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SECTION I 

SUMMARY 

This final report contains the integrated results of a program conducted 

at RCA during the period September 1, 1977 to December 31, 1979. The work 

comprised phase II of a continued program (Automated Array Assembly, Phase I) 

and had an overall objective of specifying a process sequence which, when 

automated, would have the potential of mass producing silicon solar panels with­

in the DOE/JPL price guideline of $0.70/W.* Such a manufacturing sequence was 

specified, verified, and cost-performance analysed during this program. The 

details of our process-sequence studies concluding with a description of the 

recommended sequence arc given in Sectiort V. Additional highlights which re­

sulted from this program include (1) a comprehensive study of ion implantation 

applied to solar-cell processing, (2) successful development of a thick-film 

screen-printed metallization process, and (3) successful development and 

verification of a cost-effective spray-on AR coating process. 

The total program consisted of three parts, (1) process assessment of pre­

vious work conducted at RCA and by other contractors who participated in the LSA -

Task IV program, (2) process development for those processes selected from part 

(1) for which lt was dec!ded ~hat additional improvement or verification was 

required, and (3) process sequence verification, whic~ entailed a 9-month pro­

duction study of three process sequences assembled from the most promising of 

the processes which emerged from parts (1) and (2). 

The specific processes which were evaluated and studied in detail were: 

(1) Junction Formation 

(a) Ion-implant~tion with furnace anneal 

(b) POC1
3 

gaseous diffusion 

(c) Spin-on liquid dopant with furnace anneal 

(2) Screen-Printed Thick-Film Metallization 

(3) Spray-On Antireflection Coating 

*All prices and costs in this report are given in 1980 dollars. 
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(4) Cell Interconnect 

(a) Parallel-gap welding 

(b) Reflow solder 

Cs) Double-Glass PVB Panel Assembly 

Section III of this report describes the technical-studies· conducted on 

junction-formation processes, screen-printed thick-film metallization, and spray­

on AR coatirig. A brief summary of those studies follows. 

A thick-film, screen-printed metallization process was successfully devel­

opPrl for both front and back solar-cell contacts. This included the synthesis 

of screen-printable silver-based inks, evaluation of commercially available inks, 
+ and the verifi~~tinn of a back-contact aluminium p process. A production-type 

screen printer was used to provide verification for the applicatlort of Lhi:::; J!LO-· 

cess to large-scale production, including the adaptalion of infrared lamps for 

thP fir~ng of the tront and back contacts. 

A cost-effective spray-on process was developed for the application of,AR 

films. Liquid solutions were developed ~pecifically for spray applications, and 

the overall process was verified with a commercial autocoater. SAMICS cost anal­

yses show a projected price of $0.01 to $0.02/W for such a spray-on AR process. 

The bulk of the work was centered on ion implantation since it had very 

promising long-range cost potential, but at that time, the performance of 

solar cells made by the existing implant and anneal techniques was below both 

performance obtainable from gaseous diffusion and that theoretically expected. 

As a result of extensive experimentation in which the ion-implant parameters 

were systematically varied, a set and range of these parameters were found which 

allow for the fabrication of high-efficiency solar cells having ion-implanted 

junctions. To obtain these results, two furnace annealing processes were used. 

The successful use of the first of these provided a verification of i three­

step furnace annealing technique provided to the LSA program by Spire* [1]. 

An alternate and equally effective process involving a back-surface borori-glass 

furnace gettering technique was developed and verified. 

Since junction formation by gaseous diffusion from a POC1
3 

source is an 

established process for solar-cells and other shallow-junction silicon devices, 

our work in this area was devoted to establishing the processing parameters 

~·:spire Corp., Bedford, MA. 
1. Spire Corporation, Development of Pulsed Processes for the Manufacture 

of Solar Cells, Quarterly Progress Report No. 4, QR-77-10052-4, DOE/JPL 
954786, January 1979. 
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necessary to form a junction-layer compatible with the requirements of the 

firing schedule in the thick-film screen-printed metallization process. This 

process was established with the latter requirement being of paramount im­

portance for establishing a complete internally compatible manufacturing se­

quence. 

Liquid do.pants were examined by studying the applicability of several 

commercial sources. Aqueous-based sources were found to be superior to 

sources with an alcohol base. One such source containing phosphorus was found 

very suitable for junction formation when spun on the wafers followed by a fur­

nace anneal temperature/time cycle of 850°C for 50 min. Solar-cell efficiencies 

of 13.4 to 14.2% were achieved and, in addition,. in sep~rate tests it was shown 

that aqueous-based sources could be rolled or screened onto the wafers with 

satisfactory coverage and resultant junction quality. 

Similar liquid sources containing boron were evaluated for back-surface 

field (BSF) and back contact formation. These sources were found incompatible 

with the combined use of phosphorus sources at the anneal temperature of 850°C. 

At higher anneal temperatures (900 to 1d00°C) the boron became ~ctivated but 

control of the front junction depth was lost. 

Section IV contains a complete description of the processes studied and 

those developed for cell interconnection and for the lamination of nouble-gla~G 

PVH panels. 

Parallel-gap welding was examined for use on cells metallized with evapor­

ated Ti/Pd/Ag (reference case) and on cells with screen-printed silver grid and 

back contacts. It was found that the weld parameters could be adjusted to ob­

tain adequate bond strengths* on the evaporated metallization, but control of 

the weld parameters to achieve reproducible bonds to the screen-printed con­

tacts could not be obtained. 

A reflow solder process was developed which is centered around the use of 

a radiantly heated mass reflow solder assembly capable of the reflew-intercon­

nect of standard size arrays at the rate of 1 linear ft/min. The entire process 

consists of screen-printing solder paste onto the cells, formation and solder­

attachment of tabs, array layout, transfer of array to the radiant-heat reflow 

table, and reflow soldering of the entire array. 

The work required to find suitable processes for laminating the double­

glass PVB structure was more difficult than anticipated at the beginning of 

*In 45° pull tests, bond strengths up to 4 lb were obtained. 
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this program. Standard laminating processes used in the safety glass industry 

were tried and found not to work because of the presence of the cells between 

the glass. Use of a vacuum bag in conjunction with autoclaving allowed the 

identification of the process parameters required to form successful laminates . 

. This process was slow and made inefficient use of the autoclave. This led to 

the development of a two-step process in which the vacuum bagging is done 

·outside the autoclave. The autoclave can then be used efficiently for curi~g 

many laminates a.t once. 

Section V describes our manufacturing sequence studies. Three sequences 

were studied in detail. In these sequences the solar-cell fabrication was 

based on ion-implanted junctions, furnace annealing, screen-pru'tted COIILaLts, 

anrl ~prr~y-on AR coating. The starting material was primarily "solar-grade," 

nand p-type 3-in.-diameter silicon waters, Wi~h abuuL ~00 solar celli !Ah~1-

cated in each sequence. In addition, a quantity of dendritic web* was evaluated 

for its ability to withstand the mechanical :.tress a::>sociated with the screen­

printing and firing process steps. 

