7070 starting material from Corning at
different times. Corning produces batches of 7070 only periodically

and evidently some variation between batches can occur.

From flight experiments, a small amount of data is available
regarding 7070 glass as a cover material. Test samples with
75 um thick 7070 integral covers deposited by ion beam sputtering(8’9)
are included on ATS-6 in synchronous orbit and on IMP-H in circular
orbit at 31 earth radii. After 2 yearcs the 7070 covered cells
on ATS-6 show performance similar to that of cells with glued fused

(13).

silica covers Similarly after 48months the 7070 covered cells

on IMP-H show no stability problems(14).

3 METHODS FOR USE OF ESB ON SOLAR CELLS

The obvious problem in employing electrostatic bonding for
integrally attaching glass cover slides to actual solar cells is
that the typical cell surface is not flat but rather has an irregqular
profile determined by the front contact grid pattern. Standard
use of ESB is for bonding together of complementary surfaces.

12
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Three approaches to using electrostatic bonding in spite of the
cell metallization pattern were investigated in the development

program. These are:

(i) Deformation of the glass around the grid

pattern.

(ii) Mechanical grooving of the glass to
accept the grid pattern.

(iii) Modified cell fabrication so as to recess
the grid metallization into the cell

surface.

The last of the methods listed above, i.e. use of a
solar cell with a recessed front contact, is generally impractical
and violates a premise that an integral cover process should be
adaptable to essentially all solar cell structures. However,
for some special applications this integrai cover cell con-
figuration might be considered. As an example, it is possible
to fabricate a recessed contact cell with exceptionally deep
junction in the vicinity of the recesses and shallow junction
clsewhere. Such a cell could exhibit high efficiency and ability
to withstand high temperatures without junction degradation.
In combination with the adhesiveless integral cover, such cells
would have useful characteristics for laser hardness. For
purposes of the cover, the recessed metallization is ideal
as it allows plane slides to be bonded under lowest necessary
temperature conditions and with a minimum of concern for align-
ment. During the program an adeqguate process for fabrication
of recessed contact cells was prepared and samples of this type

with ESB covers were demonstrated.

14
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Introduction of shallow grooves into the cover to accept

the cell front contact finger grid can be relatively easily per-

formed and has been a useful technique for developmental work.

! Grooves can be formed by thermal deformation of the glass;or by
mechanical scoring or grinding. Figure 4 shows a fixture which
allows precisely positioned grooves for parallel grid lines to be
cut into glass slides using a diamond cutting blade. A single
blade requires a separate cut for each grid line but a ganged blade
can be used for introducing all necessary grooves simultaneously.
Usually the grooves are cut 25 to 50 um wider than the cell grid
finger metallization. Grooved covers can be used with minimum
bonding conditions but careful alignment is required. Also it is
important that cells to have grooved covers should have con-
sistently positioned reproducible grid metal pattern and should not
have any stray metallization residue over their active surfaces.
Among the disadvantages of using a grooved cover, even if it can
be prepared very inexpensively, is that protective thickness of

glass is reduced at the grid Jocations.

Plastic deformation of the cover glass material around
features of the cell surface including the contact grid requires
temperatures somewhat higher than the minimum conditions necessary
to bond together flat well-mated surfaces. Figure 5 shows
viscosity as a function of temperature for 7070 glass. As tempera-
ture is increased above 450°C, substantial deformation occurs t
readily during the three minutes or less normally used to produce :
bonding. Figure 6 illustrates the behavior, which results 1in the
vicinity of a grid finger. On each side of the grid finger an
unbonded gap occurs in which interference fringes can be seen.

Beyond this region the glass is fully bonded to the cell. Width
of the unbonded gap depends upon grid thickness and bonding

15

T R O A D A e At &




Diamond

for

Cover

16

Cutting

Grooving.

Blade

e 3 SN AN AN A b




1 e N T O N T
100 I T [ I [
!
‘ -
1 1015r—
STRAIN POINT
14
10 - —
13
10 ANNEALING POINT
:
E};
& jol2f —
=
I
>
&
% 1ol
,:’) — —
N
>
i 10
i 10 S 1
i
| 10 L o
108 o
SOFTENING POINT
2
10 | e, |
300 400 500 600 700 800 900
TEMPERATURE °C
Figure 5. Visosity Versus Temperature for 7070 glass
17 |
¢ -, - e Sl T

. ) e
A e N L e B A &

S TR N (R




ol A i

T

igure

Unbonded Region Around Fing
Deformation Cover.

P

)}




temperature. Gap width is plotted, in Figure 7, against bonding
temperature for a series of bonds to cell samples with controlled

2 um thick grid fingers. At a temperature in the vicinity of 560°C,
the gap disappears. Similar results are obtained with thicker
metallization. However deformation of the glass is produced by

the electrostatic forces and if grid thickness is too large or if
grid lines are too close together, the slide may not touch the cell
surface in which case the electrostatic forces will not be initiated.
The problem was avoided in the present program by maintaining grid
thickness on most cells to 3 um or less. A general solution could
involve slight preshaping of the glass surface in a separate

operation before bonding.

Recessed contact cells, grooved covers and plastically de-
formed covers were all investigated during the experimertal
program. It has generally been concluded that with proper pre-
paration it will be possible and most convenient to use the
plastic deformation approach on almost all cell types. Pro-
duction methods can probably be limited to variations of plastic

deformation.

19




um

GAP

i I T T T
500 — \\
400~ \\
XX
e
X\
300 N
5,
X
iy
200 \
b
N
R
lOOF >
X
X
N X
0 i L L 1 ] N\
425 450 475 500 525 550
BONDING TEMPERATURE °C
Figure 7. Unbonded Gap Versus Bonding Temperature ~

2 um Thick Grid

20

. me T

- : ‘
D N R VL S A R e




SECTION III
EXPERIMENTAL DEVELOPMENT

y FACILITIES

Most of the experimental ESB work under this program was
performed using two electrostatic bonder facilities. The first
unit was totally manual and could be used to apply covers to one
cell at a time at a maximum rate of a few cells per hour. A
second facility was designed and constructed to allow for process
optimization and reproducibility and, when necessary, to provide
a pilot production capacity of €0 cells per hour. This pilot
production unit became operational only in the last months of

the program.

Figure 8 is a photograph of the manual bonder. Operation
starts by loading a solar cell and correctly positioned cover glass
onto a vacuum chuck pedestal electrode then lowering a top
electrode into contact with the cover glass. A preheated tube
furnace is raised around the cell and cover by motor drive.

When the cell and cover reach bonding temperature, the timed high
voltage cycle is initiated. Upon completion, the furnace 1is
lowered and the sample removed. The unit includes provision for
some control and selection of the gas environment during the

bonding process.

Experimental work with the manual bonder has involved many
variations of fixtures, mechanics and technique for electrostatic
bonding. Design of the pilot production facility was based upon
the results of this experience and reflects those methods con-

sidered best suited for a solar cell cover process.

It was decided that an automated bonder facility to be

used for both process development and for pilot production would
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have to include the following characteristics:

(1)

(ii)

(111)

(1v)

(v)

(vi)

(vii)

(viii)

(ix)

Ability to operate at less than full

capacity.

Ability to operate in manual and auto-
matic modes.

