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CELL AND MODULE FORMATION R:ZSEARCH AREA

¢« D.B. Bickler, Chairman

The Cell and Module Formation Research Area technology session opened
with a presentation by Spectrolab, Inc., on its new metallization contract.
Work is just beginning on this contract; the presentation was an outline of
the program, with test-flow and work-flow diagrams.

Bernd Ross Associates announced that they have noted that the firing of
base-metal pastes in reducing atmospheres is dramatically influenced by
hydrogen. Apparently the surface of the silicon becomes hydrogenated and does
not react with the metal. Carbon monoxide has been found to give excellent
results as a reducing atmosphere that will not hydrogenate the silicon
surface. Silver fluoride continues to be the leading fluxing agent for
glass-free silver-metal systems. The hygroscopic nature of AgF presents a
problem; packaging methods are important, Recently fabricated experimental
cells have again shown that copper-metal pastes containing AgF make
satisfactory back metallizations on silicon cells, This system works well on
aluminum-back-surface field cells as well., Insufficient firing temperatures
have been shown to result in an anomalous S-shaped I-V curve., This curve
characteristic has been modeled satisfactorily using a second diode at the
insufficiently fired surface.

Ron Daniel of the JPL FSA Analysis and Integration Area preseated a
method for optimization of metallization patterns. Individual contributions
to cell power losses are considered, as are diffused-layer sheet resistance,
metal-to-silicon contact resistance, grid-line conductive loss, bus-bar
conductive loss, and metal shadowing of active cell area. An optimization can
-150 include metallization area costs.

Photowatt reported on the status of its development of a process

equence involving an AR coating and thick-film metallization system capable
. penetrating the AR coating during firing. The sequence produces solar
cells with excessive series resistance. Efforts to build up the mr-zllizatiomn
using electrolytic copper plating have resulted in chemical attack upon the
fired-metal-to-silicon interface. Photowatt has reorganized this effort and
is investigating new formulations of thick-film metal pastes that were
inspired by developments by other contractors in th~ Trocess Development
effort of FSA.

Spire Corp. has completed the design of the NMA implantation machine to
a point where construction is under vay and is scheduled for completion in
September 1982. The design incorporates a defocusing and steering device to
spread the ion beam and make it more uniform. This technology is attributable
to JPL leadership. It has potential usefulness to the semiconductor industry
as well as to the photovoltaic industry.

JPL in-house NMA activity has been dealing with implanted back-surfac .
fields and with NMA primary (front) junctions. The effect of th2rmal
pretreztment was also investigated. Experimental cells r~ieviously fabricated
did not produce open-circuit voitages (V,.) as high 2s those of cells
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procezssaed conventionally., Among the possible causes was that metallic
contamination was being introduced into the ion beam from the NMA source.
Graphite parts were fabricated to eliminate this possibility, but the
performance was not affected. Further experimentation has led to the opinion
that implanted back-surface fields are not heavy enough under present
methods. New work is starting in an effort to apply NASA pulse~thruster
technology to the development of a pulsed-plasma epitaxv machine. This
concept has possibilities far beyond silicon back-surface fields, and
encorpasses advanced semiconductor materials as well,

P

Solarex presented the last of its work under the MEPSDU (Modulz
Experimental Process Development Unit) contract. It has recently completed
the development of _‘hree processes: the use of glass beads in a sand~blasting
type of process to remove the oxides that remain after firing the aluminum
into the silicon back surface; the use of a commercial wave-soldering device
to solder-coat the front cell nickel-plated contacts (uasuccessful in coating
both sides of the cell), and the use of ion milling (heavy-duty plasma
etching) to clean up the n-on-p junction edges of cells that are stacked
tightly on top of one another when loaded into the chamber. Solarex performed
a cost analysis, using the IPEG methodology, to determine that the current
MEPSDU process sequence results in $0.56 per watt add-on cost up to but not
inzluding cell assembly into modules. The new contractual thrust is toward
specific processing characteristics unique to polycrystalline silicon. Semix
material processing will be emphasized but the other types nf polycrystal:ine
material will also be tested (if not by Solarex, by JPL).

Westinghouse also presented :he last of its MEPSDU work (that contract
was also revised drastically in this reporting pecriod). The Westinghouse
effort involved processing thirough the module fabrication and environmental
testing of its design. Tre ovevicusly reported passing of envirommental tests
at Westinghouse was repeated at JPL; the Lestinghouse design more than passed
the tests. The cost calculacions have a direct inverse relationship to module
operating efficiency; trhe Westinghouse goals include a 12X efficient module.
Over the last year the ef{iciency of Westinghouse panels has increased from
7.5% to 11.2%; it is believed that Westinghouse would have achieved its 12%
goal if the contract had not been redirected., The new contract activity
focuses upon the jurction formation process; the company is developing
lower-cost diffusion sources based upon liquid application rather than the
present ga:.eous ijources, Ion implantation is also being pursued as a
particularly applicable process for dendritic web silicon,

The University of Pennsylvania has completed assessment of metallization
patterns by mathematical optimization. Prior work was limited to rectangular
geometries. At the end of the assessment, the Westinghouse fan-shaped
geometry was analyzed and found .o be cspable of the same optin zation as
rectangular geometries. The next assessment activi.ty was directed toward
determining the adequacy of currently accepted minority-carris:r~lifetime
measuvrement techniques and what, if any, errors are respo.sible for confusion
in cell mathematical modeling activities, Apparently there is sufficient
confusion in the accepted literature to cast doubts upon present ability to
model advanced photovoltaic structures.
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THICK-FILM METALLIZATION
BERND ROSS ASSOCIATES
Bernd Ross
Progress

1. SINCE HYDROGENATED SILICON SURFACES TEND TO REJECT METAL
COATINGS, AN ALTERNATIVE REDUCING AMBIENT WAS SOUGHT,

2. PR. '1GUSLY FABRICATED PASTES AS WELL AS NEW FORFJLATIONS
WERE FIRED IN NITROGEN .\ND CARBON MONOXIDE Gt<<7,

3, SEil ANALYSIS SHOWED EXCELLENT STRUCTURE Fok (0 FIRED
COPPER ELECTRODES.

