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atmosphere during bonding . Facility correction will be required . The
electrostatic bonding process shows promise for major technical and
economic advantages over conventional glued covers.

‘N,

--j

UNCLASSIFIED

SECURITY CLASSIF ICATION OF THIS PAOE(Wfl.n Data Ent.,.d)



~~~~~~~ 
‘.- . . —

~~
. --

TABLE OF CONTENTS

SECTION PAGE

I INTRODUCTION 1

II PRELIMINARY CONSIDERATIONS FOR ESB INTEGRAL 5
COVER DEVELOPMENT

1. THE ELECTROSTATIC BONDING PROCESS 5
2. SELECTION OF GLASS FOR THE INTEGRAL COVER 7
3. METHODS FOR USE OF ESB ON - SOLAR CELLS 12

I I I  EXPERIMENTAL DEVELOPMENT 21

1. FACILITIES 21
2. SURFACE REQUIREMENT TESTS 34
3. SOLAR CELL EXPERIENCE 36

a. OCLI Standard N/P Cells 37
b. Spectrolab N/P Cells 45
c. Simulation Physics N/P Cells 53
d. OCLI Violet Cells 62
e. Lithium Doped P/N Cells 65
f. Deliverable Item Cells 68

IV ENVIRONMEN TAL EVALUATIONS 74

1. SUMMARY 74
2. TEMPERATURE-HUMIDITY STORAGE 75
3. THERMAL CYCLING 78
4. VACUUM-ULTRAVOILET STORAGE 80
5. 1 MeV PROTON IRRADIATION 83
6. 1 MeV ELECTRON IRRADIATION 83

V CONCLUSIONS 93

ACKNOWLEDGEMENT 96

REFERENCES 97

uS ..

DX ~~ Se.t ~ n D
- ,  .

- .
-
~ 0

l iS7~T - ~ .

BY .- -- 

O1ST~BLli A~~AB~11if CODES 
.- .

Dist I~ ~IL.  ~‘nd/or SPECIAL

fr~ 
iii



,~~~--- - 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

‘-f ~cedx#~ ~j e  7~ 2r/Y’r - ~~~~~~~~~

LIST OF ILLUSTRATIONS

FI GURE PAGE
- 1 1 0211 Microsheet Slide Bonded to Silicon 8

Wafer with Slide and Silicon Surface Torn
from Wafer Due to Stresses Upon Return to
Room Temperature .

2 Expansion Versus Temperature for Cover Glass 10
Materials

3a Effects of Electron Irradiation then Bleaching 11
on Transmittance of 7070 Glass

3b Effect of Ultraviolet Exposure on Transmittance 13
of 7070 Glass

4 Scoring Blade Facility for Cover Grooving 16

5 Viscosity versus Temperature for 7070 Glass 17

6 Unbonded Region Around Finger Grid-Plastic 18
Deformation Cover

7 Unbonded Gap Versus Bonding Temperature-2 ~im 20
Thick Grid

8 Manual Bonder Facility 22

9a Pilot Production Bonder 25

9b Control Console 2 5

lOa Carrousel Plate 26

lOb Pallet Assembly 26

11 Schematic Block Diagram of Pilot Production 28
Bonder Process

12 Temperature Profiles of Automated Bonder During 30
Typical Operation

13 AMO I-V Characteristics of OCLI Cell with SiO~ 38
Coating Before and After ESB Cover

14 AMO I-V Characteristics of OCLI Cell with Ta205 
39

Coating Before and After ESB Cover

V

L~
c t