As a result of this work, two problem areas conunon to the three_ sequences 

were identified relating to materials and process compatibility. Because of 

these problems, these sequences cannot be recommended on a technical basis. 

However, a modification of one of these sequences emerged from this work 

which was found to have interprocess compatibility and to work well with the 

starting "solar-grade" wafers. This sequence is described and is the one we 

recommend on the basis of both performance and cost. 

In Section VI, the results of applying SAMICS analyses to all 1nanufacturing 

sequences studied are given. In this ::;ection, it iE: shown that t.he recommended 

sequence when used in conjunction with 6-in.-diameter advanced Czochralski (CZ) 

wafer::; results in a price of $0. 688/W. The differences resulting frum using 

3-in.- and 6-in.-diameter wafers are described, and the calculated prices fur 

all sequences studied are given. Some compromises between the 3-in.- and 

6-in.-diameter cases are possible if the costs of some process steps can be 

reduced. The sensitivity of the results to yield and throughput are also dis­

cu:1sc>d, 

Finally, all of the major conclusions of this work are sununarized in 

St'ction VI J . 

,;~i>ii·r-C:Ti~1Se~i· from Westinghouse Research and Development Center, Pittsburgh, PA. 

4 



SECTION II 

INTRODUCTION 

Figure 1 is a schematic representation of the work of the first year. The 

philosophy of this plan:was to establish an experimental process line starting 

with 3-in.-diam silicon.wafers and consisting of junction formation using POC1 3 
gaseous diffusion, scr~en-printed thick-film metallization, reflow solder 

interconnect, and double-glass lamination panel assembly. This experimental 

production line produced a sufficient number of solar cells to demonstrate the 

technological readiness of each of those process steps. Variations (of each 

process) were made to set limits on the usable range of each process step and to 

determine the interaction with adjoining steps. Inspections, measurements, and 

tests were included to determine the output requirement characteristics of each 

step, obtain statistical variations, and evaluate the performance of the solar 

cells and panels. A description of this work, which was conducted from 

Oc~ober 1977 through December 1978, is given in Sections III and IV. 

This was followed by an 18-month study in which three manufacturing 

sequences synthesized from the above work and from studies conducted by other 

participants in the LSA program were exercised. The objectives were to assess 

the compatibility between process steps fur· each sequence, to generate suf­

ficient data for comparative SAMICS cost analysis, and to make recommendations 

of the suitability of one or more of these sequences for the large-scale auto­

mated production of solar cells within the cost goal of $0.70/pW. · Th~ detailed 

experimental results of this study are described in Section V, followed by SAMICS 

cost analysis, recommendations, and conclusions given in Sections VI and VII. 
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Figure 1. 

STARTING SILICON lSI 

PO~J'1 __ _ 

OIFfUSIONtS) 

"i· R VARY 

SCREEN PRINT 
. METALLIZATIONIPI 

rAON~ DAOI\ 
Ag AI/Ag 

OTHER SELECTED WAFE_RS 

EXPERIMENTAL 
STUDY 

WORK PERFORMED AT: 

(PI - Princeton Labs 
lSI - SSD .s~:unllrviiiA 
ICI - ATL Camden 

•Polished 3-in.·diameter CZ wafer 

•• Etch 3·in.-diameter CZ wafer 

Block diagram of process sequence. 
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SECTION Ill 

PROCESS STUDIES 

In this section we will discuss the technical progress achieved in all the 

major p~oces~ steps Csre Fi~. 1). 

A. JUNCTI9~ FORMATION 

1. Pqc1 3 Diff~sion 

Diffusion from a POC1
3 

source is a standard industrial method and has been 

used extensively for fabricating solar-cell junctions. Our data indicate that 

high performance cells with conventional evaporated Ti/Ag contacts can he made 

from POC13 junction diffusions 0.3 ~m deep having a sheet resistance in the 

range of 30 to 200 ohm/square. In this work, experimental lots were made to 

determine the range of sheet resistance and junction depth which are consistent 

with the requirements for both the screen-printed contact metallization process 

and cost-effective performance of the solar cells. Phosphorus surface concen­

tration and ju~ction depth were varied by controlling the temperature of the 
• • 1 , ·' ' ~ . ' ' 

POC13 liquid so~rce and by adjusti~g th~ d+ffusion schedul~. 

Tris pro~ess was rapidly developeq and extensive rese~rch oq t~e process 

was not continued. Rather the proce~~ was used throug~out the contrac~ as a 

basel~ne referenc~ ag~inst which o~her j~nction-for~atip~ proc~sses ~ere 

co~pareq. Full details of the P,roc~ss were submitteq to JPL iq ~ frocess 

Specification. 

We r~p mor~ t~~~ ~0 lots 9f waf~rs (1~ to 50 w~fers/lot) with various 

?iffu~iop par~m~t~f~· These runs are show~ i~ Table 1. Selected wafers from 

each lo~ were ~~serve~ as s~and~rds fo~ ev~p~rat~d met~l contacts. The re­

mainder of the wafers were used for tests of screen printing of metallization. 
• ,. ' • " 0 • C 'l '' ' ' 

0 t. It .' , <I l ~ 0 ', ~ ' ; 

These test resul~s described in Section III.B.8 and V.t.2 show that for 
' ' • • •' <. • ~ • ~ ' ! . \., ' . • ~ . ' : . . .. , 

Ag-based screen-printed griq metalliz~tion, pest cell per£ormanc~ in terms of 
• • ' • ·' ,, • • • j; • 

ac~eptable f~ll fac~or.s is ac~ie~ed witp Ppc~3 dtffu~~on~ yielqing sq~et 

resistance values of less than ~0 nfo. 
' J ·,.. • .,. 

2. Ion I~plant~tion . . ·'' ~ . ' ' 

Our earlier LSA ~~periepce spowed that the ion-t~pl~ntati~~ process 

for junction formation req~iF~d significant des~gp and de~elopme~t ~f~ort. 
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TAB~E 1. PROCESSDTG PA.t1.AMETERS FOR "POGl3 DIFFUSION 

POCl3 POCl3 
POCl3 N2 02 Carrier Push Wann Deposit Drive Pull Temp 

Lot No. (oc) (CFH) (CFH) Oz (CFH) (min) (min) (min) (min) (min) {oq 

033 20 5 . 5 .5 15 10 20 30 10 850 
034 0 5 . 5 .5 10 10 45 10 10 850 
035 0 5 .5 .5 10 iO 45 10 10 850 
036 0 3.9 . 35 . 35 10 20 20 30 10 850 
037 0 3.9 . 35 .35 10 20 20 30 10 850 
038 0 3.9 . 35 . 35 10 20 20 30 10 850 
f)39 0 5 . 5 .5 10 10 20 30 10 850 
040 0 5 . 5 .5 10 10 20 30 10 850 
041 0 5 .5 .5 10 10 20 30 10 850 
042 0 5 .5 . 5 10 10 20 30 10 850 
043 0 5 . 5 . 5 10 10 20 30 10 850 
044 0 5 .5 .5 10 10 20 30 10 850 
1)46 0 5 .5 .5 10 10 20 30 10 850 
047 20 5 .5 .5 15 10 20 30 10 850 