4, FELECTRICAL CHARACTERIZATION GAVE GOC™ RESULTS FOR CONTACT
RESISTANCE STUDIES AS WELL AS SOLAR CELL PERFORMANCE (BACA
CONTACTS ONLY).

5, EXPERIMENTS WITH SILVER FLUORIDE CONTAINING DIFFERENT
AMGUNTS OF MOISTURE WERE PERFORMED,

5. A SiLVER FLUORIDE ACTiVATFD _COFPER PASTE ELECTRODE WAS
OBSERVED TO PENETRATE A 7003 SILICON NITRIDE LAYER.

Silver Fluoride Experiment

SILVER FLUORIDE FROM TWO SOURCES WAS UTILIZED.

Type "H" SILVER FLUORIDE, PACKED IN A "LASTIC BOTTLE APPEARED
QUITE WET, WITH VISIBLE LIQUID MOiSTURE IN EVIDENCE.

MELTING OCCLRRED AT APPF” XIMATELY 300°C (MELTING POINT FOR DRY
MATERIAL APPROXIMATELY 435°C) FOR “H” MATERIAL, ACCOMPANIED BY
BUBBLINS AND AFTER REACTIOM TO METALLIC SILVER & GLASSY RESIDUE
WAS IN EV:LNCE.

Tyre ")’ SYLVER FLUORIDE, PACKED IM A PLASTIC BAG WITHIN A GLASS
JAR, SHOWSD CONSIDERABLY LESS MOISTURE, HOWEVER, GRAIN AGGLOMERA-
TION INDICATED A MOISTURE PROBLEM STILL EX'STS.

TYPE "A" MATERIAL MELTED CLOSER TO THE PUBLISHED MFLTING POINT,
AND NO MACRCSCOPIC AMDUNTS OF RESIDUE WERE SE' N,

SEAA MICROGRAPHY SHOYED EVIDENCE OF THE EXISTENCE OF SMALL AMOUNTS
OF GLASSY MATERIAL FOR TYPE A SILVER FLUORIDE ALSO,
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PASTE

i1
F31
F31
F31
F32
F32
F32

OF POOR QUALITY
Solar-Cell Experiment

T v | o st Mgt A b s

F31 coppeR £-STE WITH 0.1 wr % AcF, 10 wr X P8
AND 0 WT % AL-S1 EUTECTIC

£32 cgpxea paste with 0.1 wr £ AcF, 102 Ps AnD

5wt L-S1 EUTECTIC
§;QING ary AMBIENT . AVERAGE VERAGE
¢~pgRATURES (OC) Gas NCOATED Free Facror
infliucv
550 3 tp 5.9 0.476
550 3 co 7.7 0.637
500 3 €0 6.5 0.551
650 3 co 8.1 0.676
550 3 co 7.1 0.660
600 3 Co 8.0 0.722
650 3 €0 7.5 0.739
C S
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WEIGHT PER CENT ALUMINUM

0O’ 20 23 W0 @ 0 60 0 0 %
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1100} 1093°
000
%0
£ 0
= 100
« 6602,
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300 (34
«0 370-400° SHftal frm !
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1]a Y
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mo 0 3 % 5
<o ATOWIC ER CENT Alsuimun ® » R
Fig. 52. Al-Cu. (Scc also Fig. 53.)
Phase Diagram of Al-Cu
System, from "Constitu-
tion of B:Lnﬁay Alloys" by
M.Hansen, Ed. p.85
Mc Graw H:Lll, New York'58
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Conclusions and Problems

1. CARBON MONOXIDE REDUCING AMBICNTS PROVIL:D WELL SINTERED
COHERENT COPPER STRUCTURES WITH RELATIVELY LARGE GRAIN AT
THE LOWEST TEMPERATURES.

2. ADHERANCE OF CU FIRED COPPER ELECTRODES WAS SIGNIFICANTLY
SUPERIOR TO HYDROGEN FIRED SPECIMEN.

3, ELECTRICAL PROPERTIES OF DEVICES AND TEST STRUCTURES ARE
SATISFACTORY.

4, ELECTRODE STRUCTURES CONTAINING ALUMINUM RESULTED IN DIS-
COLORED APPEARANCE WITH LITTLE OR NO SINTERING AND SMALL
GRAINSIZE. ELECTRICAL PROPERTIES, HOWEVER, APPEARED
UNAFFECTED.,

5. PROCUREMENT AND STORAGE OF SILVER FLUORIDE REQUIRES SPECIAL
CARE.,

rF
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OPTIMIZATION PROGRAM/DESIGN METHOD
FOR SOLAR CELL GRID PATTERNS

i JET PROPULSION LABORATORY

4 R.E. Daniel

Introduction

e There Is Extensive Literature About ine Series Resistance Losses
Associated With the Solar Cell Grid Pattern; However, There
Have Been No Reports That Assist the Grid Pattern Designer to
; Design an Optimal Grid Paitern of Two or More Design
Variables

® An APL Program Has Been Developed That Uses a Non-Linear
Optimization Technique to Find Optimal Design Values for the
Grid; the Power Losses Analyzed Include Photoconductor Sheet
Losses, Fine Grid and Rus Resistance Losses and Shudow
Losses, and Contact Resistance Between the Sheet and the Fine
Grid Lines

Gl L ans

o Typics: Design Parameters Might Be:
Fine Grid Line Width

Fine Grid Line Spacing

Bus Bar Width

Metallization Thick s

o A
o O o

e p -~umptions

Current Uniformly Generated on the Sviiace of the Cell

Power Loss Between the fine Grid Liues Is Found Using Sectional inteyidtion
Fine Grid Lines and Bus Bar(s) Are rthogonal

Bus Bar Same Thickness as i Fine Grid (or Strapped)