Provision for operator intervention
and flexible control during develop-

mental operation.

Elimination of need for operator
participation in pilot production

mode operation.

Ability to accept solar cells of different

sizes and configurations.

Flexible selection of process temper-

atures and high voltage cycles.

Automatic precise reproducible align-

ment of solar cell and cover glass.

Continuous operation with controllable commitment

of cells under process at any given time.

Scale up to full production should be
practical by construction of more bonders

rather than by redesign to a larger unit.

A specific objective of the development of ESB covers is
that, in production, cost of the integral cover should be a
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small fraction of the value of the solar cell. 1In this case, vield
losses will have major impact upon actual costs of integral cover-
ing. Consequently, because it is possible that something can go
wrong 1in an automatic or nearly automatic mode of operation, it is
advantageous to minimize the number of cells actually being

risked at any given time. 1In this way a very small number of cells
would be ruined in the event of an accident or malfunction. To
meet this objective and to keep the bonder compact and to make it
possible for an optional single operator to closely monitor the
entire process, the bonder was designed using a continuous assembly
line approach involving sequential operations performed around a

circular processing table.

The photographs in Figures 9 and 10 show major assembly of
the bonder. Basic design of the unit involves the use of moveable
high temperature pallets to hold aligned solar cells and covers and
transport them through the bonding process. Up to sixteen pallets
are mounted around the outside of an intermittently rotating cir-
cular horizontal table (the carrousel plate). Every 60 seconds the
carrousel plate steps 22.5° to transfer each pallet from one to the
next of sixteen processing stations. A solar cell is loaded
onto a pallet at the first station and then removed approximately
16 minutes later at the final station. Major operations take place
at fixed process stations while the carrousel plate is stationary
for approximately 45 seconds of every minute. Table 1 describes
the function of each process station and Figure 11 gives a schematic

presentation of the total procedure for pilot production operation.

Normal bonding procedure starts with loading a number of
precleaned cells and covers, up to 500 of each, into respective
dispenser cassettes. During operation a cell is first dispensed

from the cell cassette and guided into the bottom of an align-

ment jig on a pallet. When the pallet rotates to the second station.

a cover 1is dispensed and automatically guided into the correct
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TABLE 1

DESCRIPTION OF PROCESS TABLE

STATIONS

STATION NO.

OPERATION

DESCRIPTION

1

10

11

12

3

14

15

16

Load Solar Cells

Load Glass Covers

Inspect and Adjust

Lower Contact Arm

Oven Pre-heat

High Voltage Bonding

Lift Contact Arm

Inspect for Unbonded
Areas

Unloaded Bonded Cells

Cells are guided into posi-
tion in alignment jig of

graphite pallet.

Covers are guided into posi- |
tion in alignment jig of

graphite pallet.

Spring loaded arm on paliet

applies pressure and

electrical contact to cover.

Graphite pallet enters oven
and is heated to the bond-

ing temperature.

1"

High voltage is applied

the contact arm to make

the ESB bond.

Pallet enters cooled
of the oven

"

Spring loaded arm on
is raised and locked
"up" position.

zone

to

pallet

in

Bonded solar cells are
transported from process
table to electrical in-

spection station.
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position in the alignment jig. At the next station an optional
inspection can be made through a stereo microscope. Normally this
inspection is not necessary but under some circumstances such as

{ during grooved cover bonding it may become desirable to insure
proper cell-cover positioning. At the next station a spring loaded
contact arm holding the top electrode is slowly lowered onto the
loaded cell and cover. The pallet then moves into an enclosed :
oven for the next nine steps including three preheating stations,
three stations at processing temperature while voltage is applied
and three cooling zone positions. Figure 12 shows experimental
temperature profiles during one representative set of processing
conditions. Upon exiting from the oven, the contact arm is raised
and locked open at station 14. An inspection of the now integrally
covered cell can be made at the next station and finally at the
last position the covered cell is automatically unloaded from the i
alignment jig and transferred to an exit cassette for completed

cells.

The bonder can complete 60 cells per hour with a
maximum of 16 cells in process at any given time. The unit
can be programmed such that cells and covers will be dis-
pensed only onto any number of specifically selected pallets
to allow reduced rates still under automatic operation to

less than 4 cells per hour. For the development program

only four processing pallets were constructed and utilized

for an available maximum of 15 cells per hour. The bonder

can be switched to ranual operation for developmental use

and each process can then be separately controlled and
operated. The bonder provides ability to run up to 4 separate
bonding voltage conditions concurrently with any particular
pallet receiving whichever process voltage is selected for it.
This capability is for development studies on the effects of

process parameter variations. {
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Problems encountered in the operation of this bonder,
which are related to the electrostatic bonding process per
se are discussed in Section 3.3.6. Other problems involving
the facility itself included mainly difficulties with cells
and glass slides in the alignment jigs and some deterioration

of the processing pallets.

The jigs were made of machinable ceramic with rather
tight spacings and tolerances to insure precise orientation
of cells and covers. However dimensions of sample cells and
particularly of covers used in the developmental work tended
to vary somewhat. Due to the tight jigs and variability of
piece dimensions, bonding failure sometimes occurred because
the cell or cover did not seat properly in the jig. Solution
for the problem requires that the jigs be very carefully
prepared and that specified tolerances be held on dimensions
of cells and covers. Table 2 specifies characteristics of
cells compatible with the automated bonder as presently equipped.
Cells with other characteristics, for example different size,

could be handled by changing fixtures of the bonder.

Many of the components of the processing pallets and some
of the high voltage elements within the bonder oven were initially
fabricated of high density graphite. This selection was based
upon several factors related to consideration of the cyclic high
temperature environment and materials'best suited for it.
Experience has shown the choice of graphite to be an error. After
applications of covers to several hundred cells using this bonder
facility, graphite components exhibited considerable erosion,
increase of porosity and loss of mechanical strencth. The problem
is one of several which occurred because oxygen was not adequately
excluded from the high temperature zones of the oven. After com-
pletion of the experimental work of the program the graphite com-
ponents were replaced by redesigned items of stainless steel.

Better oxygen exclusion must still be added.
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TABLE 2
SPECIFICATION SHEET
SILICON SOLAR CELLS FOR ESB COVERS

110 SCOPE

This specification defines parameters of silicon solar cells
compatible with electrostatically bonded integral covers and con-
sistent with the capabilities of the automated bonder facility as

presently operated and fixtured.