00 048 3 5 .5 .5 20 10 20 30 4 850 
049 -6 5 . 5 .5 10 10 20 25 10 850 
050 0 5 . 5 .5 15 10 20 25 10 850 
051 0 5 . 5 .5 15 10 20 22 10 850 
055 0 5 .5 .5 15 10 20 22 10 
056 0 5 .5 . 5 1!: "10 20 22 10 
057 26 5 .05 . 5 1: 10, 20 30 10 850 
058 26 5 .05 . 5 1:. 10 20 30 10 850 
059 25 5 .05 . 5 15 10 20 30 10 850 
060 26 5 .05 . 5 15 10 20 22 10 850 
061 0 5 . 5 .5 15 10 20 22 10 
062 0 5 .5 .5 15 10 20 20 
064 30 5 .05 . 5 15 !Co 20 30 10 850 
065 30 5 .05 . 5 15 1(: 20 30 10 850 
066 26 5 .05 .5 15 10 20 30 10 850 
069 30 5 .05 .5 15 10 20 30 10 850 
070 26 5 .02 .5 15 10 20 30 10 850 
071 26 5 .02 .5 15 Hll 20 30 10 850 
076 5 0 30 45 30 925 

Simultaneous n and p dri~e - furnace mouth cool 120 min 
077 5 0 30 45 30 925 

Simultaneous n and p drive - furnace mouth cool 1:20 min 



TABLE 1. PROCESSING PAFJU1ETERS FOR POCl3 DIFFUSION (Continued) 

POCl3 POC1 3 
POCl3 N2 02 Carrier Push \\'arm Deposit Drive Pull Temp 

lot No. {oC) {CFH} (CFH} Oz (CFH) ( \ _minl {min} (min) {min) {min} { oq 

078 25 5 .02 .5 15 10 20 30 15 805 
079 25 5 . 5 . 5 15 10 20 30 15 794 
080 25 5 . 5 .5 15 10 30 30 15 794 
081 25 5 .5 .5 15 10 40 30 15 794 
082- 25 5 .05 .5 15 10 40 20 15 794 
083 45 5 .5 .5 10 10 30 60 10 794 
084 45 5 .05 .5 15 10 30 60 15 794 
085 Room .5 .05 .05 10 10 40 90 10 854 

N2 
Carrier 

086 Room 4.5 1.0 .5 10 10 40 90 10 850 
N2 
Carrier 

087 27 5 .5 . 5 10 10 20 30 10 850 
088 27 5 . 5 .5 10 10 20 30 10 850 

\0 090 Room 4.5 1.0 .5 10 10 20 30 10 850 
N2 
Carrier 

091 Room 4.5 1.0 .5 10 10 20 30 10 850 
N2 
Carrier 

092 Room 4.5 1.0 . 5 10 10 20 30 10 . 850 
N2 
Carrier 

093 40 5 . 5 .5 10 10 20 30 10 850 
094 45 5 . 5 .5 10 10 20 30 10 850 
095 45 5 .5 .5 10 10 20 30 10 850 
096 35 5 .5 .5 10 10 20 30 10 850 
097 30 5 .5 .5 10 5 20 30 10 850 
098 45 5 .5 .5 10 10 20 30 10 850 
099 45 5 . 5 .5 10 10 20 30 10 850 
100 46 5 .5 .5 10 10 20 30 10 850 
101 45 5 . 5 .5 10 10 20 30 10 850 
103 45 5 .5 .5 10 10 20 30 10 850 
104 45 5 . 5 .5 10 10 20 30 10 850 
107 45 5 .5 .5 10 10 20 63 10 850 



Accordingly, we planned a separate and intensive study of the implant process 

and its interaction with wafer quality and subsequent contact metallization. 

The details of that study are listed in Table 2. 

TABLE 2. ION-IMPLANTED SOLAR-CELL EXPERIMENTS . : .. ::-

Wafers Parameters to be Tested 

Orientation <100> vs <111> 

Background Doping Level 

Starting Defect Level 

n-Type Wafers vs p-Type Wafers 

Implant Parameters to be Tested 

Implant Voltage 

Dose Level 

Dose Rate 

Species C11B, 31P, 75As) 

Process Parameters to be Tested 

Anneal Temperature 

Anneal Time 

Type of Cap 

Gettering 

Contact Problems (Screen Print to Implanted Layers) 

Measurements to be Made 

Illuminated I-V Curves 

Quantum Efficiency 

Dark I-V Curves 

Conversion Efficiency 
Fill Factor 
V VS J 7 J oc sc 0 

Forward-biased Recovery Lifetime in Diodes 

Reverse-biased Recovery Lifetime in Capacitors 

Diffusion Length Measurements 

a. Background - Ion-implantation fabrication techniques are predicted to be among 

the least expensive technologies for fabricating silicon solar cells. We inves­

tigated the ion-implant conditions and suitable post-implantation annealing steps 

which can be used to yield p-n -junctions of sufficient quality to form efficient 
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solar cells. When implantation is used to introduce dopant atoms into a substrate, 

not all of the atoms are initially eiectrically active, i.e., not all the atoms 

are located on substitutional lattice sites, and in addition, damage is intro­

duced into the substrate lattice. High-temperature anneal steps (800 to 1000°C) 

are usually used to activate the implanted atoms and to reduce or eliminate the 

implant damage. These high-temperature steps can degrade the minority carrier 

diffusion length in the bulk of the wafer and, hence, can degrade the conversion 

efficiency of the resulting solar cell. This situation is aggravated by the 

fact that gettering effects which usually accompany diffusion processing are 

either minimal or are absent from the anneal procedures used on ion-implanted 

layers. 

The solar cells made during the course of this experimental study were 

fabricated using high-quality semiconductor grade silicon wafers and optimum 

masking, capping, and metallization techniques. The object was to minimize as 

much as possible the potential conflicting factors which may interfere with.the 

study of implantation effects that might adversely affect the performance of 

implanted solar cells. 

This section describes the results of experiments which were designed to 

investigate the factors which influence the performance of ion-implanted sili­

con solar cells. As a result of these experiments, a process specification 

was written and is available upon request from the Processes and Equipment De­

velopment Area ~f the JPL-LSA Project. This processing procedure can be used 

to produce solar cells with up to 15% conversion efficiencies. The factors 

which were investigated include: (1) implant dose, (2) implant energy, (3) im­

plant species, (4) various processes for forming the backside contact layer and 

at the same time improving diffusion le~gth in the bulk, (5) substrate orienta­

tion, and (6) substrate resistivity. 