~~~2~~ -’~ °J~~~~~~~SI~~~~~~~~b



r - .-

~~~~~~~~~~~~~~~~ ~~~

- -

~~ 

—-
-

~~~

-- 

~~~~

- . -

LIST OF ILLUSTRATIONS (Continued )

FIGURE PAGE

15 and 
~max 

Changes Due to Cover Applications 40

16 I-V Characteristics of Cell with Series 42
Resistance Problem After Bonding

17 The Effect of HF Exposure on Covered Cell with 43
Series Resistance Problem

18 I-V Characteristics of Cell Exhibiting Voc Loss 44
After Covering

19a Interference Fringes on OCLI Polished Surface Cell 47

l9b Interference Fringes on Spectrolab Etched 47
Surface Cell

20 Microscopic Unbonded Areas Under ESB Covers on 48
Etched Surface Cell

21 Configuration of ESB Integral Cover on Spectrolab 49
Pi llowed Edge Cell

22 I-V Characteristics for Spectrolab Cell with 51
Deformat ion Bond Cover

23 AMO I-V Characteristics of Spectrolab Cell with 52
Unsintered Contacts

24 AMO I-V Characteristic of Ion Implanted Cell 54
wi th  ESB Cover

25a I-V Characteristics of 0.5 u rn Deep Junction Cell 56
With Aluminum Contacts

25b I-V Characteristics of Shallow 0.15 jim Junction 57
Cell with Aluminum Contacts

26a Recessed Contact Solar Cell Configuration 59

26b Edge Section of Finger Region of Recessed 60
Contact Cell

27 AMO I-V Characteristics of Recessed Contact Cell 61
with ESB Cover

vi

~

— ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



r . ----- -,-—---- _ _ _

LIST OF ILLUSTRATION (Con tinued)

FI GURE PAGE

28 Conf iguration of OCLI V iolet Cell and Grooved 63
ESB Cover

29 AMO I-V Characteristics of OCLI Violet Cell 64
Before and After Application of Grooved ESB
Integral Cover

30 Bond Defect Under Grooved Cover on Violet Cell 66
Due to Stray Metal Residue

31 I-V Characteristics OCLI P/N-Li Aluminum Contact 67
Cell

32 I-V Characteristics of Lithium Doped P/N Cell 69

33 Effect of Thermal Shock Test on Spectrolab Cell 81
with ESB Cover from Automatic Bonder

34 Comparison of Mercury Lamp and AMO Spectral 82
Distributions in 220—440nm Band

35a Transmittance of Glass Slides After io lS cm 2 87
Electron Irradiat ion

35b Transmittance of Glass Slides af ter 1016 cm 
2 

88
Electron I r radia t ion

36 Transmittance Data on Irradiated G lasses From 89
Previous Study

37 Normalized Maximum Power vs. Electron Fluence 92

vii



_

LIST OF TABLES

TABLE PAGE

1 DESCRIPTION OF PROCESS TABLE STATIONS 27

2 SPECIFICATION SHEET - SILICON SOLAR CELLS 32
FOR ESB COVERS

3 ESI3 COVER CELLS PREPARED FOR NTS-2 71

4 PERFORMANCE CHARACTERISTICS OF FIRST CELL 73
LOTS PROCESSED IN AUTOMATED BONDER

5 TEMPERATURE-HUMIDITY TEST DATA SUMMARY 77

6 THERMAL CYCLE TEST DATA SUMMARY 79

7 ULTRAVIOLET-VACUUM STORAGE TEST DATA SUMMARY 84 L
8 1 MeV PROTON IRRADIATION DATA SUMMARY 85

9 1 MeV ELECTRON IRRADIATION DATA SUMMARY 90

vi i i

.;.
• “

~ 

..* . . 

~
p’~~~ ~~~~~~~~~~ 

. - - -- _____



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
—

. . .

SECTION I

INTRODUCTI ON

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 electrostatical ly bonded (E SE )  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. Compat ibil ity wi th high cell performa nce , 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 at tempts to develop integral covers by
several other approaches (1 l0)~ These earlier programs involved

deposition of the protective cover material in molecular or partic-

ulate form by evaporation , by a number of sputtering techn iques ,
by frit and fuse and by some modified processes. Each effort was
found to result in unacceptable technical capabil ities 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 mater ial , in
each case a redirect ion 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

substant ial yield losses leading to noncompetitive cos ts .

1
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Based upon the findings of earlier integral cover effor ts ,
a number of conclusions could be drawn which defined starting

rationale for the program of this report :

(i) Although fused silica ( amorphous Si02) ,

because of its outstanding optical ,

physical and chemical stabilities, would
be the best mater ia l  for a solar cell
cover , its physical charac ter istics are
such that no exis ting process or process
l ike ly  to be developed can adequately
depos it it in thick integral form and
unstressed condition on a silicon cell.

(ii ) Among other ava ilab le candidate cover
materia ls , Corning type 7070 boros ilicate
glass possesses satisfactory combined

phys ical , optical and chemical characteristics
for solar cell use.

( i i i )  The economics of all molecule-by--molecule

deposition processes are such that pro-

duction volume cos ts goals of less than
$0.10 per cm 2 for thick integral covers

are almost certa inly unachievable.

(iv) In order to meet cost goals for integral

covers , a bulk app lication process in
which the ent ire cover ma ss is at tached

simultaneously must be used.

The choice of electrostatic bond ing to attach slides of Corning
7070 glass directly to cell surfaces was a natural and logical

consequence of the facts listed above .

2
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Electrostatic bonding is actually an electrostatic field

assisted sealing technique~
1
~~ which avoids all the major dis—

advdntages of other candidate integral cover processes. Slides

of 7070 glass of any ava ilable th ickness can be in tegra ll y bonded in
to a cell surface in five minutes or less under moderate tempera-

ture conditions that need not degrade perfo rmance of most solar

cell struc tures. The covered cells exhibit no ev idence of
res idual mechan ical stresses.

Dur ing the per iod of the program , integral covers were

succes s fu l ly  attached to most solar cell structures  wi th a number

of contact types and ant i r e f l ective coati ngs.  Tex tured s u r f a c e
cells were not considered. The most dif f i c u l t  problems encoun tered

involved the mechanics of applying a f l a t  glass cover sheet to
a cell surf ace 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 .

Throuqhout the proqram , a number of environmental evaluat ions
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

conditions.

In order to produce s u f f i cient numbers of ESE cover
cells for purposes of this program and for requirements of

anticipated test programs , a pilot production facility ~as
designed and constructed . The unit is capable of automatically

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

3
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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

for m of 7070 glass might allow g lass cost to be reduced to less

th~ n $0.01 per cm
2. Total cover cos t , including g lass cove r ,

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

4
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SECT I ON I I

P R E L I N I N A P Y  CONSI DERATIONS FOE LSB I l

COVER DE v LIOPNI - :N’ r

1. THE ELECTROSTATIC BONDING PROCESS

The method of e l e c t r o s t a t i c  b o n d i n g  is based upon a pro—

prietary field—assisted glass to m e t a l  s ea l ing  t e c h niq u e U 2 ) .
The mechanics consist of correctly positioning a glass slide on

the surface to which it is to be bonded , raising t -mperature 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 durinc

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 Na2O and Li2O. When a negative

vol tage  is then applied to the glass , transfer 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 en t i r e  appl ied vo l t age , u s u a l ly
several  hundred  vol ts, is dropped across this interfacial layer.
Adjacent to po in ts of con tac t ,  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 su r f a ces have been brouçh t into close con tact , a bond is

produced by react ion of f r ee  oxygen ions in the g lass  wi th the

5
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material of the cell surface. Glasses will permanently bond

directly to silicon , to SiO~ or Ta2O5 
and mos t other sola r cell

antireflective coating materials and to some contact metals

such as alum inum. A bond to the contact grid is unnecessary and
does not take place with a silver ;urface contact. It is only the

extreme sur face of the solar cell wh ich is involved in the bond
and no change results in the effectiveness of the AR coating

relative to its performance wi~ h a glued cover. The bonding process

is not reversible and once the bond is completed , it cannot be

released . Strength of the bonded inte r face  exceeds the y ield

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 t~ e cell contact grid or whether

p lastic deformation around the gr id was desired. In add it ion to
the time required for the actual electrostatic bonding process ,

some additional per iod is requ ired for heat ing the cell and cover
to process tempera ture  and f o r  cooling again  a f t e r  b o n d i ng .

These times have ranged from less than one to several minutes de-

pending upon the bonding facility utilized and the process para-

meters selected . Typ ical cond it ions have been as fo l lows :

Grooved Pldstic
Covers Deformat ion

Temperature 450°C 560°C

Applied Voltage 1200 Voles 1200 Volts

T ime 1—3 Minutes 3 
Ninutes6



2. SELECTION OF GLASS FOR THE IN1Hft Id , COVER

Choice of the glass for an int vu r .i1 cover is critica l ,

perhaps even more so with ESB than other methods . Fused silica is

by f a r  the bes t mater ia l  fo r  g lued  cov ers hu t  it canno t 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:

( i )  The glass must have a net expansion

characteristic between room temperature

and bonding process temperature (4 50-

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

silicon (59 x 10~~ °C ’ vs 30 x l0’~ 
OC

_l
) which was electro-

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 si l icon 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 c h a r a c t e ri s t i c s , the requirements

• on the glass are less rigid but still not necessarily easily

accomplished:

(ii) The material must exhibit close to

100% transmission of photons over

wavelengths between 0.3 and 1.2 micro-

meters.

( i i i)  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 .

8
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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, ne ither of these
mater ials 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. In

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 ilso identified

7070 glass as a best available material.

Figure 3a shows optical transmittance of a 300 pm thick

slide of 7070 glass initially , after irradiation with 10l6 1 MeV

electrons per cm2
, and then after the approximate equivalent of

9
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solar ultraviolet below 4 00 nrn for  4 8 hours .  The e f f e c t i ve

bleachin g of ra d iat ion induced da rken ing in 7070 g lass by sola r

ultraviolet is very advantageous . As shown in Figure 3b , the

ultrav iolet alone af ter long duration can cause color center
formation in the g lass and some transmi ttance loss at shor ter
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 but

sign if i c a n tl y  lower at short wavelengths than was reported for 7070

sl ides in one of the previous in tegra l  cover studies~
7
~~. During

the present program some variation of optical characteristics was
observed in slide samples obtai ned from d i f f e r ent suppliers  who
apparent ly purchased their 707 0 s tar t ing  material f r om Corn ing at
dif fe rent times. Corning produces batches of 7070 only periodically
and eviden t ly  some variation between batches can occur .

From flight experiments , a small amount of da ta is ava ilable
regarding 7070 glass as a cover mater ial.  Test samples wi th
75 pm 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 yez~rs the 7070 covered cells

on ATS-6 show performance similar to that of cells with glued fused
silica covers~

13
~~. Similarly after 48months the 7070 covered cells

on IMP-H show no stability problems~
14
~ .

3. METH ODS 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 irregular
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) Deformat ion  of the g lass around the grid
pattern .

(ii) Mechanical grooving of the glass to

accept the grid pa tte rn .

(iii) Modified cell fabrication so as to recess

the gr id metallization into the cell
surface.

The last of the methods l isted above , i . e .  use of a
solar cell w i th  a recessed front contact, is generally impractical
and violates a premise that an integral cover process should be

adaptable  to e s sen t i a l l y  al l  solar cell s t ruc tu res .  However ,
for some special applications this integral cover cell con-

figuration might be considered. As an example , it is possible

to f a b r i c a t e  a recessed contact cell with exceptiona l ly  deep
junction in the vicinity of the recesses and shallow junction

c sewhere.  Such a cell  could exh ib i t  h igh  e f f i c i e n c y  and a b i l i t y
to w i t h s t a n d  hi g h temperatures  w i thou t  j unc t ion  degrada t ion .

In combina t ion  w i t h  the  adhesiveless in tegra l  cover , such cel ls
would have u s e f u l  charac te r i s t i cs  fo r  laser ha rdness .  For
pur poses of the cover , the recessed metallization is ideal
as it allows p lane slides to be bonded under lowest necessary
temperature conditions and with a minimum of concern for  a l ign-

ment. During the program an adequate process for fabrication

o f recessed contac t cells was prepared and samples of this type
w i t h  ESB covers we re 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  d e f o r m a t i o n  of the  g lass  or by
mechanical scoring or grinding. Figure 4 shows a fixture which

allows prec isely pos itioned grooves for parallel grid line s 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 introduc ing all  necessary grooves simultaneously .

Usually the grooves are cut 2 5 to 50 pm w ider than the cell grid

finger metallization. Grooved covers can be used with minimum

bonding condit ions 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 i t  can

be prepared very inexpensively, is that protective th ickness  of
glass is reduced at the grid l ocations.

Plastic deformation of the cover glass mater ial 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

• readily during the three minutes or less normally used to produce

bond ing. Figure 6 illustrates the behavior, which r e su l t s  in 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
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t e m p e r a t u r e .  Gap w i d t h  is p l o t t e d , i n  Fi g u r e  7 , a g a i n s t  b o n d in q

t e m p e r a t u r e  for  a series of bonds to cel l  samples with controlled
2 rn thick grid fingers. At a temperature in the vicinity of -.I~0°C ,

the gap disappears. Similar results are obtained with thicker

• m e t a l l i z a t i o n .  However d e f o r m a t i o n  of the g lass  is produced by
the e lec t ros ta t i c  forces and if g r id  t h i cknes s  is too l a rge  or if
gr id  l ines  are too close together , the  s l i de  may not touch the cell
s u r f a c e  in which  case the e l ec t ros ta t i c  forces  w i l l  not be i n i t i a t e d.
The problem was avoided in the present  program by m a i n t a i n i n g  gr id
th i cknes s  on most cel ls  to 3 pm or less. A general  so lu t ion  could
involve s l i g h t  preshap ing of the glass surface in a separate
operation before bonding.

Recessed contact cells, grooved cove rs and plastically de-
formed covers were all investigated during the experimer~tal

program. It has generally been concluded that with proper pre-

paration it w i l l  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

de fo rma t ion .
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SECTION I I I
EXPERIMENTAL DEVELOPMENT

1. FACILITI ES
Most of the exper imenta l  ESB work under  t h i s  program was

performed using two electro.~tatic bonder facilities. The first

u n i t  was t o t a l ly  manua l  and could be used to apply  covers to one

cell at a t ime at  a maximum ra te  of a few cel ls  per hour .  A
second f a c i l i t y  was des igned and constructed to allow for process
optimization and reproducibility and , when neces sary , to provide

a pi lot  production capaci ty of € 0  cells per hour .  This  p i lo t
production unit became operational only in the last months of
the program .

Figure 8 is a photo-graph of the manual bonder. Operation

star ts by loading a solar cell and correc tly pos itioned cover glas s
onto a vacuum chuck pedestal electrode then lowering a top

electrode into contact with the cover glass. A preheated tube

fu rnace  is raised around the cell and cover by motor d r ive .
When the cell and cover reach bond ing temperature , the timed hi gh

voltage cycle is initiated. Upon completion , the  f u r nace is

lowered and the sample removed. The unit includes provision for

some control and selection of the gas environment dur ing the
bonding process.

Exper in ien ta l  work w i t h  the manual  bonder has i nvolved many
var iat ions of f ixtures , mechanics and technique for e l e c t r o s t a t i c