Fine Grid Line Width and Metallization Thickness at a Predetermined Ratio
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Cell Shape and Grid Geometry
MULTIPLE-BUS RECTANGULAR CELL

===
ﬁmmma
IO SV D .
zmu“ﬁ
===
—f—
ROUND CELLS
ONE-BUS CELL TWO-BUS CELL
et . . e
AR WA A5 TR .
AN W ANE NS .
AR SRR A N
E e i AN DS T
]  F ]
IS S PRRE N
W T S D
W SR - .
- - .
B Bt -
Power Loss Equations
General Form P= f iZ 4R
of Resistive Losses
si2
W Iy
Sheet Loss to One Line Pgy = 2 [ . Ag dy
]
ix
Wp = x)12
Fine Grid One Line Pig=| 1 “mis
0
Eq )
{dp Ix )
Bus Bar Pp=-2 j o Wt P dy
Shadow Pgp = Ji Vp (Area Bus and Fine Grid)
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Contact Resistance Pc = 1R,
. Re * Area ;)i:e arid {lnverss Area Relationship)
(A's PcS)uz .
Y — (Currant Crowding)
where: Jy (mAlcm2) Current Density at Maximum Power

Y (volts) Voltags at Maximum Power

om {-em) Resistivity of Metal

py 82 Resistivity of Sheet
3 Ve (-cm?)  Contact Resistivity

Wg (cm) Width of Bus Bar

s (em) Spacing Between Fine Lines
: b {cm) Width of Fine Lines

t {cm) Metal Thickness

'x (cm) Length of Fine Line

Lg (cm) Length of Bus Bar

Optimization Method

] ® Procedurs Uses the Power-Loss Equations as the Dbjective Function Py = L P (All

f Losses}
e Then, the First Partiai Derivative of the Function With Respect to the Design
Variables is Set Equal to Zero.

P
Xy ,_T = 0 (#; are the design variables) i - 1.2...n
e These Equations Are Solved by a Modified Newtcn Raphson Method.

X = XK ot (XK) x - xK); XK s a Given Value

® Matrix Notation
Ak ¢+ B x - xK) 0
x xK B.Tag
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Rectangular Cell Example

- 5.0 cm e

|

O

b ——

e ———

,,,,, !u S WW
{Kot 1o Scale)

4 10
OPTIMAL GRID GRID
DESIGN LINES LIKES

PY Yotal Power 158 170 202 Length 5 ¢m
Lost imW!
5 Loss 4.48 4.5 84 Width 05 om
A, Fine Grid 0140 0.125 0.050 | Ne Buses §
Spacing ftm)
Wg. Bus Bar 1420 1478 20245 Im 0.03 Ajem?
Widsth {um) Vm 05 Voits
B, Fine Grid 323 299 15.90 o 110 80cem
Width { :m)
1. Metal Thickness 104 9.6 51 e 0.001 2emé
fum
My, Metal Volume 76x10 0 Bax10 S asa0 5| 60 Q1
em)3 BT 1
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Rectangular Cell: Sensistivity to Number of Grid Lines

LA S SR SRS SR SRS S SR B p
38.0- 0-0 Power Jutput .
’ xx Metal Volumo py 3 4
X Output Power: N (-w_) +40x10
0
k 36.0} g—0—0—0—g_, .
30
E Po (MW) 34 ol -
{ o X
- \!\x _‘20
Xy |
E 32.0+ ~—
10
30.0¢- ]
L1 H 1 4 1 A 1 1 i 1
T 2 3 4 5 6 7 8 9 10
Number of Grid Lines
i x-x % Power Loss |
o y Grid + Bus e
10+ | Metal Volume 412x107¥
- 110
% P, 1 My emd)
48
L x O X/—x g
5 \XSO——-X‘IX/
6
0\°\o
\o e
1 1 i e 1 | It i S L
1 2 3 4 5 6 7 8 919

Number of Grid Lines
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e

¢ The Program Brings Together Two Standard Analyses:
The Power Loss Equations and the Newton-Raphsen Technique

* The Result is a Program That Will Provide an Optima! Grid Design, ie.,
One That Minimizes the Total Power Loss

¢ Progrsm Zen also Be Used to Do Sensitivity Analysis

e QOparatiun of the Program Is Being Prepared for COSMIC

¢ Ty, ariments Are Under Way to Verify the Predictive Accuracy of the
Power-Loss Fquations

« Program Can Be [xtended to include Other Cell Shapes, Design
Geomatries, Cell Characteristics and Rudimentary Cost Sensitivities

B3

ﬁ;;‘?gm mras ﬁ
OF BOOR o w0
Round Cell: 2-Bus Example £
o
A0 1
M g% o, § cm Radius
N S i
3 TR
W S
=
N
- S
SINGLE STRAPPED INPUT
METALLIZATION BUS {50 um)
-7 (mW) 2193 169.7 Deg. (o) 24
% Loss 20.68 16.00 Radius 5
A icm) 0.443 0.3 Iy 03
¥ig lem) 0.184 0.086 Va 45
B (um) 396.0 218.0 Sm 1.6x10°8
T (um! 15.9 8.7 58 1.7x10°6
Bus Yol {cm3) 54x10°3 1.6x10°3 ¢ 0.01
Grid Vol.{em3) g.1x10°3 3.7x10 3 s kT
81 25
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THICK-FILM METALLIZATION OF &
SPECTROLAB, INC.
Mark Gillanders

Test Flow Diagram

CELLS FRIWM CELLS FanM
TASK 14 TASK 1%
AND TASK 23 AND TASK 24

44100 cells

I- TEST A - CFLL CHARACTERIZATION
. i e .30 cells 0_cells 10 cells pt Task 13
|
. 4
Wt of Tagk 14 0 cellnof _ __1
TEST e R Task 1307 7 7 7 1 '?'
c TEST B - ADHESION TEST |
. ifLi;l.ﬂTail‘l“—J . ) it Sl S 0 cells
ZOXI I)O cells
l--{ TEST C - NUMIDITY TEST Py—
"41 of Task 14

wm-{ TEST D - RESISTIVITY TEST

*Mote: The percentage indicated from one teat arca to the next in the percentage of the totsl cella produced
from each of Tasks 14 and 23,