The performance of the solar cells was evaluated under standard AM-1 con­

ditions by measuring the open-circuit voltage Voc' the short-circuit current 

I , and the maximum power values I and V for cells. From these data were 
sc . . m m 

calculated the values of the cell fill factor 

I V 
FF = m m 

I V sc oc 

and conversion efficiency· 

11 = 
I V m m 

4l A 

11 

(1) 

(2) 



where ~ = 100 mWicm2 under standard AM-1 conditions and A is the area of the 

solar cell. 

In addition to the basic performance parameters, on selected cells the 

diffusion length was measured in the starting wafer, using a surface photo­

voltage technique [2], and in the finished cell, using curve-fitting techniques 

on the cell quantum efficiency data [3]. These diffusion lengths were used to 

evaluate effectiveness of the anneal procedures employed in the fabrication of 

the cells. 

The mask set used to fabricate the solar cells produces not only solar 

cells of various sizes, but also produces diodes of various sizes so that both 

light and dark I-V curves could be constructed for selected cells. From these 

I-V curves, the values of the parameters in the diode equation [4] 

J ~ Jol c (qV/kT_l) + Jo2 e (qV/nkt.J) (3) 

q vI kT vI kT kT = J
01 

e + J
02 

eq n for V >> q-

can be determined. The values of J
02 

and n indicate the amount of residual 

damage left in the junction depletion region by the ion-implant fabrication 

process. In the experiments reported here, this residual damage was found 

generally to be small. The value of [4] 

Dn l Dp l 
~ + N"L . 

a n bulk D P em1tter 
(4) 

together with a knowledge of the diffusion length L in the bulk region can be - n 
used to estimate the effect of recombination in the ion-implanted emitter. For 

2. ASTM Tentative Test Method F391 for Minority Carrier Diffusion Length in 
Silicon by Measurement of Steady-State Surface Photovoltage, 1976 Annual 
Book of ASTM Stamdards, Part 43, Electronics (1976). 

3. The diffusion length L is obtained from a best parameter fit of the meas­
ured quantum efficiency data to the diffusion-only eq~ations described by 
H. J. Hovel, "Solar Cells: Carrier Collection, Spectral Response and 
Photocurrent,'' Chapter 2 in Semiconductors and Semimetals, Vol. 11, Edited 
by Willardson and Beer. 

4. A. S. Grove, Ph sics and Technolo y of Semiconductor Devices, (Wiley­
Interscience, New York, 1967 , Chapter 6. 
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the cells constructed.in this study, the recombination in the emitter is found 

generally to be negligible compared with the diffusion length effect associated 

with the bulk. 

Table 3 represents a synopsis of the tests performed and the conclusions 

drawn from the various experiments .. The major conclusions from the study are: 

(1) Diffusion length in the bulk is the dominant factor in cell 

efficiency. 

(2) Gettering and annealing techniques exist which can preserve or 

improve the diffusion length in the bulk, under implant anneal 

conditions. 

(3) With regard to implantation, no effect was noted that limited 

cell performance. 

In the following sections, the various tests listed in Table 3 will be de­

scribed in detail. 

b. Profiles, Junction Depths, and Sheet Resistance of Ion-Implanted Silicon 

Solar Cells - A majority of the solar cells described in this report were fabri­

cated using a 5-keV, 31P implant to form the n+ high-doped layer. This implant 

was performed using an Extrion Model 200-1000 implantation machine equipped with 

a standard 3-in. ferris wheel type endstation. This type of endstation uses an 

x-y mechanical scan to move the wafer through a stationary beam. The endstation 

operates in a batch processing mode and can implant 26 3-in. cells per batch. 

The 5-keV implant energy is achieved by decelerating the ion, which are ex­

tracted from a hot filament source at 35 keV, with a reversed gradient field in 

the multigapped "acceleration tube." The dose implanted at 5 keV is usually 
15 31 . 2 2x10 P+ 1ons/cm . 

The profiles* which can be expected at 5 keV are shown in Figs. 2 and 3. 

Figure 2 also shows the profiles which can be expected when selected energies 

from 5 to 100 keV are used. The wafers with the profiles given in·Fig. 2 have 

received a 900°C anneal in flowing N2 for 30 min. (The performance of the 

solar cells resulting from these implants will be discussed in a later section.) 

The profiles given in Fig. 3 were not annealed and are included in order to 

show the nature of the 5-keV profile near the surface; Fig. 3 also shows a 

5-keV 11B implanted profile. 

*The profile measurements were obtained using SIMS (secondary ion mass spec­
troscopy) analysis. 
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TABLE 3. SYNOPSIS OF THE ION- IMPLANTED SOLAR;. CELL EXPERIMENTS 

Parameter Tested · Conclusion 

Implant Parameter 

Implant Voltage 

Dose Level 

11 31P·,. 7 5As-.). Species ( B, 

Wafer Parameter 

Orientation <100> vs <111> 

Starting Wafer Resistivity 

Start·ing. Wafer Diffusion Length 

n-type vs p-type Starting Wafers 

Anneal· Temperatu-roe 

The optimum implant ener.~y is in the 5- to lO..;...keV 
!ange. 

The. optimum dose level lies between 2 x 1015 and· 
4 x 1015 atoms/cm2 (used in ccnjunction with a 
5-~m-thick Ti~Al metallization. system). 

31p· · f d llB . f . ld 1n p-type wa ers an Ln n-type wa er· y1e 
comparable results. There is no great advantage 
in using 3lp + 75As for the n+ layer. 

No difference cbserved. · 

For ranges tested (1-2 ohm-em .and 8-12 ohm-em), 
resistivity. less important than achievable dif­
fusion length after processing. Verified that V0 c 
decreases for increasing resistivity. 