bond ing .  Des ign  of the p i lo t  product ion f a c i l i t y  was based upon
t h e  r e s u l t s  of t h i s  experience and r e f l e c t s  those methods  con-
sidered best suited for a solar cell cover process.

I t  was decided tha t  an automated bonder f a c i l i ty  to be
used for  both process development and f o r  p i l o t  p r o d u c t i o n  would

21
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have to include the following character istics :

(i) Ability to operate at less than full

capacity .

(ii) Ability to operate in manual and auto-

matic modes.

( i i i )  Provision for  operator intervention
and flexible control during develop-

mental operation.

(iv ) Elimination of need for  operator
participation in pilot production
mode operation.

(v) Abi l i ty  to accept solar cells of d i f f e r e n t
sizes and configurations.

(vi) Flexible selection of process temper-

atures and high voltage cycles.

(vii ) Automatic precise reproducible align-

ment of solar cell and cover glass.

(viii) Continuous operation with controllable commitmen t

• of cells under process at any given time.

( i x)  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

23
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small  f r a c t i o n  of the va lue  of ti-ic solar  ce l l .  In t h i s  case , y i e l d

losses will have major impact upon actual costs of integral cover-

ing . Consequ e n t l y ,  because it is poss ible that someth ing can go
wrong in an au toma t i c  or near ly au tomat i c  mode of operat ion , it is
advantageous to min imize the number of cells act ually being
r isked at any given time . In th is  way a very small  number of cells
would be ru ined  in the event of an accident or m a l f u n c t i o n . To
meet thi s ob ject ive and to keep the bonder compact and to make it

poss ible for  an opt ional single opera tor to closely mon itor the
entire process , the bonder was des igned using a continuous assembly
l i n e  approach involving sequent ia l  opera t ions  performed around a
c irc ular 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 pal le t  at the f i r s t  station and then removed approx imately
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 is dispensed and automatically guided into the correct

24
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TABLE I

DESCRIPTION OF PROCESS TAm P CTAT I

STATION NO. OPERATION Dl

1 Load Solar Cells Cells a r -  qu1 (~(-cm in~~ ~-os~~—t ion in a 1. 1 q nn c- ~ . j  i o

q r a ph i t e  r d  l e t

2 Load Glass Covers Covers ar e  ~n i - ~~- :  i r . t ~
t ion  ir  a l i n ~~t j i - ;  or
graphite ~l i f It

3 Inspect and Adjust

4 Lower Contact Arm Spring lo~tde -~ arm on ~alh .- t
applies r-rc- ssure and
e l e c t r i c a l  cont ac t • co~~ - r .

5 Oven Pre-heat Graphite i~a l l et  enters ‘ .- ; - :

and is heated to the Oor~;-
ing ternpcrature.

6

7 II

8 High Voltage Bonding High voltage is a p pl i e d  t c
the contact arm to ~nk-
the ESB bond.

9 i t

10 It 0

11 Pallet Cool—down Pallet enters cooled zone
of the oven

12

13 II 0

14 L i f t  Con tac t Arm Spr ing  loaded arm on pa l le t
is ra i sed  a nd locked in -
“up ” position .

15 Inspect for  Unbonded
Areas

16 Unloaded Bonded Cells Bonded solar cells are
transported fron process
table to elec trical 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

inspect ion is not necessary but under some c i r cums tances  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 f rom the oven , the contact  arm is ra ised

and locked open at station 14. An inspect ion of the now i n t e g r al l y

covered cell can be made at the next  s ta t ion  and f i n a l l y  at the
last position the covered cell is automatically unloaded from the

alignment jig and transferred to an exit cassette for completed
cells.

The bonder can complete 60 cells per hour w i th  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 on to any number of s p e c i f i c a l l y  selected palle t s
to al low reduced rates  s t i l l  under au tomat ic  operat ion 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 sepa ra te ly  con t ro l l ed  and

operated. The bonder provides ability to run up to 4 separate

bonding voltage conditions concurrently with any particular

pa l le t  rece iv ing wh ichever process vol tage is selected fo r  it .
This capability is for  development st ud ies on the ef f ects of
process parameter variations.
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Problems encountered in the opera t ion  of t h i s  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 pa l le ts .

The j i gs were made of m achinable ceramic with rather

tight spacings and tolerances to insure precise orientation

of cel ls  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

p iece dimensions , bonding  f a i l u r e  some times occurred because
the cell or cover did not seat properly in the j i g. Solu tion

for the problem requires that the jigs be very carefully

prepared  and t h a t  spec i f i ed  to le rances  be he ld  on d i m e n s i o n s

of cells and covers. Table 2 specifies characteristics of

cells compatible wi th the automated bonder a~ presentl y ecuip;.-e d.

Cell s with other cha rac t e r i st ics , for example differen t size ,

could be handled by chang ing fixtures of the bonder.

Ma ny of the componen ts of the process ing p a l l e ts and some

of  the high voltage elements within the bonder oven were i n i t i a l l y
fabricated of high density graphite. This selection was based
upon several  f a c t o r s  r e la ted  to c o n s i d e r a t i o n  of t h e  cy c l i c  h i gh
temperature environment and materials best suited for it.

Experience has shown the choice of graphi te to be an error . A f te r
applications of covers to several hundred cells usino this bonder
facility, graphite components exhibited considerable erosion ,
increase  of porosity and loss of mechanical strerroth. The problem

is one of several which occurred because oxygen was not adequatel y

exc l uded f rom the h igh temperature zones of the oven. After con-

pletion of the experimental work of the program the qrn ;.- h ite com-

ponents were replaced by redesigned items of stainless steel .

Better oxygen exclusion must still be added.

31



TABLE 2

SP E CI U ICAT I ON SHEET

SILICON SOLAR CELLS FOR ESB COVERS

1.0 SCOPC

This specification defines j. ara~ eters of silicon solar cells

compatible with electrostaticall y bonded integral covers and con-

sistent with the capabilities of the automated bonder facility as

presen t ly operated and f i x t u r ed .

2 .0 REQ U IREMENTS

2.1 Materials

2.1.1 S i l i c o n  - Boron doped , sing le crystal P-type

with resistivity between 0.5 and 15 ohm- cm .

2.1.2 Contacts - Evapora ted titan ium overcoa ted
either with evaporated silver or with

evaporated palladium in turn overcoated

with evaporated silver.

2.1.3 Anti-Reflection Coating - Silicon monoxide

(SiO ) or ditantalum pentoxide (Ta2O5
).

2.2 Configuration

2.2.1 Dimensions — 0.787” (~ 0.003) x 0.787’ (-0 .003)

x 0.010” (~ 0.002).

2.2.2 S u r f a c e  F i n i s h  - Polished or acid bright etched

without saw marKs

• 2.2.3 Cell Wafer Profile - Wafer  top su r f ace  sha l l  not
be rounded near i ts  edges.

2 . 2 . 4  Junct ion Depth - 0.1 to 0.3 pm
2.2.5 Front contact - The f r o n t  contac t  w i l l  cons is t

of a s ing le r e c t a n g u l a r  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 pm , or (ii)

not more than 20 ecually spaced parallel grid

lines perpendicular to the bar with grid thick-

ness not more than 10 pm.

• 32
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TABLE 2 (Co nt inued )

2.2.6 Solder — Cell contacts shall not have solder

coat ing pr io r  to b o n d i n g .

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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SURFAC E R E Q U I R E M E N T  TESTS

A st~ir t . inq p oin t for experimental bonding investigations

war- ; a simple examination of quality and cleanliness reouired on

the surfaces to be bonded. Starting with polished slides of 7070

glass and flat polished silicon wafers , tests were conducted to

determine how much the qlass surface could be degraded before good

bonding could no longer be achieved . Variations in surface aualit.-

on the glass were made by mechanical lapp ing. Standard bonding

parameters for the tests were 1200 volts for three minutes at

450°C after approximately one minute of proheating . Results

were as follows :

Silicon
Glass Surface Surface Bond

Polished Polished Excellent

Lapped with 0.05 .m grit Polished Excellent

Lapped with 0.25 rn grit Polished Excellent

Lapped with 0.3 .m grit Polished Excellent

Lapped with 1 m grit Polished Excellent

Lapped with 3 rn grit Polished Poor

Lapped with 5 •m grit Polished None

Bonds were then attempted between polished 7070 glass

slides and silicon wafers with surfaces lapped with 5 •.m grit

and with the same silicon after removal of approximately 75 -n;

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

Glass Surface Silicon Surface Bond

Polished Lapped with 5 .m grit None

Polished Lapped with 5 um grit
then 6—1—1 etched Excellent

34“
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I L  may ev e n t u a l l y  he p o s s i b l e  to o b t a i n  7070  gl a s s  in

thin sheet form directly from a process such as that used by

C o r n i n g  to r o du c e  type 0211 i cr o s h ~ - k - t  p r o d u c t .  To c o nf  i rn

a c c ep t a b i l i t y  of t h i s  s u r f a c e  i r u a l i t y ,  bonds wer e made b et w ee n

0211 Mi c r o s h e e t  s l i d e s  and p o li s h e d  s i l i c o n  and lapped  then etched

silicon. Evaluations had to be made at process tvriI I~erature

because expansion coefficient mismatch caused catastrophic failur e

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

Microshee t  Pol i shed  E x c e l l e n t
Microshee t  Lapped w i t h  5 rn g r i t

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

a t t empted  between pol ished glass and polished silicon surface-s
w i t h  one s u r f a c e  i n t e n t i o n a l l y  contaminated  by f i ng e r  p r i n t s  or
residual traces of talcum powder dust from a finger cot. Tests

were repeated with intentionally contaminated surfaces subsepuertl y

cleaned with trichlorethylone using a cotton swab and then an

ultrasonic bath. Results of these tests were:
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Gl ass S u r fa c e  S i l i c o n  S u r f a c e  - 
Bond

Polished Polished but contaminated 

-
- 

Good with
by finger print cosmetic flaw

Polished Polished but contaminated Good except at
by talcum dust location of dust

I 
particles

Polished but con- Polished Good with
t a m i n a t e d  by f i n -  cosmet ic  f l a w
qer prints

Pol ished but  con— Polished Good except  a t
t a m i n a t e d  by locat ion of dus t
t a l c u m  dus t  p a r t i c l e s

Polished and Polished and cleaned Excellent
cieaned after after contamination
contamination

From all of the tests discussed , several  conc lus ions  could
be drawn . The s tandard  su r f aces  on cel ls  and cover glasses are
more than adequate for ESB cover purposes. The surfaces of a

micrrosheet form of 7070 would not need additional preparation .

Routine cleaning procedures are satisfactory for ESB processing.

3. SOLAR CELL EXPERIENCE

Ini tial experiemntal worh wi th 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.

Demons tra t ion  had to be made tha t the ESB cover could be appl ied
to a functioning solar cell and would not inherently alter per-

fo rmance  of the solar cell j u n c t i o n . Once these s t a r t i n g  po in t s
nad been established , a ma jor  part  of the program involved
development of capabi l ity for applying ESB covers to solar cells
of several  types to ident if y  prospects and lim itat ions 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 • -mp h~isi zt-d - i n - n  - r  t t -  - i - v  lo~ 
—

mnent program was one more or less r I: . r . ;o ntat i Ve  o~ prese : t ; re-

duction cells for spacecra t: 2 x ~ ~m , rioniri ~i 1 ~0 •.m tkkckn es s ,

10 s.—cm N/P. Optical Coat in- ; Lai - ratory, Inc . u; -~ lied a : : r  r

of variations of this standard cell. A l l  of t b - s e  cells L-~;i

polished front surfaces , six : r n r  contact :rids ed aPI r - Xlra t •- l :

0.3 rn deep d i f f u s e d  j u n c t i o n s .  I r , c -e du r e ; ;  w e - r e  sw ~-c e- -oO o il y

developed for applying grooved and plast ical lv d&Yurne co ns ,

usually 250 or 300 ~m thick , to OCLI cells with t he  follow ire:

contacts and antireflection coatiria materials:

Contacts: Titanium- silver

Titanium-palladium-silver

AR ioatings: SiO

Ta
205

As with glued covers , performance limitation of inteorall y

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 wi th SiO

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
2O5 coating which showed current gain as

expected after cover app l icat ion.

Some variability of the optimization of the Ta
205 

coating

apparently involving control of refractive index was observed

between cells from different OCL1 groups. Figure 15 illustrates

the results of a test to compare average changes in cell short cir-

cu it cnrrent and maximum power after covering a few cells of four

ditferent types with integral 7070 , glued 7070 and glued 7940

fused silica covers. Adhesive for the glued covers was Dow Corning

• 3.:,
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Sylgard 182. The fused silica covers had 400 nm cut on U’! filters.
It is evident that the AR coatings of the TiAq — Ta

2O E roll ;rouj-
were inferior to those of the TiPdAq - Ta205 group . It is also

interesting to note that am ong the cells with SiO coatings , those

receiving integral 7070 covers showed smaller I and P lossessc max
than those with either the 7070 or 7940 glued covers. With the

Ta205 AR coatings the integral and g lued 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

inteiral covers by plastic deformation of the 7070 qiass whil e

using a maximum temperature of approximately 560°C for  th ree
minutes , it was found that the front contact grid thickness on

the cell should not exceed roughly 3 rn. Adequate thichness

for the titanium-silver contact on a standard 2 x 2 cm cell is

in the range of 2 to 3 pm 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 t r y i n g  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 )  Spec t ro lab  N/P Cells

The orig inal  plan fo r  t h i s  program did not involve con-

sideration of solar cells from more than one manufacturer.

However because of generally successful developmental results in

applying ESB covers to OCLI cells , it was decided ,toward the

end of the program ,to also evaluate Spectrolab U/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 ”

ra ther  th an essen tia l ly  square

edges.
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i i i ) oc t u lab cells exk; i bi  t d I or  : t
- ci or i u a r r c e  s t a b  i I i  ty  a t  h i q l~

t o p  - o r  a 2u re s

These ch - a r ac tcr i st  ics  have  l i t  tb  imp o r t a n ce  f u r 3 lue l c ov er -  

- 

- are  not  u s u a l  Iv  conside red  und -r  s t a n d a r d  p r o d u c t i o n  opec i f  i c a—

~~ L i o n s .  B u t  ~u r  E SB i n t eg r a l  coverr - ;  t h e  d i  f f o r o n c -s a re  n i b —

st a n t i al .

Figure 19 shows interf 1er ence f r i n g e  m i c r ogr a ph s  of
typical surfaces . -~,b OCLI arid Spectrulab cç~lls to illustrate the

rel ative microsco~.~~c s u r f a c e  st ruc tur e of ~ polished and brigh t etcl;ni
silicon respectively. ~ood electrostatid bonds can be fo r n ed

on e t c he d  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 microscop ic view of the €?lectrostatic bond on an etched

surface. Nacroscop ically the bond appears uniform and cosmetically

acceptable. Mechanically the electrostatic bond to etched

• silicon is stable and fully adequate. A problem could have

r e s u l t e d  if coarse f e a t u r e s  remained f r o m  heavy saw m a r k s .  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 u 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 p l ane  glass

slide when bonded to the pillowed edge cell could not deform

sufficientl y so as to bond all the way to the cell edge. As a

result the slide was left cantilevered and unattached along three

edges cf the cell as illustrated in the sketch of Figure 21.

Wid th 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

fairl y careful handling is necessary to insure that the overhang ing

glass edge does not chip to leave an exposed region on the active

sur face r) f  the cel l .
46

. . ‘
.,

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
• . . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ _ _ _ _ _ _ _ _



_ _ _ _  

- - - 

--• -

_________ • - -
P.

4*~~~ i~~~~
•
~

F igu r e  I l i .  l r l t . - r O r L o r  - -

I - - I I sl e - i  n m  - n  -

—V
-- —- 

~% ~

f it-
1 qu re  1 i t   I o f  - r i  - r  

- 

- - - -

_  