2.0 REQUIREMENTS
2.1 Materials
2.1.1 Silicon - Boron doped, single crystal P-type
with resistivity between 0.5 and 15 ohm-cm.
2.1.2 Contacts - Evaporated titanium overcoated
either with evaporated silver or with
evaporated palladium in turn overcoated
with evaporated silver.
2.1.3 Anti-Reflection Coating - Silicon monoxide
Jiic

(SiOx) or ditantalum pentoxide (Ta205

Ze2 Configuration
2.2.1 Dimensions - 0.787" ($¥0.003) x 0.787" (£0.003)
X 0.010" (£0.002):%
2.2.2 Surface Finish - Polished or acid bright etched

without saw marks
2.2.3 Cell Wafer Profile - Wafer top surface shall not

be rounded near its edges.
2.2.4 Junction Depth - 0.1 to 0.3 um

2.2.5 Front contact - The front contact will consist

of a single rectangular bar along one edge and
either (i), not more than 8 equally spaced
parallel grid lines perpendicular to the bar,
with grid thickness not more than 3 pum, or (ii),
not more than 20 ecqually spaced parallel grid
lines perpendicular to the bar with grid thick-

ness not more than 10 um.
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TABLE 2 (Continued)

2.2.6 Solder - Cell contacts shall not have solder
coating prior to bonding.

2.2.7 Stray Metallization - Cell active surface shall

not contain any areas of contact metallization

except in the defined pattern of 2.2.5.
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20, SURFACE REQUIREMENT TESTS

A starting point for experimental bonding investigations
was a simple examination of quality and cleanliness reguired on
the surfaces to be bonded. Starting with polished slides of 7070 f
glass and flat polished silicon wafers, tests were conducted to |
determine how much the glass surface could be degraded before good
bonding could no longer be achieved. Variations in surface quality

on the glass were made by mechanical lapping. Standard bonding

parameters for the tests were 1200 volts for three minutes at

450°C after approximately one minute of preheating. Results
were as follows:
Sillicon
Glass Surface Surface Bond
Polished Polished Excellent
Lapped with 0.05 um grit Polished Excellent
Lapped with 0.25 pym grit Polished Excellent
Lapped with 0.3 um grit Polished Excellent
Lapped with 1 um grit Polished Excellent
Lapped with 3 um grit Polished Poor
Lapped with 5 um grit Polished None

Bonds were then attempted between polished 7070 glass
slides and silicon wafers with surfaces lapped with 5 um grit
and with the same silicon after removal of approximately 75 um

of material with a 6-1-1 etch. Results in this case were:

Glass Surface Silicon Surface Bond
Polished Lapped with 5 um grit None
Polished Lapped with 5 um grit

then 6-1-1 etched Excellent
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It may eventually be possible to obtain 7070 glass in
thin sheet form directly from a process such as that used by
Corning to produce type 0211 Microsheet product. To confirm
acceptability of this surface guality, bonds were made between
0211 Microsheet slides and polished silicon and lapped then etched
silicon. Evaluations had to be made at process temperature
because expansion coefficient mismatch caused catastrophic failure
of samples reaching room temperature as was shown in Figure 1.
It might be pointed out that the bonds did not fail. Results

were as follows:

Glass Surface Silicon Surface Bond
Microsheet Polished Excellent
Microsheet Lapped with 5 um grit

then 6-1-1 etched Excellent

Samples for all the tests above were cleaned in an ultra-
sonic bath of trichlorethylene and then blown dry with nitrogen.
To check on the degree of cleanliness required, bonds were
attempted between polished glass and polished silicon surfaces
with one surface intentionally contaminated by finger prints or
residual traces of talcum powder dust from a finger cot. Tests
were repeated with intentionally contaminated surfaces subseguently
cleaned with trichlorethylene using a cotton swab and then an

ultrasonic bath. Results of these tests were:
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Glass Surface Silicon Surface Bond

Polished ; Polished but contaminated | Good with

[ by £inger print | cosmetic flaw
Polished | Polished but contaminated Good except at

1 by talcum dust | location of dust

‘ ’ particles
Polished but con- Polished Good with

taminated by fin- cosmetic flaw

ger prints

Polished but con- Polished
taminated by

talcum dust

Good except at
location of dust
particles

Polished and
cleaned after
contamination

Polished and cleaned Excellent

after contamination

SR o i Wy L T Mo "IQ“.‘-‘!'\ oo LS »

From all of the tests discussed, several conclusions could
be drawn. The standard surfaces on cells and cover glasses are
more than adequate for ESB cover purposes. The surfaces of a
microsheet form of 7070 would not need additional preparation.

Routine cleaning procedures are satisfactory for ESB processing.

3 SOLAR CELL EXPERIENCE

Initial experiemntal work with ESB covers on solar cells
involve some elementary, yet critically important, investigations.
Basic process parameters had to be determined for producing flaw-
free bonds over areas at least as large as the solar cell.
Demonstration had to be made that the ESB cover could be applied
to a functioning solar cell and would not inherently alter per-
formance of the solar cell junction. Once these starting points
had been established, a major part of the program involved
development of capability for applying ESB covers to solar cells
of several types to identify prospects and limitations of the
method. Summarized in the sections below are the results of

experience with each cell type.
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(a) OCLI Standard N/P Cells

The solar cell structure most emphasized under the develop-
ment program was one more or less representative of present pro-
duction cells for spacecra‘t: 2 x 7 2m, nominal 250 im thickness,
10 Q-cm N/P. Optical Coating Laboratory, Inc. supplied a number
of variations of this standard cell. All of these cells had
polished front surfaces, six finger contact grids and approximately
0.3 um deep diffused junctions. Procedures were successfully
developed for applying grooved and plastically deformed covers,
usually 250 or 300 um thick, to OCLI cells with the following

contacts and antireflection coating materials:

Contacts: Titanium- silver
Titanium-palladium-silver
AR Coatings: SiOx
TaZO5
As with glued covers, performance limitation of integrally
covered cells relative to that before covering was determined by
the antireflective coating material. Figure 13 shows before and
after I-V characteristic behavior for a typical cell with SiOX
coating. Observed short circuit current loss of approximately 3%.
due tc covering is expected for the nonoptimized n = 1.9 AR
coating. Figure 14 illustrates an example of a cell with high
refractive index Ta,O. coating which showed current gain as

255
expected after cover application.

Some variability of the optimization of the Ta coating

O
apparently involving control of refractive index was gbZerved
between cells from different OCLI groups. Figure 15 illustrates
the results of a test to compare average changes in cell short cir-
cuit current and maximum power after covering a few cells of four
diiferent types with integral 7070, glued 7070 and glued 7940

fused silica covers. Adhesive for the glued covers was Dow Corning
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Sylgard 182. The fused silica covers had 400 nm cut on UV filters.
It is evident that the AR coatings of the TiAg - ’I‘a2()5 cell group
were jnferior to those of the TiPdAg - 'I‘aZO5 group. It is also
interesting to note that among the cells with SiOx coatings, those
receiving integral 7070 covers showed smaller Isc and Pmax losses
than those with either the 7070 or 7940 glued covers. With the
Ta205 AR coatings the integral and glued 7070 cover results were
comparable and measurably better than those with the filtered

7940 covers.