Should be large and must not degrade with processing. 
! + 

Can achieve slightly higher V~ with p implants 
into. n-type starting wafers. 1 

i 
With the Boron Glass Process B'; anneal temperatures 

~~~~=~~ ~~~l:~d 105o•c can be ~sed to produce ef-



·TABLE 3. SYNOPSIS OF THE: ION-IMPLANTED SOLAR-CELL EXPERIMEl\-TS (Continued) 

Parameter Tested· 

Measurement Techniques 

Cell Load Curves Conversion Efficiency 
Fill Factor 
V and I 

oc sc 

Dark I-V Curves 
Illuminated I-V Curves 

Quantum Efficiency Measurements 

Diffusion Length Measurements in 
Starting Wafers 

Conclusion 

Used for basic cell performance e:valuati.on. 

Can be used to find J01 values which, in conjunction 
with bulk diffusion length ~easurements, can be used 
to evaluate performance of emitter layer. 

Can be used to find bulk diffusion·length after 
processing. 

By comparing starting wafer diffusion length and 
post-processing bulk diffusi-on length, can monitor 
effect of processing on cell performance. 
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Beam 
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Cell# Energy (keV I Dose (1/cm21 Implant 

86 5 2.0 X 1015 1.25 

BB 15 2.5x1015 1.00 

measured by SIMS 90 30 3.9x1015 1.05 

92 50 4.6x1015 1.00 
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Figure 3. SIMS profiles of 5-keV ion-implanted 31P and 11B. 
These layers have received no heating steps and 
represent the as-implanted profiles. 
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+ An analysi~ of the junction depths of the n layers achievable with various 

implant energies used in conjunction with the 900°C, 30~min anneal sequence is 

shown in Fig. 4. The measured depths are anomalously deeper than would be ex­

pected from a simple diffusion redistribution of the as-implanted profile. The 

shape of the curve is also not characteristic of profiles obtained from simple 

diffusion redistribution of ion-implanted profiles [5]. The shape is more 

characteristic of concentration-enhanced diffusion, which is very 

present since the density at the peak of 

cm3) exceeds the solid solubility of 31p 

the as-implanted profile 

in silicon at 900°C (N max 

likely to be 

(5.65xlo20; 

= 4x1o
20

; 
3 em ) . Lowering the dose to avoid conc~ntration-enhanced diffusion causes a 

deterioration in the cell's efficiency. (This dose effect will be discussed 

in a later section.) The sheet resistance of the various layers implanted at 
15 2 different energies is given in Fig. 5. The dose of 2x10 /em at 5 keV which 

+ yields near-optimum cell effiency produces an n layer, after the anneal step, 

having a sheet resistance of 65 D/D. 
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Figure 4. Results of junction depth measurements on ion-implanted 
layers annealed at 900°C for 30 min in flowing N2 . 

5. E. C. Douglas and A. G. F. Dingwall, "Ion Implantation for Threshold Con­
trol in COSMOS Circuits," IEEE Trans. Electron Devices ED-21, 324 (1974). 
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Figure 5. Results of sheet resistance measurements on ion-implanted 
layers of annealed at 900°C for 30 min in flowing N2 . 

After anneal, the peak values in the layer profile are 
20 3 3 to 4 x 10 atoms/em . 

+ . + + . 
The backside p contact layer of the n pp solar-cell structure was formed 

11 
in one of two ways. Process A consists of implanting a 25-keV, B layer on 

the backside of the wafer and then performing a three-step anneal which ~on-

sists of heating the wafer at 550°C for 2 h in flowing N?, then increasing the 

temperature to 850°C and heating for 15 min in flowing N2' and then reducing 

the temperature bac·k to 550°C and heating for another 2 h in flowing N2 . The 

second backside doping procedure, process B, consists of depositing a boron 

glass layer on the backside of the wafer using a wet boron nitride transfer 

process* and then performing a 900°C drive-in anneal step tor 30 min in flow­

ing N2 . This procedure produces a layer having a sheet resistance of ~so 0/D 

and having the profile given in Fig: 6. It will be shown in a later section 

that both backside doping processes are capable of preserving or increasing 

the diffusion length in the bulk of the solar cell. 

*See subsection c.(l) below. 
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Figure 6. SIMS profile of the backside layer formed by wet 
boron nitride transfer process B. 

c. Preserving and Improving the Diffusion Length in Ion-Implanted Silicon 

Solar Cells - Initial experiments in fabricating ion-implanted silicon solar 

cells used 950°C anneal steps and used low temperature (875°C) grown oxide or 

CVD oxides as capping layers. Analysis of the resulting cells showed conver­

sion efficiencies (with spin-on AR coatings) which ranged between 8.7 and 

12.6%. Measurement of the bulk lifetime in these samples, using 'the diode re­

verse recovery techniques [6] on test diodes incorporated on the same solar­

cell wafer revealed that the minority carrier electron lifetime in the base 

6. R. H. Kingston, "Switching Time in Junction Diodes and Junction Transis­
tors/' Proc. IRE 42, 829 (1954). Also see B. Lax and S. F. Neustadter, 
"Transient Response of a P-N Junction," J. Appl. Phys. 25, 1148 (1954), 
and R. H. Dean and C. J. Nuese, "A Refined Step-RecoveryTechnique for 
Measuring Minority Carrier Lifetimes and Related Parameters in Asymmetric 
P-N Junction Diodes," IEEE Trans. Electron Devices ED-18, 151 (1971). 
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region of these cells ranged from 0.5 to 2.1 ~s, with the lowest lifetimes 

correlating with the poorest conversion efficiencies. This result indicated 

that a method was needed for improving the minority carrier lifetime in the 

base region of the solar cells. 

(1) Boron Glass (BG) Backside Gettering - A technique for fabricating high­

efficiency p+n solar cells [7] involves the use of a p+ layer formed using a 

wet boron nitride [8,9,10] transfer doping process, and this technique was 

used to form the backside contact layers on the n+pp+ ion-implanted cells. Ini­

tial tests with the boron glass (BG) backside doping process produced cells 

with conversion efficiencies between 12.3 and 13.9%. Cells with the BG process­

ing displayed minority carrier lifetimes which were on average more than an 

order of magnitude higher (9.8 to 17.8 ~s) than the earlier cells; a comparison 

of the quantum efficiency curves for cells made with and without the BG de­

posited on the backside (see Fig. 7) showed that the contributions of the deeply 

absorbed wavelengths were higher for the cells made using the BG backside step. 

This improvement in lifetime t (or equivalently in diffusion length L = 40! 
where D is the minority carrier diffusion length which is dependent on the 

wafer background doping level) indicates that the diffused boron p+ layer ac­

complished gettering in much the same fashion as diffused phosphorus layers. 

The exact nature of the gettering process in the case of the BG layer, however, 

is not yet known. 