*eNote: The number Indicated from one test area to the next in the numbher from cach of Task 1Y and 24,
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Work Flow Diagram

PREVIOUS CONTRACTS 954853 AND 955725

l I

| OPTINIZE Mo-Sn FRONT __] oPTimizE Mo-Se BACK
TASK 10 METALLIZATEON TASK 20 METALLIZATION
DEVELOP FRONT INTERCONNECTION DEVELOP BACK INTERCOMNECTION
TECHNIQUE TECHNIQUE

FABRICATE PROTOTYPE CELLS |—— FARRICATE PROTOTYPE CELLS
DFMONSTRATE PROCESS I |-—J DEMONSTRATE PROCESS

TASK 30 - — — — -~ -} — o mm =~ METALLIZATION TESTS

TASK 40 — — — ~ — — -]~ ~ — ~ APPLY METALLIZATION TO @SN WAFERS
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NICKEL/COPPER METALLIZATION
PHOTOWATT INTERNATIONAL, INC.

Goals

® 70 DEVELOP A RELIABLE METALLIZATION WHICH:

-~ USES NICKEL PASTE PRINTED OVER (SigNy) AR COATING
-~ WHEN SINTERED PENETRATES THROUGH Si3N, AND BOWDS
T0 SILICON

-~ USES BRUSH PLATING OF COPPER FOR ADDITIONAL CORDUC-
TIVITY

-~ PRODUCES 4~ DIAMETER CELLS OF EFFICIENCY IN EXCESS
OF 10X UNDER AMI 28°C

-- HAS PULL STRENGTH WITH 5 mm WIDE STRAP OF > 2 LBS
WHEN PULLED 90° TO SURFACE

®  TO PROVINE COST DATA ON THE ABOVE SYSTEM

Process Sequence

PRINT & FIRE NICKEL GRID
COPPER PLATE
TEST

1. TEXTURE ETCH
2. POCL3 DITFUSION

3. BACK ETCH

4. DEPOSIT NITRIDE

5. PRINT g FIRE ALUMINUM BACK |
6.

7,

8.

Series Resistance Problem

1. CONTACT RESISTANCE THRU SILICON NITRIDE
A, AcF NOT ATTACKING NITRIDE
B.  AcF DEPLETED BY REACTING WITH FRIT
2. LOSS OF CONTACT BY REACTION WITH PLATING SOLUTION

3. OTHER
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TFS #5517 Ni + 30% EMCA #7069 Ag Fired at 700°C for 5 min

CELL AND MODULE FORMATION RESEARCH AREA
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ESL Paste E + 5% EMCA Ag 7069 Fired at 700°C for 6 min ?‘
i S AU S l K
- S ][ - ‘t :
{ . j :
H : !
| ; f
? I
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“AFTER COPPER PLATING :
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GRIGINAL Faes i3

1. REACTION OF PLATING SOLUTION WITH FRIT

2. POROSITY OF PLATED LAYER

New Directions

® FRITLESS PRINTING INXS

® ADDITIVES TO PENETRATE NITRIDE
AGP03
Nif,y

¢ ADDITIVES TQ IMPRQOVE ADHESION
Ty
Av.
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ION IMPLANTATION AND PULSE ANNEALING
SPIRE CORP.

Program Description

OBJECTIVES

1. To develop junction formation processes using lon
Implantation and pulsed annealing using equipment
designed especially for solar celis.

PROGRAM PLAN
1. Develop 4" Capability Pulse Annealer
2. Develop &' Capability NMA lon Implanter

3. Use this equipment to develop junctions on
Advanced Sheet Materials

Non-Mass-Analyzed (NMA) Implant Cells (Spire Test Facility)

ot 3969 Lot 3969
Non Analyzed implant Standard Implant

Voc (mV) 518 + 1 513 + 1
Jsc (mAkm?) 28.7+ 0.16 28.2 + 0.08
Fill Factor (%) 5.7 + 0.3 76.0 + 0.2
n(AMO) (%) 9.29 + 0.05 9.08 + 0.04
n(AM1)* - Extrapolated t%) | 15.4 + 0.08 15.0 + 0.07
Rsh eet (OHMS per square) 6.6 + 3.1 55.4 + 0.6
» (ohm-cm) 10 10

*No A.R. coating
+ Times 1.4 for A.R. coat and times 1.18 for AM!
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CELL AND MODULE FORMATION RESEARCH AREA

lons Produced by Commercial-Grade Solid Phosphorus
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CELL AND MODULE FORMATION RESEARCH AREA ORIGINAL PACE 1S
OF POOR QUALITY
lon Implanter Types

NON-MASS
ANALYZED
ION IMPLANTER

CONVENTIONAL
ION IMPLANTER ZZZDNTz22 LA
X P|3|+ P
o ——

NMA Implanter Advantages

o Simple Machine
o Higher Throughput of Solar Cells
o Easily Automated (Continuous vs. Batch)

e Custom made for Solar Cells

392
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CELL AND MODUI E FORMATION RESEARCH AREA
Solar-Celi lon !mplanter Specifications

o lon Energy: 5- 20 KeV

o lon Current: 10-15mA

o tmolant L.C., P, P?, ov @ 2.5x 100 In?

o Beam Purity: 9% Phosphorous, <0.69% 02, <0.3% Other
o Implant Rate: 4 seconds / wafer

o Uniformity: *2.6%, 10°

o Wafer heating: <150% rise

393




W - o - S, - i L P
¥

§

£

§

k

OF POOR QUALITY

ORIGINAL PAGE IS

e —— -

BUIN NNOME LON SHNGIIINT TWNLIRIE

SRL808

o

I <

m s

[+ 4

o

w

([«

>4

o

T “ svo AND4 S0}

m ¥ISVHI 4 ki el ot

$823044 SR

a mm.ul.lll—._z\ - s 1

m d

w .