Not all integrally covered cells showed acceptable per-
formance after the ESB process. Among the titanium-silver or
titanium-palladium-silver contacted OCLI N/P cells, two character-
istic types of performance deterioration were found to occur.
Figure 16 shows I-V characteristics typical of a cell which
experienced significant increase in series resistance due to the
covering process. At the time it was not recognized that this is
an oxidation problem at the titanium layer of the contacts due
to oxygen penetration through the silver. This will be discussed
in Section 3.3.6. Some cell lots were much more susceptible to the
effect than others and initial reaction was that the correction
might be made in the cell processing. Usually a cell exhibiting
this problem could be electrically restored as in Figure 17 by
exposing it to hydrofluoric acid vapor for about five seconds and
then flushing with water. This is not an acceptable "fix" because
long term reliability of a contact treated in this manner is
very questionable. The second type of electrical degradation
likely to occur due to application of ESB covers involved an
increase in junction generation-recombination current and loss
of cell open circuit voltage apparently due to interaction of the
cell front contact with the junction during the high temperature
cycle for bonding. This effect is illustrated by the I-V character-
istic behavior shown in Figure 18. Again some cell lots were more
likely to exhibit this problem than others and generally when it
was observed, a small decrease in bonding temperature could avoid
the effect in remaining cells from the same group.
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To achieve mechanically and cosmetically acceptable
integral covers by plastic deformation of the 7070 glass while
using a maximum temperature of approximately 560°C for three
minutes, it was found that the front contact grid thickness on
the cell should not exceed roughly 3 im. Adequate thickness
for the titanium-silver contact on a standard 2 x 2 cm cell is
in the range of 2 to 3 um so that control of cell contact thick-
ness and uniformity was required to be considerably better than is
present production practice. Even with controlled metal thickness,
problems were encountered in trying to apply deformation type
covers to cells with more than 4 or 5 grid lines per cm. Grooved
covers allowed bonding to be performed at temperatures below
500°C for cells with virtually any cell grid pattern thickness
providing the pattern was systematic and the active surface of

the cell did not include stray metallization.

(b) Spectrolab N/P Cells

The original plan for this program did not involve con-
sideration of solar cells from more than one manufacturer.
However because of generally successful developmental results 1in
applying ESB covers to OCLI cells, it was decided, toward the

end of the program,to also evaluate Spectrolab N/P cells.

For ESB cover application, the typical Spectrolab N/P
cell has several significant dissimilarities from equivalent

OCLI cells. Among the differences are:

(i) The silicon front surface is chemically
etched on the Spectrolab cell as opposed
to polished on the OCLI cell.

(ii) The Spectrolab cell has "pillowed"
rather than essentially square

edges.
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(111) Spectrolab cells exhibit dif ferent
performance stability at high

temperatures.

These characteristics have little importance for glued covers and
are not usually considered under standard production specifica-
tions. But for ESB integral covers the differences are sub-
stantial.
My

Figure 19 shows interfprence fringe micrographs of
typical surfaces}qﬁ OCLI' and Spectrolab cells to 1llustrate the
relative microscd@ic surface structure of{polished and bright etched
silicon respectively. Good electrostatic¢ bonds can be formed
on etched surfaces. Because at least microscopic deformation of
the glass to conform to the surface must take place, minimum bond-
ing temperature used for the etched surface was approximately 480°C
compared to 450°C for a smooth polished surface. Figure 20
shows a microscopic view of the electrostatic bond on an etched
surface. Macroscopically the bond appears uniform and cosmetically
acceptable. Mechanically the electrostatic bond to etched
silicon is stable and fully adequate. A problem could have
resulted if coarse features remained from heavy saw marks. In
general the Spectrolab cell etched surface presented no difficulty

for the ESB process.

The standard etching process for the Spectrolab cell results
in a slightly rounded or "pillowed" wafer edge. Typical samples,
used in this program had top surfaces which rolled 20 to 50 micro-
meters away from flat in the vicinity of the edges. A plane glass
slide when bonded to the pillowed edge cell could not deform
sufficiently so as to bond all the way to the cell edge. As a
result the slide was left cantilevered and unattached along three
edges of the cell as illustrated in the sketch of Figure 21.

Width of the unbonded frame depended upon the particular cell

and process conditions but could usually be reduced to less than
0.030 inch. The effect of the unattached cover along the cell

edge is apparently cosmetic and relatively unimportant except that
fairly careful handling is necessary to insure that the overhanging
glass edge does not chip to leave an exposed region on the active

surface of the cell.
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In order that a decision regarding acceptability of an
unbonded ESB cover around the edges of a pillowed edge cell would
not have to be made. Spectrolab provided modified process cells
with square edges for integral cover purposes. These cells
continued to have etched surfaces but the etching was done on
large wafers from which cell blanks were later cut with a high
speed blade. The method would be practical for production. All

subsequent work with Spectrolab cells involved sawn edge cells.

It was assumed that plastically deformed covers would be
applied to Spectrolab cells. Spectrolab maintained metallization
thickness on a six finger contact grid at a maximum of not over
three micrometers. Initial experimental cover tests showed that
at temperatures between 535 and 5€60°C used for deformation bonding,
the Spectrolab cells with standard titanium-silver contacts
experienced significant loss of VOc and curve factor as in the
example of Figure 22. Crooved covers were applied to a few
samples of the same cells at 500°C and less with only minor loss
of cell output. At the time,these results were thought to indicate
a need to alter the standard Spectrolab contact process 1n order
to make the cell compatible with the deformation ESB cover. Recent
reconsideration suggests that better control of the bonding pro-

cess environment might have been an adequate correction.

Tests were conducted on cells with unsintered titanium-
silver contacts to determine feasibility of combining the ESB
cover application and sintering processes. As in the example of
Figure 23, resulting covered cells showed electrical performance
improvement due to the combined cover bonding/sirntering operation
at approximately 560°C for three minutes. Use of the unsintered
contact was selected for a quantity of Spectrolab cells to be
covered in the pilot production bonder as deliverable items under

this program.
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As will be discussed in Section 3.3.6, the cells with
unsintered contacts later showed poor contact adherence after
cover bonding in an inadequately controlled atmosphere. Except
for the contact problem, cover results on the Spectrolab cells
were good. Elimination of the interaction between cell contacts
and re idual oxygen in the bonder atmosphere would allow the
Spectrolab N/P cell without pillowed edges to be fully compatible

with plastically deformed or grooved ESB covers.

(c) Simulation Physics N/P Cells

ESB covers have been applied to several types of silicon
solar cells fabricated by Simulation Physics. The cell types which

were prepared and tested for compatibility with electrostatically
bonded 7070 glass covers included:

(i) Ion implanted junction cells.
(ii) Cells with CeO2 antireflective coatings.
(1ii) Aluminum contacted cells.
(iv) Cells with recessed grid contacts.

No problems were encountered in applying covers to cells
with ion implanted junctions. Junction depths between 0.15
and 0.30 um were tested. Behavior was identical to that of
similar cells having diffused junctions. Figure 24 shows a
typical I-V characteristic from an integrally covered ion
implanted cell.

Cerium oxide is a high refractive index (n ~ 2.3) anti-

reflective coating candidate which might be considered for use on

a high efficiency integral cover cell. Sample cells with this
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AR coating showed AMO output current increase of approximately
3% when glued covers were applied. But 7070 glass covers would
not adhere to the CeO2 coating by electrostatic bonding. After

. investigation involving a range of bonding parameters it was

1 concluded that CeO2 is not compatible with electrostatic bonding.
The reason probably involves inability of free oxygen ions from
the glass to react with the CeO2 surface. .

Cells with all aluminum contacts have been of
interest for nuclear hardened arrays. In general,
aluminum contacted cells are inferior to cells with titanium
silver contacts in their ability to withstand high temperature
processes. In order to test the possibility of applying ESB
covers to aluminum contact cells, a few diffused junction cells i
were prepared with aluminum front and back contacts. Two junction
depths, 0.2 and 0.5 pm, were used. ESB covers were bonded to the
cells at 475°C for three minutes. The 0.5 um junction depth
cells showed no junction degradation but the cells with 0.2 im
junctions exhibited some shunt losses. Representative I-V
characteristics are shown in Figures 25a and 25b respectively.
It is believed that, if required, modified conditicns could be
developed to allow ESB covers to be satisfactorily applied to

aluminum contacted cells with 0.2 um junctions.