A careful measurement of the diffusion lengths in selected cells made with 

the BG backside doping process (Table 4) showed that the diffusion lengths in 

the cells after BG processing (205 to 278 ~m) are significantly higher than 

the diffusion length observed in the starting wafers. The ~alues observed for 

7. M. S. Bae and R. V. D'Aiello, "P+/N High-Efficiency Silicon Solar Cells," 
Appl. Phys. Lett. 31, 285 (1977). 

8. D. R. Rupprecht andJ. Stach, "Oxidized Boron Nitride Wafers as an In-Situ 
Boron Dopant for Silicon Diffusions," J. Electrochem. Soc. 120, 1266 (1973). 

9. J. Stach and J. Kruest, "A Versatile Boron Diffusion Proces~ Solid State 
Techno!. 19, 60 (October 1976). 

10. TechnicalNote, "Hydrogen Injection Process Low Temperature 725°C-975°C," 
Form C715, June 1978, The Carborundum Co., Graphite Products Division, 
P.O. Box 577, Niagara Falls, New York 14302. 
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Figure 7. Quantum efficiency curves for a cell made with boron 
glass (BG), formed by the wet boron nitride transfer 
process, and ion"'implauted boron as the source for 

+ the backside p layer. Both cells were annealed at 
900°C for 30 min in flbwing N2 . 

the diffusion length in Wacker* float zone starting wafers were between 100 

and 160 j.lm. 

The wet boron nitride transfer process differs from earlier processes 

involving boron nitride wafers in both transfer temperature and background 

ambient. By introducing and controlling the amount of water vapor in the gas 

stream, the material HB02 is formed and transferred to the silicon solar-cell 

wafer [9]. HB02 has a much higher vapor pressure than the B2o3 material which 

is transferred in the absence of water vapor. The transfer of HB02 in a wet 

ambient can be accomplished at 800°C, a temperature at which no boron diffu­

sion will occur into the silicon. Thus,· the transfer process only produces ·a 

boron source glass; no uncontrolled diffusion occurs. To achieve the same 

'~'(Wacker Chemical Corp., Richardson, TX. 
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TABLE 4 . . DIFFUSION LENGTH MEASUREMENTS IN ION-IMPLANTED SOLAR CELLS : . 

BG qn Backside Lp (llm) 
31p 5-keV Anneal Temp. 30 min LP. (~m) DRR.tt ~p (llm) 

' ~Pv)t 
'. 

QE measttt Cell Dose (°C) (D.=30) 

IISS15 1. 5xlol.5 900 270 149 2QJ,. 
WACl-3* 

: 

IISS20 5xJ,.o14 1000 210 212 274 
•. 

WACl-3 

IISS21 7.5x1Qt4 1000 205 
--------=- ------;:---,-------=-= ------;:-::--

231 278 
WACl-3 

IISS23 7.5xlo14 900 140 191 254 
MONl-3** 

IISS26 1. 5xlol5 1000 150 171 245 
HONl 3 

*1-3 Q-cm Wacker float zone wafers, 2 in., <100>. 
**1-3 Q-cm Monsanto Co., St. Peters, MO, Czochralski wafers, 3 in., <lQQ>. 

tSPV - Diffusion length measured using the surface photovoltag~ ~erhp4~ 
ttDRR - Diffusion length measured using the diode reverse recovery method. 

tttQE - Diffusion length measured by fitting the th~oretical quantum 
efficiency curve to the data. Lp is a fit parameter ... ' · 

vapor pressure of transfer material B2o3 in a dry transfer process would re­

quire a te"!perature of "-~200"C..:. The a!JIOU~t or .~ZO ~~ th~ ~n,tb~t;,~t- gas ~~r~a~ 

must qe ~a~efully controlleq so that t~e ~las~ can ~~ r~~oved e~~~ly at ~~e 

end of the ~rocess. This ~s acco"!~l~~hed by u~ing a "-~0~ H2 :N2 ~o~mi~~ gas 

mixture to which is adqed a controlled ~mount of 02 . The ~"!o~~t of H20 which 

forms in the gas stre~~ ~s thus deP,~ndent o~ th~ 02 fl~w rat~· (An ~l~er~at~ 

procedpf~ is to us~ an N2 :02 ambieq.t mixt~r~ ~? wl:lich is ~d?ed a <;:<?n!-rolled 

amount of H2 .~ 

After deppsiting ~he boron gla~s layer (BG) at sop~c, the wafer is placed +., "~ - ) . ,~ ; 
in a furnace at the desired drive-in anneal te~p~~~~ure. The p lay~~ <?'1 tne 

ba~kside and the ion-~~~l~nte~ 31 p layer ~n the front si~~ are simqlt~n~ously 
• ) ~ • • j 

annealed. Excess gl~ss is ~hen rem?ved ~~ pu~fere~ ijF. After t~e remo~al 

step, a boron-rich layer remains on the surface as eviden~ed by the fact that 
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the backside remains hydrophilic while the front side, which was protected 

from boron deposition by a CVD Si0
2 

layer, becomes hydrophobic. The residual 

boron-rich layer, however, is conductive and presents no contacting problem. 

If too much o2 is used during the transfer process, an excessively thick layer 

of boron glass will form which results in an undesirable yellow-stained sur­

face after the buffered HF removal step. When the wafers come out of the 800°C 

deposition step, they should have a pale blue color. 

It has been observed that the boron nitride wafers must be periodically 

oxidized (it is the B
2
o

3 
layer on the surface that is the transfer source, not 

the BN) and that the furnace must be allowed to clean itself through use if 

the gettering effect is to be achieved. The cells after IISS83, as well as 

the first attempt at 3-in. solar cells (IISS45 to IISSS2), do not display 

efficiencies as high as those before IISS83. All these cells were made with 

the same BG processing. Cells before IISS83 were processed in a 2-in. boron 

nitride transfer furnace while those after IISS83 were processed in an up­

graded 3-in. BG furnace which had not achieved the required degree of cleanli­

ness during our use of it. Subsequent tests in newly set-up BG transfer 

furnaces indicate that a period of furnace cleaning-by-use is required for the 

gettering to become effective. 

(2) Three-Step Annealing - A second backside pro~essing procedure, the three­

step anneal [11] procedure which is carried out after the wafer has been im­

planted on both sides, was also used to produce efficient sol~r cells. Wafers 

IISS72 to 77, IISS126 to 132, IISS140 to 146 and IISS154 to 160 showed a sig­

nificant improvement in bulk diffusion length after the front side n+ implant 
+ . and the backside p 1mplant had been performed, followed by the three-step 

anneal sequence. Again the exact reason for the increase in diffusion length 

is not known. The long low~temperature steps followed by the short high­

temperature step nicely anneals t~e implanted dopant atoms; but the accompany­

ing phenomenon which leads to longer minority carrier diffusion lengths is not 

11. A. Kirkpatrick, i'Process Specification for High Efficiency Implanted 3;' 
Diameter Cells,'' Proceedings: 9th Project Integration Meeting, LSA Low 
Cost Solar Array Project, JPL, April 11-12, 1978. (See page 4-104 of 
Proceedings.) 
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obvious. We can speculate, based on the observations of Helmreich and Sirtl [12], 

that optimum conditions in the crystal lattice are established by the long low­

temperature heating'steps. 

Both the three-step annealing process A and the backside boron glass (BG) 

procedure B are capable of preserving or increasing the diffusion length in 

the bulk region of the wafer. The BG process B has the advantage that it allows 

annealing steps in the 900 to 1000°C temperature range to be carried out (see 

cells IISS54 to 65) without sacrificing cell effici~n~y. The BG process B 

also requires only 65 min of process time for deposition and anneal. On the 