lUL ’ ive wvie t hepwnd 2w | wpo M0 wue

D VIONVYHI ——n " Qq

o Do < P :

2 a\.“r |

o) TINVY HILV ;

> POVAIOA HOM

< M

- 1slueidwy se(0g jo ubiseg i
|

8 |
4




CELL AND MODULE FORMATION RESEARCH AREA ORGNAL PACE 13
OF POOR QUALITY
NMA lon Implanter Beam Path

10KV INSULATOR
FREEMAN PHOSPHORUS OVEN
}ON SOURCE ARC CHAMBER
EXTRACTION
BEAM GAiTE
PROCESS DEFOCUS/S TEERING
CHAMBER
CURRENT MONITOR

WALKING BEAM
WAFER TRANSPORT

BEAM CENTERING
MONITORS
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CELL AND MODULE FORMATION RESEARCH AREA

Electrostatic Beam Defocus OF

defocused
beam out

Uniformity Requirements With Walking Beam Track:

NON-CRITICAL AXIS
WAFER MOTION AVERAGES DOSE

< > |

396

T e A P A e Bty 40 o B e 15 NS bt R e -



oR'G:
CELL AND MODULE FORMATION RESEARCH AREA ;‘0?; gﬁff#

NMA lon Implanter Beam Studies

Purpose :

o High Current Modification

o Verify lon Beam Transport

o Beam Uniformity Measurements
o Sample Seolar Cells

Status :

0 High Current Modification Defined
0 Beam Characteristics Defined

- Area

= Uniformity

~ Divergence

- Energy Dependence

o Sample Solar Cells 1n Process

NMA Test Implant Chamber

l‘-—-—\ METER ——f

! VIEWPORT
CARBON/SODIUM (T} -

TARGET — PHOSPHORUS
ION SOURCE
FARADAY CupP -

£ i ] —I4
u@ 1 FT— L

WAFER ON -} BEAM BENDER

BEAM PROBE 11—

ET:L.

LOCK ———

F .

POWER SUPPLY RACKS
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CELL AND MODULE FORMATION RESEARCH AREA

Parameter

High Current

Uniformity on one

Energy Range

Beam Steering

15

BEAM CURRENT (MLLIAMPERES)

ORIGIVAL PAGE 18

OF POOR QU
lon Beam Studies, Phase ||
Research Achieved
Goal To Date
10 ma in 11 ma in
10cm width 12cm @ 10 KeV
axis t21R% Standard Deviation
= +2.6%
5 -20 KeV 5 - 20 KeV
+lcm Not yet tested
Beam Observed in Phase Il Studies at 10 keV
1§ T
/
s .
10 15 20

EXTRACTION VOLTAGE (KILOVOLTS)
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CELL AND MODULE FORMATION RESEARCH AREA Ol; .PQOR

UNIFORMITY DEVIATION FROM MEAN

Uniformity Improvement With Defocus

15%

10%

5%

-5%

-10%

-15%

T T T T T
NON-DEFOCUSED BEAM
DEFOCUSED BEAM
1 1 i 1
-9 -6 -3 0 3 6 9

BEAM DIVERGENCE ANGLE (DEGREES)
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CELL AND MODULE FORMATION RESEARCH AREA

TEST

Energy

Wafer Size

PeBA

NMA Solar Cells Test Matrix

IMPLANT ENERGY # OF CELLS

10 KeV 12

10 KeV 12
7112 KeV 12

5 KeV 12
212 KeV 12

10 KeV 2

7 172 KeV 2

10 KeV 10

Plans

o Continue Beam Focusing and Intensity Experiments
o Detail Design Components

o Fabricate implanter

o Test and Debug - Sept. - Oct.

o Research with Adv. Sheet Materials

400
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ORIGINAL PACZ IS
CELL AND MODULE FORMATION RESEARCH AREA OF POOR QUALITY

L
.

NON-MASS-ANALYZED ION IMPLANTATION
; JET PROPULSION LABORATORY
D.J. Fitzgeraid

Current Objectives

O  FIND EFFECT OF THERMAL PRETREATMENT OF MATERIAL ON CELL EFFICIENCY
¢  DETERMINE CAUSE OF LOWER V,. OBSERVED IN RECENT N-M-A ION IMPLANTS

i €  EVALUATE COMBINED N-M-A ION IMPLANTED FRONT JUNCTIONS AND BACK
SURFACE FIELD

Effect of Thermal Pretreatment of Material

S

14 p— —

t
13 LP_\Q\\ —
o- —

=
-
=
L 16 2
= 11 B D Back IMPLANT: 1x10°° 1ons/cme @ 2CkeV (BFz) —
O NO BACK IMPLANT
1" FRONT 1mpLANT:  Gx102° 1ons/cm? @ 15keV (P) <L
0 ) I B N B
0 20 4c 60 8C 100 12¢

TI¥E, BINUTES 2 875C¢
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CELL AND MODULE FORMATION RESEARCH AREA
Evaluation of Low Vg in NMA Implants

PROBLEM:
Voc WITH N-M-A FRONT IMPLANT INCREASED FROM 500 mV TO 550 mV WITH
BFy BACK IMPLANT. Voc SHOULD HAVE BEEN 50 MV HIGHER IN BOTH CASES.