~~~~~~~

--- --- -



~~ . • •~~~~
‘.~~~~ ;•

~
. •

~~• .. • .~~~:;: ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~

• aor~i- . 
~~~~~~~~~~~~~~ ~~

- ‘  - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -~~~ -

4

200 ~

F r  gore 20. ~-icruocu ! ic U n i - o r o d  - - . r -  s
I r : e r  l:FH Ur n:- - n o  on n o

1 or fac:~- Ce] I

4
- -~~— -- -~~~~ 

- - - - —-— - ~~~~~~~~ - - —-- - --- -



- ~~~~~~~~~~~~~~~~~~~~~~~ 
,~~

-

~~~~~~~~ 

- - - 

/

1/ 

i-n d -

— ______ ‘r- ,..~~~~ .•  nfl’ :
1 0 . 0 3 0  or

I less

Firuro 21 . Configuration of BEll InLe-; ral
Uo~ - r r  on f~ er t rob ab Pill owed
fnl°e Cob I

4 C)

Ihi .~~ -.• 
- - •

o-_ 
~~~~ • ~~~~ .•~~~ _:. ••_t. - • . - - • . , _ - . - — . —  

— -- ~~~~~ ---- - --— - — - - ---



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 prov ided modif ied process cells
wi th square edges for integral cover purposes. These cells

continued to have etched surfaces but the etching was done on

lar ge waf ers from which cell blanks were later cut with a high
speed blade. The method would be practical for production. All

subsequent work w ith Spec trolab cells involved sawn edge cells.