other hand, the BG process B has the disadvantage that the front side must be 

capped during the BG deposition. The three-step anneal.procedure A has the 

advantage of being an all ion-implanted procedure which can be performed with 

no capping layer. It has the disadvantage of requiring 250 m1n uf !~rnacc 

time. 

d. Solar-Cell Performance as a Function of Dose and Artneal Cycle - A series 

of experimental solar cells were fabricated, with different dose values for the 
31 5-keV implanted P atoms, to determine the optimum dose value. The results 

of the experiment using the boron glass backside annealing process B are shown 

in Figs. 8 through 11 where the annealing has been performed at both 900 and 

1000°C for 30 min. Each data point in those figures and the ones to follow 

represents the average of four cells. It can be seen from Fig. 8 that the 

efficiency of both 900 and 1000°C annealed samples peaks in the dose region 

between 2x10 15;cm2 and Sx1015;cm2 . The fall-off at lower dose value is caused 

bv a decrease of both V and fill factor FF as the dose is lowered (see Figs. 10 
. + oc 

and 11). Increased n sheet resistance and decreased junction potential con-

tribute to this fall-off. Notice from Fig. 9 that the AM-1 short-circuit cur­

rent is relatively insensitive to the dose level. This indicates that J is sc 
dominated by bulk effects which are relatively unaffected by the formation of 

+ the n layer by implantation as long as diffusion length in the bulk is pre-

served or increased during the anneal cycle. 

12. D. Helmreich and E. Sirtl, "Oxygen in Silicon: A Modern View," !:>em~­
conductor Silicon 1977, Proceedings of the 3rd International Symposium 
on Silicon Materials Science and Technology, The Electrochemical Society, 
Inc., P.O. Box 2071, Princeton, NJ 08540. (Article located on pages 626 
to 636.) 
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Figure 8. A plot of the conversion efficiency of solar cells made 

with 5-keV 31P implanted at different dose levels. Boron 
glass process B was used during the anneal cycle which 
was carried out at 900 and 1000°C. 

The effect of using either the three-step anneal process A or the boron 

glass process B on samples fabricated using different dose levels is shown in 

Fig. 12. The three-step anneal process and the boron glass process yield 
. 15 15 2 comparable results at the opt~mum dose levels of 2x10 to 5x10 atoms/em . 

As can be seen from Fig. 13, however, the open-circuit voltage for all dose 

levels tested tends to increase with the anneal temperature; this is also 

evident in Fig. 10. It app~ars that at lower dose levels the three-step 

process suffers from insufficient annealing. It also appears that it is de­

sirable to anneal the samples at the highest temperature that does not degrade 

the diffusion length in the bulk. The boron glass anneal process B has the 

advantage of preserving or increasing the diffusion length when anneal tempera­

ture as high as 900 to 1000°C are used. 
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Figure 9. A plot of the short-circuit current density of solar cells 

made with 5-keV 31P implanted at different dose levels. 
Boron glass process B was used during the anneal cycle which 
was carried out at 900 and 1000°C. 
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Figure 10. A plot of the open-circuit voltage of solar cells made 

with s~keV 31P implanted at different dose levels. 
Boron glass process B was used during the annea~ cycle 
which was carried out at 900 and 1000°C. 

26 . ' 



5- keV, 31 p DOSE ( ATOMS/cm2 ) 

Figure 11. A plot of the fill factor of solar cells made with 5-keV 31P 
implanted at different dose levels. Boron glass process B 
was used during the anneal cycle which was carried out at 
900 and 1000°C. 
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Figure 12. A plot of the conversion efficiency of solar cells made with 

5-keV 31P implanted at different dose levels. The anneal was 
performed using either the three-st.ep anneal pr,ocess A, the 
boron glass process B at 900°C, or a combination of the two. 
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Figure 13. A plot of the open-circuit voltage of solar cells made with 

S~keV 31 P implanted at different dose levels. The anneal is 
performed using either the Lhree-step anneal procPHH A, the 
boron glass process B at 900°C, or a combination of the two. 

+ e. ?olar-Cell Performance as a Function of Implanted Species - n p cells 
31 75 . 31 were fabricated using 5-keV P, 5-keV As, and a comb1nation of 5-keV P + 

75 + 5-keV As to form the n layer. The cells received anneal cycles, using the 

boron glass process B, ranging from 900 to 1050°C. The conversion efficiencies 

of the resulting cells, as a function of implanted dose, are given in Figs. 14 
15 

and 15. The cells tend to peak in efficiency in the same range (2A10 to 

5x1o 15 /r:m2) as observed in the previous experiments. We have observed that 

higher temperature anneal steps are needed to produce effirient 75As implanted 

cells. A third conclusion to be drawn is that the presence of both 31P and 
75As in the n+ layer of the cell does not significantly improve Lite convcrcion 

13. M. Watanabe, H. Muraoka, and T. Yonezawa, "Perfect Crystal Technology," 
Proceedings of the 6th Conference on Solid State Devices, Tokyo, 1974, 
Supplement to the Journal of the Japan Society of Applied Physics, Vol. 
44, 269 (1975). 

14. T. Yonezewa, M. Watanabe, Y. Koshino, H. Ishida, H. Muraoka, and T. Ajina, 
"High Concentration Diffusion without Generation of Crystal Defects," 
Proceedings of the Third International Synposium on Silicon Materials 
Science anrl Technology, Philadelphia, PA 1977. Semiconductor Silicon 
1977, Vol. 77-2, p. 658, The Electrochemical Society, Princeton, NJ. 
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Figure 14. A plot of the conversion efficiencies of solar cells 

implanted with 13p alone and cells implanted with 
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31 75 + both P and As to form the n layer. 
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+ to form the n layer. The backside layer of 

was formed using the boron glass process B and 
were annealed at 1000 or 1050°C for 30' min. 
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efficiency. It has been reported in the literature [13,14] that the use of 

both 31 p and 75As in the emitters of bipolar transistors can reduce dislocation 

formation and improve the emitter characteristics. This effect does not appear 

to be of significance 
+ + p nn cells were 

in our implanted solar cells. 

also fabricated using ion-implanted 11
B at 5 keV. The 

these cells was formed by depositing CVD phosphorus-doped + n backside layer of 

oxide and performing both the front side anneal and the backside diffusion at 

the same time. A known gettering effect [15] is achieved with this type of 

h h 
+ + . p osp orus treatment. Table 5 shows the performance of the p nn cells, an-

+ + nealf'rl at two different temperatures, compared with the best of Lhe rt pp cells. 