POSSIBLE CAUSES:
(A) BAD ACTORS SUCH AS IRON IN ION BEAM
(B) INADEQUATE FRONT JUNCTION DOSE
(C) POOR BACK CONTACT (NON-OHMIC)
(D) INADEQUATE BACK SURFACE FIELD (DEPTH, DOSE, BORON ACTIVATION, ETC.) ;

APPROACH :

(A) CHANGED S.S. MASKS TO GRAPHITE

(B) EVALUATED EFFECT OF VARYING FRONT DOSE
(C) TESTED SAMPLES FOR SHOTTKY BARRIER

(D) TFSTED FOR PRESENCE OF BACK SURFACE FIELD
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CELL AND MODULE FORMATION AR
ON RESEARCH AREA ORIGIMAL PACE 19
. OF POOR QUALITY, ,'
Effect of Varying Front Dose ‘:

560 -
{

550 |— —

o FILLIVOLTS
¥
o
|

530 f— 1
BACK TMPLANT:
8 g | 1 x 1016 rons/cw? 8 15keV (5Fp) |
OT | ' l |
1x1015 1x1015 1x10Y

FRONT DOSE, IONS/CMZ (P) 8 10KeV

O FRONT STRIPPED SAMPLES INDICATED NON-OHMIC CONTACT ON BACK OF THOSE |
WITHOUT BACK IMPLANT

¢ CELLS WITH BACK IMPLANT STRIPPED OFF WITH NEW GOOD CONTACT INDICATED
THAT SMALL BACK SURFACE FIELD WAS PRESENT (<10MV)

@ SPIRF SUGGESTED THAT HIGH TEMPERATURE AHHEAL STEP (15 MINUTES a 850°C)
SHOULD BE EXTENDED TO 30 MINUTES TO ASSURE BOROM ACTIVATION

Conclusions
¢  THERMAL PRE-TREATMENT OF MATERIAL DEPENDS ON PRESENCE OF BACK IMPLANT
® V. DEFICIENCY MOSTLY DUE 10 NON-OHMIC BACK CONTACT - CAUSE NOT UNDERSTOOD
¢ BACK IMPLANT MADE CONTACT OHMIC BUT RESULTED IN SMALL BACK SURFACE FIELD

¢  POOR BACK SURFACE FIELD MAY BE DUE TO INSUFFICIENT BOROM ACTIVATION
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CELL AND MODULE FORMATION RESEARCH AREA

PROCESS RESEARCH: SEMIX SILICON MATERIAL

1,

2,

3.

SOLAREX CORP.
John H. Wohigemuth

Change in Program Emphasis

FORMERLY: DeveLopMeNT oF CosT-EFFECTIVE PROCESS SEQUENCE
TITLE: MobuLe ExPERIMENTAL Process SysTem DeveLopMenT Unit (MEPSDU)
NOW: ResearcH TO UNDERSTAND THE MECHANISMS OF PwotovoLTAlc CONVERSION

IN SEMICRYSTALLINE SILICON
TITLE: PrRocesS RESEARCH OF SEMIX Si1LicoN MaTeriaL (PROSSM)
DATE OF CHANGE: Fesruary 25, 1982

REPORT ON: THRee MoNTHS oF MEPSDU
Two MonTHs oF PROSSH

MEPSDU Summary

Cost EFFecTIVE PROCESS SCQUENCE IDENTIFIED
CosT ANALYSIS OF 6,6M Per YEaR LINE ProJeCTED - $0.56 Per WATT CeLL App oN Cost

THrRee SpeciFic Processes DEVELOPED FOR PROGRAM

o GLass Beap Back Coean-Up
o WAVE-SOLDERING OF FRONTS |
o Jon MiLLING FOR EDGES

Spray DoPANT - GooD LABORATORY RESULTS, BUT INCONSIST RESULTS AND SHORT
SHeLr Lire. Not Reapy FOR PRODUCTION,

EquiPMENT FOR KANDLING AND PROCESSING SOLAR CeELLS 1S AVAILABLE FOR ALL PROCESS
Sters IDENTI 1ED IN THIS PROGRAM,

404
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ORIGINAL FaxT 13
CELL AND MODULE FORMATION RESEARCH AREA OF POOR QuALITY

General Process Description

SURFACE PREPARATION
NAOH ETCH

i

FRONT JUNCTION FORMATION

SPRAY-ON DOPANT
AND BELT DIFFUSION

4

BACK JUNCTION FORMATION

AL PASTE
BELT T1IRE

:

GLASS BE? °
BACK CLEAN-UP

4

AR COATING
SPRAY-ON

.

METALLIZATION

KEGATIVE SCREEN PRINT
ELECTROLESS NI PLATE

!

EDGE
(i.e. ION MILLING)

:

WAVE _SOLDER
FRONTS
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ASSUMPTIONS :

EQUIP
ETCH 65,000
DIFFUSION 173,000
BSF FORM 83,000

BACK CLEANUP 138,000
AR COAT 104,000
RESIST PRINT 126,000
Ni PLATE 50,000
ION MILL 135,000
WAVE SOLDFR 100,000
TEST

$1,029,000

55,00

CELL AND MODULE FORMATION REST ARCH AREA

Cou¢ Estimate

102 Erricient CeLLs

80% YieLps

THREE SHIFTS/DAY

345 Days/Yr OPerATIO™

T & T C e

ORIGINAL PACE IS
OF POOR QUALITY

PropucTioN oF 1,000 Goob Cetis/HR = 6.6 MW Per YR

IPEG2? COEFFICIENTS

EQUIP
LIFETIME
YRS

10

10

10

10

10

10

,  WORKERS/
FT SHIPT DlLAB MATS/YR UTIL/YR
200 1 70400, $ 25105 $ 27886
504 1 70400. 48900 18307
328 172 33000. 57017 8571
288 1 70400. 1,490 54738
224 1/2 33000. 73098 13743
392 1 70400, 282307 614
378 1 70400, 282090 45248
200 1 65686. 5880 2468
400 i 65686. 70268 6285
150 2 150543, 0 1130
3064 ££2 10 .639,915./yr $862,255/yr $194,521/yr
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CELL AND MCDULE FORMATION RESEARCH AREA