Most of the ESB cover development involved solar cell
types with surface characteristics, grid patterns, junction pro-
perties, etc., more or less comparable to what could presently be
avallable in production. Specifications given previously in
Table 2 reflect parameters of solar cells shown to be compatible
with a particular ESB process and with the existing fixtures of
the automated bonder facility. However ,a wide variation of these
parameters could also be acceptable with appropriate changes in

the process and with modifications to the facility.
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The general approach of the program was to develop integral
cover application technology which would place as few constraints
as possible, preferably none but in practice several, upon the
solar cells themselves. However, if for some reason the solar
cell could be adapted to the ESB cover rather than vice versa, a
different cell configuration would almost certainly be utilized.
As an example, the cover could be very easily aligned and applied
at process temperature below 450°C if the cell front contact
metallization did not project above the active region of the front
surface. Samples of such a configuration were prepared under this
program. Although impractical for general use, cells of this type,
in addition to being exceptionally easy to integrally cover by
electrostatic bonding, could be designed with special advantageous
characteristics for certain applications. One possibility could
be cells with enhanced thermal stability for laser hardness

purposes.

A group of such cells was fabricated. Starting with polished
P-type wafers, the silicon was first thermally oxidized and then
the pattern of the contact to be applied later was opened through
the oxide and the silicon below etched to a depth of approximately
5 um. With the remaining oxide still present, phosphorus was
diffused into the exposed silicon to form a deep (~ 0.8 um) junction
just in the vicinity of the front contact grid location. The
oxide was then removed and a 0.25 ium implanted junction was
introduced into the front surface active region. Back contact,
aligned front contact ,AR coating and ESB cover were then applied
to complete the cell. Figure 26a shows a sketch of the configura-
tion of these cells and Figure 26b is an SEM view of a finger

grid region cross section.

A representative cell I-V characteristic is shown in
Figure 27. Application of ESB covers onto these cells was
easily performed at 450°C. Sample cells with aluminum contacts
showed no reduction in shunt resistance when subjected to 450°C
for 30 minutes or 500°C for 15 minutes. With a correctly selected
contact such cells should have good stability at temperatures to
at least 600°C.
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(d) OCLI Violet Cells

Upon successful demonstration of ESB

integral covering
of standard

production type solar cells, it became of

f consid-
erable interest to confirm that ESB covers would also be

- . . }
feasible for high performance "violet" cells. Tests were

conducted on sample 2 x 2 cm violet cells supplied by OCLI.

Most cells have 20 fine finger grids orthogonal to

. two collecting
lines.

A sketch of the configuration of the cell and of the
cover glasses used is shown in Figure 28.

Metallization thickness on the violet cells was typically
10 um. Glass slides positioned directly on these cells could
make no contact with the active surfaces to allow initiation of
the bonding process for deformation cover purposes. Conseauently
demonstration had to be limited to the case of grooved covers.
Figure 29 shows the AMO I-V characteristic of a grooved ESB
cover violet cell. The current increase after covering is
4 mA which is less than would have resulted with a glued cover.
This less than full expected current occurred because the grooves
actually introduced into these cover glasses were wider than
the grid lines they were to accept. A gap over the active surface

immediately adjacent to a grid finger involves a small loss of

optical coupling into the cell in that region. Because of
the large number of grid lines on a violet cell the total coupl-
ing loss is significant. Reduction of unbonded active area

would be a straight forward improvement.

One unexpected problem was encountered in bonding grooved
covers onto violet cells with front contact metallization applied
using a photomask process. In order to use a grooved glass
method it is necessary to know the location of all material
projecting above the plane of the cell active surface. Grooving
can be accomplished for the contact grid pattern itself but is
almost impossihle for random extraneous metallization. Flaws in the photo-

mask used for the contacting operation can cause spurious bits of metal
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residue to be scattered on the cell surface and these interfere
with bonding of a grooved cover. Isolated small spots of stray

4 metal cause small unbonded regions under the cover as shown in
Figure 30. If sufficiently numerous, the spots can prevent a

bond from being achieved over the area of the cell surface involved
by preventing the required initial contact between the glass and

active surface.

(e) Lithium Doped P/N Cells

Lithium can move readily in silicon at temperatures used
for electrostatic bonding. If an ESB cover is to be bonded to
a lithium doped solar cell, lithium in the cell will redistribute
during the bonding process. An initial consideration relative to
a lithium doped cell involved the possibility that availability
of lithium ions from the cell surface might prevent the ESB
process from working. Experimentally no problems were encountered
in achieving bonds to lithium doped cells. But redistribution of
the lithium profile does occur and would have to be nrovided for

in the fabrication of lithium cells for use with ESB covers.

Two types of lithium doped cells were investigated under
the program. The first group, P+/N cells supplied by OCLI, had
aluminum contacts and lithium introduced by evaporation and then
diffusion. These cells developed non ohmic back contacts when
subjected to the bonding process or to only the thermal environ-
ment of the bonding process. A typical I-V characteristic is
shown in Figure 31. Any additional thermal treatment of these
cells caused additional contact degradation. Good mechanical
bonds were achieved and it is assumed that satisfactory electrical
performance would also result if cells with corrected contacts

were used.
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The second group of lithium doped cells was supplied by
AFAPL. These were aluminum contacted P+/NN+ cells with diffused
junctions and lithium which had been introduced through a back

(15). Because of

NT layer by ion implantation then redistributed
the N+ layer, these cells did not develop a contact problem as

a result of bonding. The cell I-V characteristic after bonding
did exhibit the effect of a change in lithium distribution be-
cause of a three minute exposure at 450°cC. However, an additional
redistribution treatment could be used to essentially restore

full cell output. Figure 32 shows a typical example. No
optimization of the post bonding redistribution condition was

attempted.

If, in practice, lithium doped cells with ESB covers were

required, it would be advantageous to consider the thermal cvcle
of the bonding process to be the final step in the redistribution |
of the cell lithium. It would be possible to incorporate the
bonding operation, perhaps with an altered temperature/time

schedule, into an optimum lithium distribution which is necessary

| . for fabrication of this type of cell.

| (£) Deliverable Item Cells

Toward the end of the developmental effort a number of
groups of cells with integral ESB covers were prepared as
deliverable items under this program. The first group were
for use on a flight experiment package aboard satellite NTS-2
scheduled to be launched into 64 degree inclined 10,900 nautical
mile circular orbit in June 1977.A Later quantities of OCLI
and Spectrolab N/P cells were covered using the automated

bonder facility.

i A five cell series connected string of OCLI standard

N/P cells and another of OCLI violet cells with ESB 7070 glass
covers were to be included on NTS-2. OCLI provided a group of
i high performance violet cells for this effort and sorie 10 Q-cm
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OCLI N/P cells were available from remaining developmental

cells for the program. Grooved covers nominally 250 um thick
were applied to enough cells for two strings of each type

using the manual bonder and a 4500C/3 minute cycle. Average
performance characteristics of the delivered groups are
summarized under items A and C of Table 3. With ESB covers, the
violet cells averaged more than 71 mW pmax under AMO at 26°C

and the standard N/P cells close to 57 mW. Unfortunately, after
delivery, the violet cells were accidently destroyed during
preparation for assembly into test strings. In order to

replace the violet cells, additional cells were supplied by
OCLI. However, chese cells were from available laboratory

samples and had 1l-ss controlled characteristics than the first

group. In particular, the active surfaces had stray metallization

spots which, as was discussed in Section (d), caused unbonded
gaps to occur with the ESB covers. Stringswof these cells
and the standard N/P cells were assembled. Subsequently,
cosmetic and electrical degradation was caused by adhesive
primer and thermal control paint which were allowed to creep

into the finger groove openings in the covers.