It was assumed that plastically deformed covers would be
app lied to Spec trolab cells. Spec trolab 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 560°C used for deformation bonding,

the Spectrolab cells with standard titanium-silver contacts

experienced signi f i c a n t  loss of Voc and curve fac tor as in the
example of Figure 22. Grooved covers were applied to a few

samples of the same cells at 500°C and less witn onl y minor loss
of cell ou tpu t .  At the t ime ,these results were thought to indicate

a need to alter the standard Spectrolab contact process in 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 t he  ESB
cover application and sintering processes. As in the example of

Figure 23 , resulting covered cells showed eiectricab pcrformance

improvement due to the combined cover bonding/sintering operation

at approximately 560°C for three minutes. Use of the unsintered

contact was selected for a quantity of Spectrolab c2lls to be

covered in the pilot production bonder as deli’~erab1e items u r d er

this program.
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As will be discussed in Section 3.3.6 , ti ~~- ce l ls w i t h

uns  L n t er e d  contacts later showed poor con tac t  a d h e r e n ce  a f t  or
C O V t ~ I b o n din g  i n  an i n a d e q u a t e ly con t r o l l e d  a t r i n n p h e r e .  I::- ~c e p - t
f o r  the  c o n t ac t  p r o b l e m , cover r e s u l t s  on the Sp e c tr o b ab  c u l l s
we re good.  [-~l im in a tj o n  of the i n t e r a c t i o n  between cc-il  contacts
and re id ua l  oxygen in  the  bonder a tmosphere  would  a l low the
Spect r o t a b  N I cell  w i t h o u t  p i l lo w e d  edges to be fu l l y compatible
w i t h  p l a s ti c a l l y  de fo rmed  or grooved E SB covers .

( C )  S i m u l a t i o n  Phys i c s  N/ P  Cells

E SB covers have been appl ied  to several types of s i l i con

solar cells f a b r i c a t e d  by Simulation Physics. The cell types  w h i c h
were prepared and tested for compatibility with electrostatically
bonded 7070 glass covers included :

(i) Ion implanted junction cells.

(i i) Cells with CeO2 antireflective coatings.

( i i i )  Aluminum contacted ce l l s .

(iv) Cells with recessed grid contacts.

No problems were encountered in applying covers to cells

wi th  ion imp lanted junctions. Junction depths between 0.15

and 0 . 3 0  pm were tested. Behavior was ident ical  to that  of
similar cells having diffused junctions. Figure 24 shows a

typical I-V characteristic from an integrally covered ion

imp lanted cell.

Cer ium oxide is a high refrac tive index (n - 2.3) anti-

reflective coat ing candidate which might be considered for use on
a high efficiency integral cover cell. Sample cells with this

i i
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F igure 24. AMO I-V Characteristic of Ion
Implan ted Cell with ESB cover
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AR coa t i ng  showed ANO o u t p u t  c ur r e n t  in c r s - •ise (d a;~~’i- u xirna t s-ly

3% w hen g lued covers were a p p l i e d . B u t  7070  g la ss covs ro -.,-u~~lu
n ot adhe r e to the CeO 2 coa t ing  by u l e c t r on t a t i c  bo ncl i r t ; .  A f t i n

i nves t ig a t i o n  invo lv ing  a range of bonding parameters it was

conc luded tha t CeO 2 is not compa t ib l e  w i t h  e l e c t r o s t a t i c  },00cilnu.

The reason probably  involves inability of free oxygen ions freon

the glass  to react  w i t h  the CeO 2 s u r f a c e .  -

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 temperatur-

processes. In order to test the possibility of appl ying IiSB

covers to al uminum contact cells , a few diffused junction cn-lls

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 pm j u n c t i o n  d ep th

cel ls  showed no junction degradation but the cells with 0.2 ni

junctions exhibited some shunt losses . Representative I-V

characteristics are shown in Fi gures 25a and 25b rr-spective1-~ .

It is believed that , if required , modified c’-, litic r~ . could Pr

developed to allow ESB covers to be s a t i s f a c t o r i ly a p p l i e d  to

a l u m i n u m  contacted cel ls  w i t h  0 . 2  ~m j u n c t i o n s .

Most of the ESB cover development involved solar cell

types with surface characteristics , g r i d  p a t t e r n s , junction pro-
per t ies , etc., more or less comparable to what could presently be
a v a i l a b l e  in p roduc t ion .  S p e c i f i c a t i o n s  g iven  p rev ious ly  in
Table 2 r e f l e c t  pa ramete r s  of solar cells shown to be compatible

w i t h  a p a r t i c u l a r  ESB process and w i t h  the e x i s t i n g  f i x t u r e s  of
the au tomated  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 er•nerab approach of the  p ro gram was to deve lop  i n te gr a l
cover a p p l i c a t i o n  technology wh ich  would  p lace  as few c o n s t r a i n t l -;

as p o s s i bi e , p r e f e r a b l y  none but  in p r a c t i c e  several , upon t he

• solar cells themselves. However , if for some reason the solar

cell  could be adap ted  to the  ESB cover rather than vice versa , a

different cell confi guration would almost certainly be utilized.

A :-; an example , the cover could be very  eas i ly a l i gned and appl i ed
at process temperature below 450°C i f  the cu ll f r o n t con tact
meta b l i z at ion d id  no t pro jec t  above th e ac tive reg ion of the  f r ont

s u r f a c e .  Sarn j~tes  of such a c o n f i g u r a t i o n  were  p r e p a r e d  u n d e r  t h i s

rrocrani . Al though i m p r a c t i c a l  fo r  genera l  use , c e l l s  of th i s  ty pe ,

in addition to being exceptionally easy to integrally cover by

nte ctrostatic bonding, could be desi gned w i t h  specia l  a d v a n tageous

cha r ac t e r i s t i c s  fo r  certain applications. One possibility could

be cells with enhanced therma l stability for laser hardness

purp oses .

A group of such cells was fabricated . Starting with polished

P-type wafers , the silicon was first thermally oxidized and then

the pa ttern of the contact to be app lied later was opened through

t h e  o x i de  and the s i l i con  below etched to a dep th  of a p p r o x i m a t e ly
5 rn .  With the remaining oxide still present , phosphorus was

d i f f u s e d  i n t o  the  exposed s i l icon to form a deep ( - - 0.8 rn) junction

just in the vicinity of the front contact grid location. The

oxide was than removed and a 0.25 .m imp lanted  j u n c t i o n  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

Finur e 27 .  A pp l i c a t i o n  of ESE covers on to  these  ce l l s  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

contac t  such  ce l l s  shou ld  have good s t a b i l i ty  a t  t e m p e r a t u r e s  to

at least 600°C.

58

Ii- ~~ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
•
~~~~ ~~~~~~~~~~~ -



- - --~~~ --~~~ --  - - -  - -~~~~~~ --~~~~~~~~~~~~ -

3 to 5 rn of Metallization
at Contact Fingers 

___  ___

p-typ~T~~~J n  

‘“

~~~~~~~~~~

‘

~ ~ ~

Deep Junction
( D i f f u s e d )

Figure 26a. Recossed Contact Solar Cell
Cont i cu r it ion
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(1) OCLI Viol t Cells

- PO f l  SUCe~~~~s • il l h onest r- i t ion a I~Sh 11 c c c i  1 ceo’ -r 1
o~ standard i r i J ; i c t i ii type solar c lis , i t  becrtme o~ consirl —

ca b l e  m t  - r e s t  to can t  i c - -  t h a t  FE B c o V or e  v o u b i also be
feasible for hiqh pe~ o rp -; a n e i -  v i o l e t  ‘ ni -l bs. Tests v

on sampl e 2 x 2 cm vio let cells sunpi ied by ()CLI
‘-lost cells have 20 fine f i ng e r  gr i d s  o r t h o g o na l  ~o two col lu ct  in-p
lines . A sketch of the confiquratiori of ~hc cell an-i a- rho
cover -p LISSI S used is shown in Fiqure 28.

Metalbization thickness on the violet cells was typically

l O  rn . Ilass slides positioned directly on these c e l l s  could

-; ake no contact with the active sur faces to allow initiation of

t h e  b o n d i n g  process  f o r  d e f o r m a t i o n  c o - - e r  eu rposes .  C o n s c - cu e n t l f

demonstration had to be limited to the case of grooved covers .

F i g or e 29 shows the AMO I--V characteristic oi -a grooved ESB

cover violet cell. The current increase after coverino is

4 :-iA which is less than would have resulted with a al~~cd cover .

This  less t h a n  f u l l  expected current occurred because the grooves

a c t u a l l y  in t roduced  into these cover glasses were w ide r  than

the grid lines they were to iccept . A gap over the active surface

immedia tely adjacent to a grid finger involves a small boss of

optical coupling into the cell in that reciion . Because of

the large number of grid lines on a violet cell the total couni-

incj loss is significan t. Reduction of unbondc-t 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 impossible for random extraneous metallization . Flaws in the photo—

mask used for the contacting operation can cause spurious bits of metal
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Figure 28. Configuration of OCLI Violet
Cel l  and Grooved ESB Cover
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Figure 29. AMO I—V Characteristics of OCLI Violet Cell
Bef ore and A f t er App lie~ t ion of Grooved ESB
Integral  Cove r
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residue to be scattered on the cell surface and these interfere-

with bonding of a grooved cover. Isolated small sj ots o~ s
t rr.-

metal cause small unbonded reg ions under the cover as stewn in

Figure 30. If sufficiently numerous , the spots can 1 rc- e-nt a

bond from being achieved over the area of the cell surface involved

by preven ting the required initial contact between t ie glass - n  I

active surface .