ORIGHW\L -0 S
OF POOR QUALITY !
Cost per Watt
Ci x BQUIF FT% x 109 2.1 x DIA® 1.2 x NATS 1.2 x UTIL

v.6 E-6 6.6 E-6 6.6 -6 6.6 E-6 6.6 B-¢ ToTALS
ETCH .0064 .0033 .0224 .0046 .0080 0417
DIFFUSION L0136 0083 .0224 .0089 .0033 .0565
BSF FORM .0065 .0054 .0108 .0104 0016 0344
BACK CLEANUP .0174 .0048 .0224 .0029 .ol1s .0893
AR COAT .0082 .0037 .0105 L0133 .0025 .0382
RESIST PRINT .0099 .0065 .0224 L0813 .0011 0912
Ni PLATE .0049 .0062 .0224 .0813 .0082 .0930
10N MILL .0106 .0033 .0209 L0011 .0004 .0363
WAVE SOLDER  .0098 .0066 .0209 .0128 .0011 .0512
TEST .0043 .0025 .0479 .0000 .0002 .0549
.0916 .0506 .2227 1566 .6382 .5567

ALL COSTS ARE EXPRESSED IN DOLLARS

Wave Soldering
o WitH Prorer SPEEDS, TILT ANGLE :vD Wave CeLLs Exceeped Dirpep CELLS IN PERFORMANCE.
o SimpLe In-Line Foam FLuxer Womrks MELL.

o Wave SoLDerinG oF Botw Sipes Dip Not Work, FIRsT SiDE PeeLED OFr DURING SOLDERING
OF SECOND SIDE.

o SoLAREX HAS ORDERED PRODUCTION MACMINE,
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CELL AND MODULE FORMATION RESEARCH AREA
Spray AR Coating

o Detaien TeMPERATURE Time EXpeRImES:TS

TEMPERATURE RANGE 400 - 410°C
Time 45 SeconD PREHEAT
S SECOND SPRAY

Ho Post SerAY Heatine

o ResuLts IN ExceLLent QuaciTy AR THat ts Reapiuy Removep in Fumic HF 1w
PATTERN AREA

Edging

® SAND BLasTing - Goob TwruPuT But ProcESS 1S VERY SENSITIVE TO DPERATIONAL PARAMETERS
o Difrrusion/PLATING BARRIERS - Fumic HF ATtacks MoST ©F THE STANDARD MATER.ALS

o lon MitLinGg ReMmaIns BesT CanDIDATE ALTHouGH ReEQuIRes OPTIMIZATION

Spray Dopant (Emulsitone)
® SHORT SHELF LIFE - BREAKDOWN OF VINYL ACETATE PRODUCING ACETIC ACID
® VERY SENSITIVE TO SPrAay CoNDITIONS - OVERSPRAYING Means You Can’t Remove OXIDE

o [INcoNsisTENCY From Batch TO BATCH
Some BatcHes LasTep 2-3 MowTns, OTHER DeGRADED 1N LESs TwAn One MonTH

Some BatcHes Were SuccessruL onN Most Ruwns, OTners WERe MORE SENSITIVE
10 SPRAY CONDITIONS

o CannoT RecommeND FOR ProDucTION Now
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CELL AND MODULE FORMATION RESEARCH AREA

S o —

PROSSM Proy.am

1, PrepARE REVISED PROGRAM PLAN
2. PrepaRe Summary Report oF MEPSDU

4 3, IniviaTe EFForT TO UNDERSTAND MecHANIsms ConTrOLLING EFFICIENCY IN SEMIX MATERIAL

Two Experiments Under Way

1. Usine 10 cm x 10 cM WAFEr To Probuce MATrIX of 400 0.5 cm x 0.5 cm Sotar
Ceres. Evaruate Perrormance (Voc, Isc, Pmax, Diobe Factor, Evc.) as a
Function oF Macroscoric PosiTiON on BRICKk AND As InFiuemcen gy Microscopic,
LocaL STRucTURE SucH As GRAIn Boumparies, Twins, Evc.

2, FABRICATING MATRIX OF SAMPLES AT Various Butk ResisTIVITIES IN THICKNESS
From 300 Microns Down 1o SO Microns. EVALUATE AND ANALYZE RESULTANT
CeLLs o Devermine Depenpence oF MinoriTY CarRIER DiFFusion LenGTH oN
BuLk Restistivity anp 1o DeETERMINg THE MeCHANISMS CONTROLLING VOLTAGE.
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CELL AND MODULE FORMATION RESEARCH AREA

; MEPSDU
) WESTINGHOUSE ELECTRIC CORP.
C.M. Rose

Goals and Approach

C{ ® DESIGN MODULE MEETING JPL 5101-138 SPECIFICATIONS
F ® SELECT AND VERIFY PROCESS SEQUENCE FOR FABRICATING MODULES

_ ® DESIGN AND BUILD A TEST FACILITY TO FABRICATE MODULES USING
5 SELECTED PROCESS SEQUENCE

2 ® PERFORM TECHNICAL FEASIBILITY EXPERIMENTS
® ACCEPTANCE AND QUALIFICATION TESTING OF MODULES PRODUCED
e DETERMINATION OF 1986 MODULE PRODUCTION COSTS

: Milestone Schedule

: CURRENT

E MILESTONE PROGRAM PLAN
i START DATE NOV. 26, 1980
E PRELIMINARY DESIGN REVIEW MAR. 3, 1981

E PROTOTYPE MODULE DESIGN REVIEW JULY 14, 1981
F MEPSDU DESIGN REVIEW MAY 15, 1982

, ECONOMIC ANALYSIS REVIEW SEPT. 14, 1982
‘, MEPSDU INSTALLATION JAN. 31, 1983

r TECHNICAL FEASIBILITY EXPERIMENTS DEC. 15, 1983

’ FINAL REPORT DEC. 31, 1983

410

%

U T P A PR S Oy gy



T g T ST R D CRTERE RN

CELL AND MODULE FORMATION RESEARCH AREA

Baseline Process Sequence

Prototype Module Fabrication Progress

AVG. CELL MODULE
DATE EFFICIENCY EFFICIENCY
MAR. 1981 10.8 % 75 %
SEPT. 1981 10.5 9.0
OCT. 1981 123 10.6
DEC. 1981 12.7 11.2
411