Additional violet cells and their special covers were
not available and the violet cell strings could not be replaced
under the schedule constraints for the NTS-2 vackage. The
10 -cm N/P cells were replaced with available cells which
because of deeper junctions had lower short circuit currents.
These cells had deformation type ESB covers applied at 560°C
for three minutes in the then newly available automatic bonder.
Electrical characteristics of the cells are summarized in
Table 3. The cells developed some increased series resistance
during the bonding because of contact interaction effects. Upon
delivery for interconnection, it was found that the cell contacts
had inadequate pull strength and could not be properly inter-
connected. Another group, E of Table 3, was prepared using
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some forming gas flow into the bonder oven during the 56OOC/3
minute bonding operation. These also could not be intercon-
nected. Finally another group, F, was prepared using the
forming gas flow and a 54OOC/3 minute cycle. Although the
contacts were still less than satisfactory the cells could be

interconnected for use on the flight panel.

Before the contact adherence problem was identified on
automatically bonded NTS-2 cells, quantities of OCLI and
Spectrolab cells were run through the bonder to complete the
experimental program. These groups, particularly the
Spectrolab cells which were not sintered before bonding, were
characterized after bonding by contact degradation and poor
contact adherence., Performance characteristics are summarized
in Table 4.

Contact problems encountered with the automated bonder
are associated with inadequate control of the bonder atmosphere
during the bonding cycle. Typically, the silver of a titanium-
silver contact can be pulled from the surface leaving a
colored oxidized titanium layer below. The flow of forming
gas introduced into the bonder was inadequate to exclude
oxygen from the cell positions during high temperatures and
degradation resulted. A bonder modification for exclusion of

ambient atmosphere is planned.
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TABLE 4

PERFORMANCE CHARACTERISTICS OF FIRST CELL
LOTS PROCESSED IN AUTOMATED BONDER

Avg. Initial Avg. Change
‘ Performance After Coveri
|
Cells Quantity| I P v T P
sc max o€ sc max
| mA mW mV
| OCLI 10 Q-cm N/P
Sintered TiAg| 150 137 55 558 -3% =9
|
i
ﬁ
Spectrolab ‘
' 1 2-em N/P
j Unsintered
L TiAg 250 1E25 46 545 -1% +7 %
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SECTION IV
ENVIRONMENTAL EVALUATIONS

L SUMMARY

A number of environmental tests have been conducted on
representative cells with ESB covers. Most of these tests
were performed at approximately the midpoint of the program
and involved cells with covers applied using the manual

bonder faci ity. The tests included:

(1) Temperature - humidity storage
(30 days at 45°C, 95% relative humidity)

(ii) Thermal Cycling
(300 cycles from -150°C to +150°C)

(iii) Vacuum-ultraviolet Storage
(1200 hours at <10_5 torr, 30°€ with tetal

ultraviolet exposure of 14 watt-hrs/cmz).

(iv) Proton Irradiation

(1 MeV protons to lO13 cm—2)

(v) Electron Irradiation

(1 MeV electrons to 107® cm™?)

Using samples covered by the automated bonder facility, a second

electron irradiation and simplified thermal cycling between dry ice

in alcohcl and boiling water were also conducted.

Standard temperature-~humidity storage and thermal cycling
tests were performed in facilities at Acton Environmental Testing

Laboratories, Acton, MA. Vacuum-ultraviolet storage and simplified

74

-

B i o e R T AT L -




thermal cycling tests were conducted within Simulation Physics.

Proton irradiations were performed using a Van de Craaff Acc

( Il rator
Facility at KSW Electronics Inc., Burlington, MA and electron

irradiations utilized a Dynamitron at Air Force Cambridge Research

Laboratory, Bedford, MA. All cell performance measurements were
made with a Spectrosun X-25 Mk IJ AMO simulator at Simulation Physics
The individual tests performed are discussed below. Tt

1s possible to generalize the results of these tests and of all
experience to date regarding ESB covers on solar cells as

follows:

(1) No electrostatically bonded 7070 glass cover
has shown any evidence of delamination or
other failure even over a small area under

any environmental test condition.

(1i) Cells with integral ESB covers exhibit no
tendency to degrade more rapidly due to
environmental exposure than do similar

cells with glued covers.

2. TEMPERATURE-HUMIDITY STORAGE

A storage test for 30 days at 45°C and 95% relative
humidity was conducted on a number of glass slide samples and
on OCLI 10 {t-cm N/P cells with 7070 ESB covers applied using
the manual bonder. Similar cells with glued 7070 glass and
7940 fused silica covers and without covers were also subjected
to the same environment. Cells with both titanium-silver and
titanium-palladium-silver contacts and with SiOX and Ta205
antireflective coatings were utilized. No major variations were
observed between cell types and because of the small sample

guantities involved, performance data were averagad over all cells.
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The physical effects of the storage environment included
some weathering of cover glass materials and oxidation of contacts.
Weathering was significant on 7070 glass and also to a lesser
degree on 0211 Microsheet glass but was not discernible on 7940
fused silica. Optical measurements on glass samples and
electrical measurements 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 both titanium-silver and titanium-palladium-silver
contacts in this test was primarily cosmetic. Three cells with
aluminum contacts were also subjected to the test environment
and experienced sufficient contact oxidation to prevent post-
test electrical measurements. Treatment of the aluminum
contact surfaces with a potassium hydroxide solution allowed
measurements to be made which 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 cell-cover interface as a result of the test environment.

The single exception was an N/P cell with SiOX antireflective
coating, titanium-silver contacts and plastically deformed ESB
cover. The cell developed small area (1 mm diameter) separations
under the cover at the extreme ends of 5 of its 6 grid fingers.
The separations were metallic in appearance indicating that the
Siox coating had detached from the silicon surface. No other
cells under any tests have shown similar effects even on a micro-
scopic scale and it is believed that the AR coating in the

particular cell was defective.