(e) Lithium Doped P/N Cells

Lithium can move r e a d i l y  in silicon at temp -rarures use-u

for  e lec t ros ta t i c  bonding.  If an ESB cover is to be :~ , r : i  ‘ -

a lithium doped solar cell , lithium in the cell will ruuistr~ h-jte

dur ing  the bondi ng process. An i n i t i a l  cons ide ra t i on  r e l a t i ve  ‘a
a lithium doped cell involved the possibility that ava i la bi bit -,

of l i t h i um ions f rom the cell sur face  mig ht p revent  thu l O P

process from working . Experimentally no problem s wer - uncou;.~ - - i c :

in achieving bonds to lithium doped cells. But redistri hution of

the lithium profile does occur and would have to be : 100ided -

in the fabrication of lithium cells for use with FEP c ov e r s .

Two types of lithium doped cells were investi ga ted  under

the program.  The f i r s t  group , P~~/N ce l l s  supp l i ed  by Oc: i , hsd
a l u m i n u m  contac ts  and lithium introduced by evaporation and th en

d i f f u s i o n .  These cells developed non ohmic back contacts wher.

sub jec ted to the bonding process or to onl y the t h e r m a l  environ-

ment of the bonding process. A t yp ica l  I-V c h a r a c t e r i s t i c  is

shown in F i gu re 31. Any add i t i ona l  therma l t r e a t m e n t  of these

ce l l s  caused add itional  contac t degr ada t ion . Good mecha ni ca l

bonds were achieved and it is assumed that satisfactory c-lectrica l

per fo rmance  would also resu l t  if  cells w i t h  corrected cont-ict . ;

were used.
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Figure 31. I—V Characteristics OCLI P/N-Li
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The sI - c o nd  qroup of lithium doped cells was supplied b.

Al A i L .  These wer e  a l u m i nu m  con tac t ed  p + /NN + ce l l s  w i t h  d i f f u se i i

junctions and lithium which had been introduced through a back

l aye r  by ion implantation then redistributed~~~
5
~ - Because of

the N + layer , these cells did not develop a contact problem as

a result of bonding . The cell I-V c ha r a c t e r i s t i c  a f t e r  bon dinq
did oxhibit the effec t of a chanqe in lithium distribution be-

cause of a t h r ee  m i n u t e  exposure at 4 5 0 °C . However , an additional

r e d i s t r i b u t i o n  t r e a t m e n t  could be used to essentially restore
full cell output . Figure 32 shows a typical example. No

optimization of the post bonding redistribution condition was

a t t e m p t e d .

If , in pr actice , lithium doped cells with ESB covers were

required , it wou ld be advantageous to consider the thermal c j cle
of the bonding process to be the f i n a l  step in the r e d i s t r i b u t i o n
of the cell lithium . It would be possible to incorporate the

bonding operation , perhaps w i t h  an al tered tempera tu re/ time
schedu le , i n to  an optimum lithium distribution which is necessary

for  fabrication of this type of cell.

( f ) Del iverable Item Cells

Toward the end of the developmental effort a number of

aroups of cel ls  wi th  in tegral ESB covers were prepared as
de l ive rab le  items under  t h i s  program . The first group were

for  use on a flight experiment packaqe aboard satellite NTS-2
• scheduled to be laun che d into 6 4 degree inc l ined 10 ,900 nau t i ca l

mile  c i r cu l a r  orbit  in June 1977. Later quan t i t i e s  of OCLI

and Spectrolab N/P cells were covered us ing the automated
bonder f a c i l i t y .

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. DCLI provided a group of

high performance violet cells for this effort and so’ -e 10 Q-cm

68

~~~~~~ 

— .-
P., - - . 

~~__~~~~ 
- - .- - - — . - . - - - - ‘ ..r . •— - - ‘  — •

~~ -- --~~~- - - ——----~~~~~-



- - -  ~~_~~~~~~~~~~~~~~~~~~_ _ _

i 
__  

I~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~

I N I T I A L
140 - FTER BOND

AFTER 360°C 40 MINUTES

12 0 -

IPC P/N LITHIUM BARRIER CELL
ALUMINUM CONTACTS SiC)x

100 - BONDE D 450°C 3 MINUTES H
TUNGS TEN 26 °C

80 —~

~ 6 0 -  H

40- 1

20_ - 
—

I I I I —

0 100 200 300 400  500 600

MILLIVOLTS

Figure 32. I—V Characteristics of Lithium
Doped P/N Cel l
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CCLI N~ I cells were available from remaining developmental

cells for the program. Grooved covers nominally 250 om thick

were applied to enough cells for two strings of each type
• using t h e  m a n u a l  bonder and a 450 °C/ 3 minu t e  cycle .  Average

p e r f o r m a n c e  c h a r a c t e r i s t i c s  of the del ivered groups  are
s u m m a r i z e d  under  i t ems  A and C of Table 3.  ~Pith ESB covers , the

violet cells averaqed more than 71 mW 
~max 

under ~MO at 26°C

and the standard N/P cells close to 57 mW . Unfortunately, a f t e r

deliver :, the violet cells were accidently destroyed during

preparation for assembly into test strings. In order to

replace the violet cells , addi t ional  cel ls  were suppl ied  by

OCLI. However , hese cells were f rom ava i l ab le  la boratory

samples and had l~~-~s cont rolled characteristics than the first

g r o u p .  In p a r t i c u l a r, the active surfaces had stray metallization

spots which , as was d i scussed  in Sect ion ( d )  , caused unbonded

gaps to occur with the ESB covers. Strings of these cells

and the standard N/P cells were assembled . Subsequently,

cosmetic and e lec t r ica l  degradat ion  was caused by adhesive

pr imer and thermal control paint which were allowed to creep

into the finger groove openings in the covers.

Addi t iona l  violet  cells and the i r  special covers were
not available and the violet cell strings could not be replaced

under the schedule constraints for the NTS-2 package . The

10 - -cm N/P cells  were rep laced wi th available cel ls wh ich
beca use of deeper junctions had lower shor t circuit currents.
These cells ha d deformat ion type ESE covers applied at 560°C
for three minutes in the then newly available automatic bonder.

Elect rical characteristics of the cells are summarized in
Table 3 . The cells developed some increased ser ies resis tance
du ring the bond ing because of con tact in terac tion e f f e cts. 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 560°C/3

m i n u t e  bonding opera t ion .  These also could not be intercon-
nected . Finally another group , F , was prepared using the

P f o r m i n g gas f low and a 540 °C/ 3 minu te  cycle .  Al thoug h the

contacts  were s t i l l  less than  s a t i s f a c t o r y  the cells could bc-

interconnected for use on the f l i g h t  pane l .

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

character ized a f t e r  bonding by con tac t  degrada t ion  and poor
contact adherence. Performance characteristics are summarized

in Table 4.

Contact  problems encountered wi th  the aci taac c ed boncic- r

are associated with inadequate control of the bonder atmosp here

during the bonding cycle. Typicallv ,the silver of ~ a tarciciccc -

silver contact can be pulled from the surface leaving a

colored oxidized titanium layer below . The f~~-~w o~ ~orr - :oo

gas in t roduced  into the bonder was inadequate to Ixc lu at

oxygen from the cell positions during high t e :c T l  rat 5 ~ c - h
degradation resulted . A bonder modification for e :- :ciuslon o~
ambien t  a tmosphere is planned .

72

~~~ ~~~~~ ‘~~~~~ir:~~- :~~ :~~ 
... •



--~~- - - - — — - — - — - - ---— - -

TABLE 4

PERFORMANCE CHARACTERISTICS OF FIRST CELL

LOTS PROCESSED IN AUTOMATED BONDER

Avg . Initial A vg .  C t i a n 9 e
Performance Afte Co--;eriCiq

Cel l s  Q u a n t i t y  I P V I P 
7

sc max oc sc ~i:-:

mA mW mV 
- -~~~~~

OCLI 10 —cm N~~P
Sintered TiAg~ 150 137 55 558 

- 
— 3% ---9% — 1 -

Spect r o lab

I h—cm N . P
U n s int e r e d  

I

TiAq 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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SECTION IV
- ENV IRONNENTAL EVALUATI ()NS

I 
1. S L N M A P Y

— A number of environmental tests have been conducted on

— 
- r e p r e s e n t a tiv e  cells  w i t h  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 fec ity. The tests included :

(i) Temperature - humidity storage

(30 days at 45°C , 95% relative humidity)

( i i )  Thermal  Cyc l ing
(300 cycles f rom — 15 0 ° C  to + 1 5 0 ° C )

- (iii) Vacuum—ultraviolet Storage

(1200 hours at <l0~~ torr , 30°C gith total

ultraviolet exposure of 14 watt-hrs/cm
2 ) .

(iv) Proton Irradiation
- 13 —2

(1 MeV protons to 10 cm

(v) Electron Irradiation

I 

16 —2(1 MeV electrons to 10 cm

U s i n g  samples covered by the automated bonder facility , a second

e lec t ron  i r r a d i a t i o n  and s i m p l i f i e d  thermal  cycl ing between dry  ice

in alcoh c-l and b oj l i nq  ‘- ;ate r were also conducted .

Stand ard temperature— humidity storage and th erma l cycling

I 

tests were performed in fa cil ities at Acton E n v i r o n m en t a l  Tes t ing

Labcra~-cries ,Acton , MA. Vacuum-ultraviolet storage and simplified
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th eiicai l cvclitni t 4 s t s  cii ru conduct i d  — - -i t hi n ~; -  ui) ) i - a  - c c - a b s .