3 PRE-DIFFUSION BACK FAONT
] CLEAN JUNCTION _-___.1 JUNCTION
FORMATION FORMATION ,
i \
3 ARPR FRONTGRID - METALLIZE -
A DEPOSITION/ DELINEATION FRONT & SACK
k BAKE "™ (TVPe) j
I. REJECTION/ CELL CELL
Cu PLATING SEPARATION |—— &) NTERCOMMECT
AND TEST ]
l_ MODULE MODULE CRA —
LAMINATION - TEST TE




1 CELL AND MODULE FORMATION RESEARCH AREA

Module Environmental Tests

TEST RESULT

THERMAL CYCLES (250) NO MEASURABLE DEGRADATION

; 5101-138 HUMIDITY CYCLES NO MEASURABLE DEGRADATION,

i NO OBSERVABLE DELAMINATION

E CELL SHADING TESTS NO MEASURABLE TEMP. INCREASE
CELL INTERCONNECT FAILURE NO MEASURABLE POWER

j DEGRADATION WITH MULTIPLE
INTERCONNECT FAILURES

POS./NEG. WIND LOAD TESTS NO DAMAGE

HAIL IMPACT NO DAMAGE AT IMPACT ENERGY
UP TO 5 TIMES DESIGN LEVELS

25 MW/yr Production Facility Cost Analysis

VALUE ADDED

PROCESS STEP PROCESS (1980 $/WATT) % TOTAL
1 PREPARE INPUT WEB 0.353 49.73
2 BORON DIFFUSION 0.032 4.51
3 PHOSPHOROUS DIFFUSION 0.023 333
4 APPLICATION OF AR/PR 0.016 2.24
5 DEFINE GRID PATTERN 0.017 240
6 METALLIZE WEB 0.037 5.18
7 REJECTION AND PLATING 0.037 5.26
8 CELL SEPARATION AND TEST 0.029 4.06
9 CELL INTERCONNECTION 0.026 3.67

10 LAMINATION 0.121 17.02
1n CRATING 0.019 2.62
TOTAL FOR PROCESS - 0.709 ﬁ{%
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CELL AND MODULE FORMATION RESEARCH AREA

DENDRITIC WEB SILICON
WESTINGHOUSE ELECTRIC CORP.
Goals

: o ESTABLISH FEASIBILITY OF SUBSTITUTING LIQUID
g DOPANTS FOR GASEOUS DIFFUSION PROCESS

e OPTIMIZE LIQUID DOPANT DRIVE-IN PARAMETERS

e OPTIMIZE LIQUID APPLICATION TECHNIQUE FOR:
— DOPANTS
— Si0, PRECURSOR DIFFUSION MASKS
— AR/PR COATINGS

e ESTABLISH FEASIBILITY OF SUBSTITUTING ION
IMPLANTATION FOR GASEOUS DIFFUSION PROCESS

Liquid Dopants: Expected Advantages

® LESS EXPENSIVE EQUIPMENT

e LESS EXPENSIVE CHEMICALS

® FEWER CLEANING OPERATIONS
® SIMPLIFIED PROCESS CONTROLS
e AUTOMATABLE PROCESS

® BASELINE SEQUENCE COMPATIBILITY

414
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CELL AND MODULE FORMATION RESEARCH AREA

Liquid Dopants: Experimental Approach

® DIFFUSION PARAMETER OPTIMIZATION
— TIME/TEMPERATURE FOR LIQUID BORON DRIVE
— TIME/TEMPERATURE FOR LIQUID PHOSPHORUS DRIVE
— TIME/TEMPERATURE FOR SIMULTANEQUS DRIVE

e LIQUID APPLICATION TECHNIQUE INVESTIGATION
— DIPPING
~ SPRAYING \
~ MENISCUS COATING

@ LIQUID Si0, PRECURSOR FEASIBILITY DETERMINATION
® COST ANALYSIS

Liquid Dopants: Experimental Tools

® CELL FABRICATION — LIGHT & DARK
IV PARAMETERS
® SHEET RESISTIVITY

® JUNCTION PROFILES
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CELL AND MODULE FORMATION RESEARCH AREA

ORIGINAL PAGE IS
Meniscus Coater OF POOR QUALITY

SUBSTRATE

MOVEMENT FLUID
APPLICATOR (V)

7’
o4

\_ A
| \
FLUID RETURN

lon Implantation: Expected Advantages

® HIGHER CELL EFFICIENCY
® IMPROVED CELL PROPERTY UNIFORMITY
e DRY, ENVIRONMENTALLY BENIGN, PROCESSING

¢ BASELINE SEQUENCE COMPATIBILITY

416
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CELL AND MODULE FORMATION RESEARCH AREA

Conclusions

. @ MEPSDU WORK STOPPED FEB. 10
e ALL PROGRAM TASKS ON SCHEDULE AND IN BUDGET
MODULE PASSED ALL ENVIRONMENTAL SPECIFICATIONS

PROJECTED PRODUCTION COSTS MET 70#/WATT OBJECTIVE

¢ REDIRECTED TASKS
— FINAL MEPSDU REPORT
— LIQUID DOPANTS AND APPLICATOR STUDY
— ION IMPLANTATION WORK

REVISED PROGRAM PLAN SUBMITTED TO JPL
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ORIGINAL PAGE IS
CELL AND MODULE FORMATION RESEARCH AREA OF POOR QUALITY

PHOTOVOLTAIC ASSESSMENT
UNIVERSITY OF PENNSYLVANIA
M. Wolf

Anproximate Westinghouse Grid Line Pattern

(All Dimensions in cm)

e 0.5 —>)|

:

P
le——— 0.8
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CELL AND MODULE FORMATION RESEARCH AREA
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ORIGINAL PAGE IS
OF POOR QUALITY

CELL AND MODULE FORMATION RESEARCH AREA
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