Electrical measurements from the OCLI N/P cells with TiAg

and TiPdAg contacts have been combined for each cover type and

are summarized in Table 5. The cells with integral 7070 covers

performed as well as or better than similar bare cells and cells
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TABLE 5

TEMPERATURE-HUMIDITY TEST DATA SUMMARY
AFTER 30 DAYS AT 450C, 95% RELATIVE HUMIDITY

NO. OF AVERAGE % CHANGE
COVER TYPE CELLS
i A4 P
sC oc max
Integral 7070 - grooved 10 +0.3 -0.4 -1.2
Integral 7070 - deformed 2 25 0 =05
Glued 7070 3 =1 .7 =104 =2 .0
Glued 7940 4 i +0. 7 0
None 8 -0.4 0 ~1:3

All Cells OCLI N/P - Integral covers on Manual Bonder

TiAg or TiPdAg Contacts

" 3
ale or Ta205 AR Coatings

3 AMO 26°C
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with glued 7070 covers. The data suggest absence of significant
degradation mechanisms for the integral cover in the temperature-

humidity test environment.

3 THERMAL CYCLING

A thermal cycling test was performed involving a total
of 300 cycles from -150°C to +150°C completed at a rate of
approximately one cycle per hour. Low temperature nitrogen gas
was used to reduce test chamber temperature to the lower extreme
and electrical heaters were employed to return to the higher
limit. Atmosphere in the unsealed chamber was mainly residual
nitrogen but did include some leakage which resulted in a
degree of contact oxidation and minor moisture marking of

exposed surfaces.

The test included OCLI N/P cells with titanium-silver and
titanium-palladium-silver contacts. Bare cells, cells with ESB
7070 covers from the manual bonder and cells with glued 7070 and
7940 covers were used. None of 17 integrally covered cells
developed any physical defects involving their covers. Some
cells with glued covers did develop regions of cell-cover
delamination. Glass samples also included in the test exhibited
no changes in optical transmittance. Electrical performance
change data are summarized in Table 6. The inteqrally covered

cells showed no performance deficiencies through this cycling test.

An abbreviated thermal shock test was conducted on
representative cells with ESB covers applied using the auto-
matic bonder. For this simple test, cells were sealed in
plastic bags which were cycled 50 times between liquid nitrogen
and boiling water. As has been discussed earlier in this report,
the cells for this test which came from the automatic bonder had
unsatisfactory contacts after bonding. The results of this

thermal cycling test reflect these contact problems.
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THERMAL, CYCLE TEST

TABLE 6

DATA SUMMARY

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

AVERAGE CHANGE
NO. OF
COVER TYPE CELLS il v P
sc oc max
Integral 7070 - arooved 9 -1.0 =02 1.7
Integral 7070 - deformed 3 =0.5 =Y =18
Glued 7070 4 =1.5 =1.5 ~2.6
Glued 7940 4 0 =008 =1.9
None 8 =il =0l =19

All Cells OCLI N/P -

TiAg or TiPdAg Contacts

SlOX or Ta205

AMO 26°C

.

AR Coatings

7Y

Integral Covers on Manual Bonder




None of the cells in the 50 cycle thermal shock test

experienced any physical changes involving the ESB covers. The
OCLI cells showed no performance losses during the test but the

1 Spectrolab cells, because their contacts had not been sintered
prior to covering in the automatic bonder, exhibited increasing
series resistance. Figure 33 shows example I-V characteristics
from one of the Spectrolab cells in the test. As could be
expected, the nonadhering contacts on these cells worsened as a
result of the repeated thermal shock. Again, it can be anticivated
that corrective modification to the environment of the automated

bonder would eliminate this problem.

4. VACUUM-ULTRAVIOLET STORAGE

A 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 liguid
nitrogen cooled baffle maintained continuous vacuum well below
10-5 torr. An automatic liquid nitrogen refill control maintained
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 thermo-
pile in conjunction with a set of filters. Ultraviolet intensity
upon test samples was measured to be 10.3 mw/cm2 between 220 and
440 nm with total spectral irradiance of 53 mw/cmz. The one solar
constant AMO spectrum includes 11.8 mw/cm2 of ultraviolet below
400 nm(l6) so that this ultraviolet exposure test came close to
approximating real time. Figure 34 compares the spectral distribu-
tion of the Thekaekara AMO curve in the ultraviolet to manufacturer's
data on the mercury vapor lamp distribution. The ultraviolet
exposure test was interrupted for sample 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
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solar cells or cover glasssamples showed any visible changes after
600 hours. After 1200 equivalent hours, some minor yellowing of
7070 glass slides was evident. Optical transmission data was

given in Figure 3b,

Table 7 summarizes electrical performance averages after
600 and 1200 equivalent hours. All of the integral cover samples
in this test had titanium-silver or titanium-palladium-silver con-
tacts but glued cover samples were all of similar OCLI N/P cells
with aluminum contacts. Integral covers were applied in the manual
bonder. Bare cell data are included in Table 7 for both contact
types. It 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. The
degradation experienced by the cells having glued 7940 covers with

UV rejection filters has not been explained.

5. 1 MeV PROTON IRRADIATION

Proton irradiations were performed on groups of integrally
covered OCLI N/P 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 8. Any cell exhibiting measurable performance change was
found under microscopic inspection to have small exposed surface
area due to cover misalignment. The 7070 glass covers are judged

to provide completely adequate protection against proton damage.

6. 1 MeV ELECTRON IRRADIATION

Using a Dynamitron at Air Force Cambridge Research

Laboratory, cell and glass samples were subjected to 1 MeV




TABLE 7

ULTRAVIOLET-VACUUM STORAGE TEST DATA SUMMARY
AFTER 600 AND 1200 EQUIVALENT AMO HOURS AT 3OOC, <10~

AVERAGE
600 HRS.

W

1200 HRS.

NO. OF
COVER TYPE CELLS I

sc
Integral 7070 - grooved i =052
Integral 7070 -deformed 2 =04
Glued 7070%* 2 =82
Glued 7940 with 440 nm
cut-on filter* 2 ~4.6
None 3! ~0.3
None * 2 0

All Cells OCLI N/P - Integral Covers on Manual

TiAg or TiPdAg Contacts, except

SlOX or Ta205 AR Coatings

AMO 26°C

84

*Aluminum

CHANGE | AVERAGE
P I
max sc
-0.3 -2.1
-0.2 =203
=T 2 }=l4.9
2] 5 =5yt
-0.9 -1.3
+0.4 =1.1
Bonder

L i st e
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TABLE 8

1 MeV PROTON IRRADIATION DATA SUMMARY
FOR INTEGRAL COVER CELLS

GROOVED INTEGRAL COVERS DEFORMED INTEGRAIL COVERS
1 MeV % CHANGE % CHANGE
PROTON NO. OF NO, OF j—=
FLUENCE CELLS K P CELLS i P
sC max SE max
=5
1622 em ° 3 0 ~0. 2 0 0
N 3 0 ~0.1 1 0 0
10 3 ~0.2%| -0.6* 2 0 0
13
10 3 0 ~0.5 2 ~0.4% | -1.2%

All Cells OCLI N/P - Integral covers on Manual Bonder
TiAg or TiPdAg Contracts

SioX or Ta,0. AR Coatings

205

* Tncluded cell or cells with small unprotected surface areas
due to cover misalignment.

AMO 26°C




[ = =4
electron fluences of 3 x 1014, 1L IOlJ, 3 x lOl) and 1 x lOl6
-2
cm ~. Each sample was exposed to all levels. Cells were OCLI
10 ohm-cm N/P. Covers were 300 um ESB 7070 applied using the

manual bonder, glued 300 pm 7940 fused silica or glued 300 um

0211 Microsheet.

The 7070 and 0211 glass samples showed significant darken-
ing under the electron irradiation. Transmittance curves for
101° ana 10%°
and 35b respectively. In the case of the 7070 glass the darken-

olectrons/cm2 fluences are shown in Figures 35a

ing was more serious than has been measured on other 7070

material(7 ).