Pro tan ~rt aiJiiti on s wi--re 3 - I - a f a r ”  - 3  Var ( c i - -  c i C  t Ac-c I’ r a y - a

i-ai --ii it y at RCU ’ E l e c t C n l CS  li-ic ., Burl i~ - ; t u c ~, -~A a n u  u i c - c : L r c i c ;

c r r a h  c at i o ns ~it 1 1 jzcd a Nvnacc.c tr ii at A Force C - imbr ia:- i- ~~Si--d r ch

• Laboratory , Bedford , NA . A l l  ccl 1 p er f o r m a n c e  c a -u s u rem e n t s  A-c r(-

maCu- with a c ; c c - t r ( c I;n - — 2 5  ~-f ~ 1] ;-:- - s i muj i t o r  -v SCa .41a i-c-n P:p :si a-c

The i c c h i v i d u a l  te tc ; perf rcca U are discussed b -Jaw. I t

is possible to qeneratiae the results of Lu - - ru t e s t s  a~~i of all
c c-: : -arlen cc- t e  d a t e  r e g a r d i n g  ESB covers  on so la r  ce l l s  as
f o l low s :

( i )  ~Th e l e c t r o s t a t i c a l l y  bo nded 7070  g l a s s  cover
has shown any evider ;ce  of Ca - l a m i n a t i o n  or
other failure even over a small area under

any environmental test condition.

(ii) Cells with integral ESB covers exhibit no

tendency to degrade more rap idly due to

environmental exposure than do similar

cells with glued covers.

2. TEMPERATURE-HUMIDITY STO~~ GE

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 -cm N/P cells with 7070 ESB covers applied using

the manual bonder. Similar cells with glued 7070 glass and

7 9 4 0  f u s e d  s i l i ca  covers and w i t h o u t  covers were a lso sub jec ted
to the same e n v i r o n m e n t .  Cells  w i t h  both t i t a n i u m - s i l v e r  and
t i t a n i u m — p a l l a d i u m — s i l v e r  c o n t a c t s  and w i t h  Si0,~ a nd Ta 2 0 5
a n t i r e f l e c t i v e  coa t ings  here  u t i l i z e d . No major variations were
observed between cell  types  and because of the small sample
quantities involved , perfo ci-cunce data were averaqed over all cells.
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The phys i ca l e f f e ct s  of the  s t o r a g e  e n v i r on m e n t  i n c l u d e d
some w e a t h e r i n g  of cover g l a s s  m a t e r i al s  and o x i d a t i o n  of c o n t a c t s .
Le~~Lh e r i n c j  was si g n i f i c a n t  on 7 0 7 0  gl a s s  and a lso to a lesser
degree  on 0211 Microsheet glass but was not  d i s c e r n i b l e  on 7 9 4 0
fused silica. Optical measurements on glass samp les and

electrical measurements on covered cells indicate that the weathering,

w h i c h  is a sur fa ce co rr osion e f f e c t , causes som e sca t t er ing  of

in c i d e n t  l i ght  but  does not  m ea s u r a b l y reduce t o t a l  t r a n s m i s s i o n .
O x i d a t i o n  of both t i t a n i u m - s il v e r  and t i t a n i u m - p a l l a d i u m - s i l v e r
con tac t s  in t h i s  test  was p r i m a r i ly cosmetic. Three cells with

a l u m i n u m  con tac t s  were also s ub j e c t e d  to the tes t  e n v i r o n m e n t
and experienced sufficient contact oxidation to prevent post-

test electrical measurements. Treatment of the aluminum

contact surfaces with a potassium hydroxide solution allowed

measurement s  to be made which confirmed essentially initial
o u t p u t  c h a r a c t e r i s t i c s .

Among 15 cel ls  in the test  w i t h  i n t e g r a l  7 0 7 0  g lass  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 SiO antireflective

coating, titanium—silver contacts and lastically deformed ESB

cover.  The cell  developed small  area (1 mm d i a m e t e r )  s e p a r a t i o n s
under  the cover at  the ext reme ends of 5 of i ts  6 g r id  f i n g e r s .
The separa t ions  were me ta l l i c  in appearance  i n d i c a t i n g  t h a t  the
SiO coa t inq  had detached from the silicon surface. No other

x
cells under any tests have shown s imi l a r  e f f e c ts  even on a micro-
scopic scale and it is bel ieved tha t  the AC coa t ing  in the
p a r t i c u l a r  cell  was d e f e c t i v e .

E l ec t r i ca l  measu remen t s  f rom the OCLI N/P cel ls  w i t h  TiAg
and TiPdAg con tac t s  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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TA BLE 5

T E M P E R A T U R E - H U M I D I T Y  TEST DATA SUMMARY

AFTER 30 DAYS AT 45°C, 95 RELATIVE H U M I D I T Y

NO. OF AVERAGE CI IANG F
COVER TYPE CELLS

I V Psc oc max
I n t e g r a l  7 0 7 0  — grooved 10 + 0 . 3  — 0 . 4  — 1 . 2

I n t e g ral  7070  - deformed 2 + 1.5 0 — 0 . 5

Glued 7070  3 — 1 . 7  — 0 . 4  — 2 . 0

Glued 7 9 4 0  4 — 1 . 1  + 0 . 7  0

None 8 —0.4 0 —1.3

All Cells OCLI N/P — I n t e g r a l  covers on Nanual Bonder

TiAg or TiPdAg Contacts

SiO or Ta205 
AR Coatings

/C-IO 26°C
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-.~-ith u l u i - - d  7 0 7 0  c o V i - rs .  The data s u g u - i - - :- :t  ub auiice ef signi fi cur t

ie~~ rada t ion ccechani sms for thu intecjrifl i-c,vc-r i n the t i- ri pe-rat -~ ra-—

h u m i d i - t e s t  e n v c r o nm e n t .

3. Th ER M AL C Y C L I  NC

A thermal cycling test was performed involving a tota l

of 300 cycles from —150 °C to +150°C comp le ted at a r a t e  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 residua l

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

7 9 4 0  covers were used. None of 17 i n t e g r a l ly 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 optica l transmittance. Electrical performance

change data are summarized in Table 6. The inteqrally covered

cells showed no performance deficiencies through this cycling test.

A~ abbrev iated thermal shock test was cond ucted on
representative cells with ESB covers applied using the auto-

matic bonder. For this simple test , cells were sealed in

plastic bags wh ich were cycled 50 time s between liquid nitrogen
and boiling water. As has been discussed earlier in this report ,
the cells for  thi s test wh ich came f rom the automa tic bonder had
unsat is fac tory cont acts af ter bond ing.  The r esul t s  of th is
thermal cycling test reflect these contact problems .
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TABLE L

THER MAL CYC LE TEST DATA SU M M A R Y
AFTER 300 CYCLES FROM -150°C TO ~l50°C

A V U P A U F  ~ cuur1 : ;  ~i .
NO . OF

COVER TYPE CELLS I V I-
sc 00 rae> :

I n t e g r a l  7070  — arooved 9 —1.0 —0 .2 —1.7

Integral 7070 — defo rmed  3 — 0 . 5  — 0 . 2  — 1 . 8

Glued  7070 4 —1.5 —1.5 —2.6

Glued  7 9 4 0  4 0 — 0 . 8  — 1 . 9

N o n e  8 —1.1 — 0.1 — 1.9

A l l  Ce l l s  OCLI N/ P  — Integral Covers on Manual Bonder

TiAg or TiPdA9 Contac ts

or Ta2O5 AR Coatings

iC-~C) 2 6 ° C
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N o n e  of the cells in the 50 cycle  therma l shock test
ex p e r i e n c e d  any ph ysical changes involving the ESB covers. The

OCLI ce l ls  showed no p e r f o r m a n c e  losses during the test but the

Spectrolab cells , because their contacts had not been sintered

p r i o r  to covering in the automatic bonder , exhibited increasing

series resistance. Figure 33 shows example I-V characteristics

f rom one of the Spectra-lab cells in the test. As could be

expected , the nonadhering contacts on these cells worsened as a

r e s u l t  of the repeated the rmal  shock.  Again , it can be anticioat -U

that corrective modification to the environment of the automated

bonder would eliminate this problem.

4.  VACUUM-ULTRAVIOLET STORAGE

A v a c u u m - u l t r a v i o l e t  s torage test was per formed in a water

cooled vacuum system which allowed samples under test to temperature

s t a b i l i z e  at 30°C .  An o i l  d i f f u s i o n  pump sys tem w i t h  l iqu id

nitrogen cooled baffle maintained continuous vacuum well below

l0~~ torr. An automatic liquid nitrogen refill control maintained

b a f f l e  t empera tu re  to m i n i m i z e  b ac k s t r e a m i n g  of d i f f u s i o n  pump oil.

A Genera l  E l e c t r i c  UA- 2 250  w a t t  mercury  vapor lamp was mounted

outs ide  the vacuum system and samples under test were illuminated

th rough a 6 inch d iameter  fused s i l ica  window . Actua l  u l t r a v i o l e t

intensity at the test location was measured using an Eppley thermo—

pile in c o n j u n c t i o n  w i t h  a set of f i l t e r s .  U l t r a v i o l e t  i n t e n s i t y

upon test  samples  was measured to be 10 .3  mW/cm 2 between 2 2 0  and

440  nm w i t h  total  spect ra l  i r r ad i ance  of 53 mW/cm2. The one solar

cons tan t  AMO spect rum inc ludes  11.8 mW/cm2 of ultraviolet below
400 nm~~~

6) so tha t  th i s  u l t r a v i o l e t  exposure test came close to
a p p r o x i m a t i n g  rea l  t ime . Fi gure 34 compares the spectral distr~bu—
t ion  of the  T h e k a e k a r a  AMO curve in the u l t r a v i o l e t  to m a n u f a c t u r e r ’ s
d a t a  on the mercury  vapor lamp d i s t r i b u t i o n .  The u l t r a v i o l e t

exposure  t es t  was interrupted for sample measurements after the

corrected e q u i v a l e n t  of 600 hours  of AMO UV exposure  and the test

was terminated after the equivalent of 1200 hours. None of the

80
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solar  cel ls  or cover g lass samples  showed any  v i s ib l e  c h an ge s  a f t e r

600 hours. A lter 1200 equivalent hours , some minor y e l l o w in g  of

7 070  g las s s l i d es was e v i d e n t .  Optical transmission data was

• gi v e n  in F i g u r e  3b ,

Table 7 swm-narizes electrical performance averages u f t - r

600 and 1200 equivalen t hours. All of the integral cover san-~ les

in t h i s  t es t  had t i t a n i u m — s i l v e r  or t i t a n i u m — p a l l a d i um - s i l ve r  can-

tacts  but  g lued cover samples were a l l  of s i m i l a r  OCLI N/P ce l l s

with a l u m i n u m  con tac t s .  I n t e g r a l  covers were applied in the r a i u a l

bonder . Bare cell data are included in Table 7 f o r  both  c o n t a c t

t y p e s .  I t  can be seen that the integrall y covered cells showed
a p p r e c i a b l y  less d e g r a d a t i o n  than  ce l l s  w i t h  g lued 7 9 4 0  f u s e d

silica covers which included 400 nm cut-on filters. Glued  7 0 7 0

g l a s s  covers  w h i c h  did not i nc lude  u l t r a v i o l e t  r e j e c t i o n  f i l t e r s

a l lowed  lamp CV to reach the  Syl gard  182 s i l i c o n e  r e s i n  a d h e s ive

and the cells involved exhibited large current losses. The

d e g r a d a t i o n  exper i enced  by the  ce l l s  h a v i n g  g lu e d 7 9 4 o  covers  cai t 1.

UV rejection filters has not been explained .

J .  1 MeV PROTON IRRADIATION

Pro ton  i r r a d i a t i o n s  were pe r fo rmed  on groups of i n te gr a l l y
covered OCLI N/P cells. All covers were 300 m thick 7070 glass.

Each  sample was irradiated to only a single fluence step .

Uncovered cell front contact bars were protected with 75 m t h i c k
aluininurc foils dur i ng irradiations. Test data are summarized in

Table- 8. Any cell exhibiting measurable performance change w ar

found under microscopic inspection to have small exposed surface

area due to cover misalignment. The 7070 glass covers are j u d c c e d

to p r o v i d e  comple t e ly a d e q u a t e  pr o t e c t i o n  a g a i n s t  proton damare.

6 .  1 No V ELECTRON I R R AD I A T I O N

Using a Dynamitron at Air Force Cambridge Research

Laboratory, cell and glass samples were subjected to 1 51eV
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TABLE 7

ULTR A VIOLET-VACUUM STORAGE TEST DATA SUMMARY

AFTER 600  AND 1200 EQU I V A L E N T  AMO HOURS AT 30°C , ~ l0~~ TORR

AVERAGE % CHANGE AVERAGE % CHANGE

NO. OF ______ 

600 HE S . 1200 HRS .

COVER TYP E CELLS I V P I V P
Sc oc max sc oc max

I n t e g r a l  7 0 7 0  — grooved 7 — 0 . 2  0 — 0 . 3  — 2 . 1  — 0 . 7  — 3 . 1

I n t e g r a l  7 0 7 0  -d e f or in e d  2 — 0 . 4  0 — 0 . 2  — 2 . 3  — 0 . 6  —3.3

Glued 7070* 2 —8.2 —0.2 —7.2 —14.9 — 1 .1 —14 .0

Glued 7940 with 440 nm
cut—on filter * 2 —4.6 0 —3.5 —5.7 —0.6 —5.6

None 3 —0 .3 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 - In tegra l  Covers on Manua l Bonder

TiAg or TiPdAg Contacts , except ~~~~~~~~~~~~~~~~~~~~~~~~

SiO or Ta 0 AR Coatingsx 2 5

AMO 26°C
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TABLE 8

1 ~eV P Pt ) I t  )N I RRA D 1 AT ION DATA S U MMA PS’

FOR INTEGRA L C A’ER CELLS

GROOVED IN T E G R A L  COVERS DEFORMED 1 TEGPiN L COVERS

I 51eV % C 11-NNGI -;  % C H A N C E
PROTON 110 . OF N O .  OF
F LUENCE CELLS I P CELLS I P

sc max so max

10 —2
10 cm 3 0 —0 .1 2 0 0

10 lJ. 3 0 -0 .1 1 0 0

10 12 
3 ~~~~~~ 

_ 0 .6* 2 0 0

io 13 
3 0 -0.5 2 _ 0.4* _ l.2*

A l l  C e l l s  CC L I  N/P  — Integral covers on Manual Bonder

TiAg or TiPdAg Contracts

SiO
~ 

or Ta205 
AR Coatings

* Inc luded  cel l  or cel ls  w i t h  smal l  u n p r o t e c t e d  surface areas
due to cover misalignment.

AMO 26°C
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electron flu i - nc s ut 3 x io l4 , 1 x 10~~~ , 3 x 10~~~ In 1 m-: io
16

Each s-im;-le was e:-:posed to a l l  l e v e l s .  Cel l s  W O f e  NCLI

t O  ohm—cm N/P. Cuvers were 300 ~nr h - h 3  7 0 7 0  a p p l i e d  u s in g  the

:a m n u al bonder , clued  300 rn 7940 fused silica or glued 300 t m

02 11 Sl i c r o s he e t .

The 7070 and 0211 g lass samp les showed si gnifica nt darken-

i nc  un d e r  t he  e l e c t r o n  i r r a d i a t i o n. T r a n s m i t t a n c e  c u r v e s  f o r
it 210 ~ and 10 electrons/cm fluences are shown in Figures 35a

and 35b respectively . In the case of the 7070 glass the darken-

ing was more serious than has been measured on other 7070

m a t e r i a l  ~ ~~ . Several laboratories have observed varying degrees

of radiation darkening in 7070 glass coming from different

p r o d u c t i o n  runs at Corning Glass Works . The material used in the

present program experienced more darkening than is thought to

be t y p i c a l  of 7070. The transmittance data in Figures 35a and

35b indicate that darkening of the 7070 glass was less than that

of the 0211 a t  lower fluences but was more than that of 0211 at

hich fluence. Figure 36 shows comparable data from an earlier

e v a l u a t i o n  of r a d i a t i o n  darkening in which the particular lot

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

pr o - i r r a d i a t i o n  level by the  e q u i v a l e n t  of a p p r o x i m a t e l y  48 hours
of AMO solar constant ultraviolet.

As a result of darkening of the 7070 glass , ce l l s  w i t h

ESI3 7070 covers degraded under electron irradiation more rapidly

t han did similar bare or glued fused silica covered coils. Averaged

normalized and 
~max 

data are presented in Table 9. Following

the final irradiation step, ha l f  of the cells wi th integral 7 070
covers were expos ed to the equivalent of 14 hours of solar constan t
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TABLE 9

1 MeV ELECTRON IRRADIATION DATA SUMMARY

NORMALIZED I AND P
Sc max

I /1sc Sc 0 
___________

NO. OF 14 2 15 15 16
COVER CELLS 3 x 10 e/cm 1 x 10 3 x 10 1 x 10

None 4 0.90 0.83 0.79 0.71

Clued 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

P /Pmax max
NO. OF 14 15 15 16

COVER CELLS 3 x 1 0  l x l O  3 x 1 0  l x l O

None 4 0.85 0.76 0.69 0.60 
-

Glued 7940 4 0.86 0.76 0.68 0.56

~~~~~ J.~i1 3 0.72 0.66 0.56

integral 7070 10 0.82 0.73 0.65

Integral 7070
after UV 5 0.59

AMO 26°C

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

TIAg or T1PdAg Contacts

SiO~ or Ta
205 

AR Coatings

I
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UV (~~l50 mW—hrs/crn
2 of -:400 rim ) under vacuum at 30°C and were

then retested. Output performance increased to approx imately 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 mechan ical defects
were produced. Performance data from the OCLI cells were similar

to those from the first test. Because of the contact problems,

electr ical data on the Spectrolab cells were incons istent 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
fa i lure  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 1eft 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 l imitat ions 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 d i f f i c u l t  considerations in u t i l i z ing  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 pat tern
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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

contacts. A facility modification will be required for correction.
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Under environmental testing, ESB covers have exhibit u J

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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