Several laboratories have observed varying degrees
of radiation darkening in 7070 glass coming from different
production runs at Corning Glass Works. The material used in the
present program experienced more darkening than is thought to

be typical of 7070. The transmittance data in Figures 35a and
35b indicate that darkening of the 7070 glass was less than that
of the 0211 at lower fluences but was more than that of 0211 at
high fluence. Fiqgure 36 shows comparable data from an earlier
evaluation of radiation darkening in which the particular 1lot
7070 material was superior at all levels. In the present program,
as was discussed in Section 2.3, although the 7070 darkened under
electron irradiation, it underwent rapid, effective bleaching
when exposed to ultraviolet illumination following irradiation.
As was shown in Figure 3a, transmittance was restored to almost
pre-irradiation level by the equivalent of approximately 48 hours

of AMO solar constant ultraviolet.

As a result of darkening of the 7070 glass, cells with
ESB 7070 covers degraded under electron irradiation more rapidly
than did similar bare or glued fused silica covered cells. Averaged
normalized I and P s data are presented in Table 9. Following
the final irradiation step, half of the cells with integral 7070

covers were exposed to the equivalent of 14 hours of solar constant
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TABLE 9

1 MeV ELECTRON IRRADIATION DATA SUMMARY

NORMALIZED I AND P
sc max
I /T
sc’ “scg
NO. OF
COVER ceLLs |3 x 10'% e/em? |1 x 1015 3 x 1013] 1 x 120%°
None 4 0.90 0.83 0.79 0.71
Glued 7940 4 0.90 0.84 0.78 0.70
Glued 0211 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
Pmax/Pmaxo
NO. OF
COVER CELLS |3 x 10*" 1% 1077} 3 % 10~°] 1 = 10°
None 4 0.85 0.76 0.69 0.60
Glued 7940 4 0.86 0.76 0.68 0.56
Gideu Jull 3 ()20 0.72 0.66 0.56
integral 7070 10 0.82 0.73 0.65 0.04
Integral 7070
after UV 5 0.59
AMO 26°C
All Cells OCLI N/P - Integral covers on Manual Bonder

TiAg or TiPdAg Contacts

SlOX or Ta

205 AR Coatings

90




Uv (~150 mW-hrS/cm2 of <400 nin) under vacuum at 30°C and were

then retested. Output performance increased to approximately the
bare cell level. Normalized maximum power data averages are
plotted in Figure 37.

A second electron irradiation was performed at the end of
the program using OCLI and Spectrolab cells covered in the
automated bonder. The same test facility and conditions were
employed. As in the first irradiation, no mechanical defects
were produced. Performance data from the OCLI cells were similar
to those from the first test. Because of the contact problems,

electrical data on the Spectrolab cells were inconsistent and

have been disregarded.
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SECTION V
CONCLUSIONS

This program has resulted in the development of electro-
static bonding for integral attachment of protective covers to
spacecraft solar cells. Fast, simple and inherently inexpensive
procedures have been identified for applying electrostatically
bonded covers onto silicon solar cells. The electrostatic
bond, once correctly formed is totally reliable and has no known

failure modes.

It is absolutely essential that expansion characteristics of
the glass used for the ESB cover must match that of silicon,
otherwise the integrally covered cell will be left in a severely
stressed and impractical condition. Other important considerations
in the selection of the cover material are (i), stable optical
transmittance resistant to permanent degradation by exposure to
ionizing radiations and (ii), adequately low viscosity at temper-
atures compatible with the thermal limitations of the silicon
solar cell. Among commercially available products, Corning
type 7070 borosilicate glass has been selected as best for ESB

cover purposes.

The most difficult considerations in utilizing ESB covers
relate to the mechanics of performing the bonding process and to
interactions of the process with the solar cell structure and its
performance. The primary problem concerns the metallization
pattern on the solar cell surface. The ESB cover slide can be
grooved to provide space for the grid pattern or the glass can be
plastically deformed around the contact metallization by the
electrostatic forces. Grooved covers can be applied at approximately

450°C for 3 minutes while deformation type covers require over
500°C. Use of grooved covers demands that the cell grid pattern
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be reproducible and consistently positioned on the cell surface

and that no stray metal residue be present on the active surfaces.

Deformation must be considered more practical than grooving but
deformation does place additional requirements upon thermal
stability of the solar cells. It has been found that good control
of the gas environment is required, particularly at higher temper-
atures necessary for deformation bonds. Much of the work done under
the program was plagued by inadequate ability to control residual
atmosphere in the bonder. Satisfactory correction of this problem
should allow temperatures somewhat higher than 560°C to be utilized
for many cell types and would allow plastic deformation covers to

be easily applied with few constraints upon the cell grid patterns.

ESB 7070 covers have been successfully applied to many ‘
cell types including production type N/P cells, violet cells and ;
cells with aluminum contacts or lithium doping which would normally
be considered thermally fragile. It has been demonstrated that
integral covers of virtually any thickness can be applied to high
performance solar cells without degrading cell characteristics.

It has been shown that performance of the integrally covered cell
should equal and probably exceed that of a similar cell with glued

cover.

Two bonder facilities were developed for purposes of this
program. The first unit had very limited throughput capability
but did result in technically satisfactory integrally covered
cells. A second bonder was developed to demonstrate that the
ESB process could be performed on a fully automated basis. The
facility demonstrated a capability for bonding covers to 60 cells
per hour. Because of ambient atmosphere interactions with solar
cells in process in this bonder, problems were encountered with cell 1
contacts. A facility modification will be required for correction.
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Under environmental testing, ESB covers have exhibited
complete absence of physical failure modes. ESB covered cells
except those with degraded contacts from the automated bonder,
generally performed as well as or better than similar cells with
glued covers under standard environmental test conditions.
Integral 7070 glass covers provide fully adequate protection
against 1 MeV protons. Under 1 MeV electron irradiation, the
7070 glass has been observed to darken but is effectively bleached
by the ultraviolet component of the Air Mass Zero solar spectrum.
Some production lot variability of the darkening characteristics
of 7070 glass is believed to occur, the best material being

very good.

The advantages to result from ESB integral covers are major.
Elimination of the coverglass adhesive, and in turn the need for
an ultraviolet rejection filter, makes available additional cell
response from the normally rejected component of the solar
spectrum. Optical losses associated with the adhesive will be
eliminated. ESB covers will be characterized by extremely good,
perhaps even total, reliability under severe environments.

It will be possible to produce ESB covered cells with thermal
stability to well beyond 500°C for purposes of laser hardness.
The ESB process is inherently simple and fully automatable and has
strong prospects for reducing glass protection costs to a fraction

of those presently associated with glued covers.

Development of the ESB Cover technology has been very
successful. Representative cells with ESB covers have shown
excellent performance and environmental stability. Problems
still exist with utilization of the ESB process but solutions
are available. Continued development will broaden process
application to other cell types and will improve the production
technology. :
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