Although the conversion efficiency, the short-circuit current, and the fill 

factors are comparable for the two types of cells, the open-circuit voltage 
+ + of the p nn structures is consistently higher than the open-circuit voltage of 

+ + the n pp cells. 

f. Solar-Cells Performance as a Function of lmplant Energy - Solar cells were 

d · d · ff t · l t · f th · l t t · f 31P to form the rna e us1ng 1 eren 1mp an energ1es or .e 1mp an a 10n o 
+ n layer. The profile~ of the cells are given in Fig. 2 and the performance 

of the cells is plotted as a function of energy in Figs. 16 and 17. The boron 

glass process B was used during the anneal step which was carried out at 900°C 

for 30 min. 

The fill factor and the open-circuit voltage of these cells are nearly in­

dependent of energy because the cells were designed to have the same peak con­

centration in the emitter. The ~hart-circuit current of the cells, however, 

is a decreasing function of implant energy and this causes the conversion 

efficjf'ncy of the cell to drop with increasing implant energy. The reason for 

this loss of conversion efficiency is the drop in quantum ettic1ency a~ lower 

wavelengths with increasing implant energy (i.e., increasing junction depth) 

as shown in Fig. 18 where the quantum efficiency at four different wavelengths 

is plotted as a function of energy. Except for the slight initial increase 

in quantum efficiency for the two lower wavelengths, an effect which is probably 

15. A. Goetzberger and W. Shockley, "Metal Precipitates in Silicon P-N Junc­
tions," J. Appl. Phys~ 31, 1821 (1960). See also M. ~. Nakamura and 
T. Kato, "A Study of Getter.ing Effect of Metallic Impurities in Silicon," 
Japan J. Appl. Phys. 7, 512 (1968) anrl; E. L. MacKenna, "Silicon and 
Silicon Dioxide Gettering in Perspective," Extended Abstract No. 216, 
Electrpchem. Soc. Vol. 74-2, October 1974. 
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TABLE 5. + + + + A COMPARISON OF THE PERFORMANCE OF n ·PP AND p nn ION-IMPLANTED SOLAR CELLS 

Anneal 
J v 

+ 
Temp n sc· oc 

.Cell s + seecies Dose (oC) (%) (mA/cm2) (mV) FF n pp 

IISS60 + + 3lp 2,0xlo15 900 14.4 31.9 577 0.760 n pp 

IISS61 + + 3lp 2.0x1015 1000 14 .. 9 '31.9 587 0."780 n pp 

IISS36 + + 75As l.Oxl025 
1050 14.2 31.3 578 0.760 n pp 

IISS38 + + 75As 5.0xlo15 1050 14.0 30.7 580 0.760 n PP 

IISS62 + + 31P+75As** 2.5xl015 900 14.9 31.8 583 0.780 n PP 

IISS63 + 31P+75As** 2~5xl015 1000 15.0 31.1 590 0. 730 n p 

IISS107 
+ + llB 2.0xlOJ!S 900 14.9 31.6 601 0.760 p nn 

IISS108 + + llB. 2.0x1015 900 14.4 31.0 600 0.751 p nn 

IISS109 + + llB 2.0x1015 1000 14.7 31.0 600 0.766 p nn 

IISSllO + + llB 2.0x1015 1000 14 .• 5 31.1 600 0.755 p nn 

*The n+pp+ cells were made Mith 1 to 3 ohm-em, p-type starting substrates. The boron glass process B 
was u.fed +during the. anneal cycle. 
The p nn cells were made with 1 to 2 ohm-em, n-type starting substrates. The backside layer was formed 
using a phosphorus-doped CVD oxide as the diffusion source. 
All the cells were <:p:mealed for 3.0 min. 

**Equal amounts of each dopant. 
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Figure 16. A plot of the conversion efficiency and the short-circuit 

current for 31P implanted solar cells made with various 
implant energi~s. The boron glass process B was used 
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associated with near surface damage produced by the lowest implant energies, 

the quantum efficiency generally dec~eases with increasing energy. For longer 

wavelengths, the quantum efficiency tends to remain constant with increasing 

energy until the ratio of the layer depth to the absorption depth reaches a 

particular value. For deeper layer depths, the quantum efficiency begins a 

rapid decrease. 
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Figure 18. A plot of the quantum efficiency of the 31P implanted solar 
cells as a function of the implant energy for various 

wavelengths of incident light. a-l is the absorption depth 
in silicon for the given wavelength. 

g~ Solar-Cell Performance as a Function of Substrate Resistivity, Substrate 

Orientation, and Substrate Diffusion Length - Solar cells were fabricated using 

different starting wafer resistivities and different starting wafer orienta­

tions. The results of these experiments are given in Table 6. The samples 

were measured without AR coating, which is part of the reason for the low con­

version efficiencies. Measurements were also made of the diffusion lengths in 
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Wafer 
Doping 

TABLE 6. MEASUREMENTS OF SOLAR-CELL PERFORMANCE AS A FUNCTION OF 
OF WAFER ORIENTATION AND RESISTIVITY 

SPV Diffusion 
Length before 
Processing 

SPV Diffusion 
Length After 
Processing 

Diffusion Length 
for Parameter Fit 
t.o QE Data After 
:Processing v oc 

Cell 

IISS97 

IISS98 

IISS99 

(ohm-em) 

WAC* 1-4 

WAC* l-4 

Orientation (J,Jm) (lJm) (1Jm) 

'1 

(%) 

8.8 

8.9 

8.9 

J sc
2 (rnA/em ) (mV) 

WAC 1-4 

IISS100 WACt 8-12 

IISS102 WACt 8-12 

IISS103 WAC 1 8-12 

IISS104 WAC 1 8-12 

IISS119 MON* 8-15 

IISS120 MON* 8-15 

IISS133 MTt 1.5 

IISS134 MTt 1.5 

<100> 

<100> 

<100> 

<100> 

<100> 

<111>· 

<111> 

<100> 

<100>· 

<100> 

"<130> 

110 

no 
100 

130,90· 

100 

100,90 

110~ 100 

120 

105 

110 

130 

110 

100 

70 

110 

350 

130 

210 

89 

100 

109 

115 

106 

107 

150 

23 

83 

80 

7l 

8.4 

8.3 

8.3 

8.3 

7.8 

8.2 

8.6 

8.5 

WAC*- Wacker Floatzone Wafer!;, 1-4 ohm-em, <100>, p-type, 10-12 mil th:iick, 2~in. dian 
I 

WACt - Wacker Floatzone Wafers, 8-12 ohm-em, <100>, p-type, 10-12 mil thick, 2-in. diam 

20.2 

20.5 

20.5 

20.9 

20.9 

552 

553 

556 

520 

516 

20.8 514 

20.6 524 

20.0 510 

2,0. 7 518 

20.1 550 

20.0 546 

WAC1 - Wacker Floatzone Wafers, 8-12 ohm-em, <111>, p-type, 10-12 mil thick, ~-in. diam 
i 

-MON*- Monsanto Co. (St. Peters, MO) Czochralski Wafers, 8-15 ::>hm-cm, <::.00>,--·p-type, 14-16 mil thick 
3- in. diam, cut down to 2- in. diam !! · 

i 
I 

MTt - RCA Mount·aintop Czochralski Wafer, 1.5 ohm-em, <100>, p-type, 13-15 mil thick, 2-in. diam 
I 

I 

FF 

.786 

.785 

.781 

.774 

.771 

.774 

.773 

.769 

.768 

.777 

. 777 



the wafers before and after processing of the cells. Surface photovoltage 

(SPV) measurements of the diffusion length after processing were made on a re-
+ gion near the solar cell which was not covered by an n junction. The reason 

for the low values of diffusion ·length observed in the finished cells, and, 

hence, a second reason for the low convers{on efficiencies, is, as mentioned 

in subsection A.2.c above, that the furnace used during the boron glass process­

ing of the wafers was not clean enough for the gettering layer to be effective 

in increasing the diffusion length in the samples over their starting value. 

In spite of the low conversion efficiencies achieved with these cells, it can 

be concluded from these experiments that (1) the final conversion efficiency 

of the solar cell depends more on the diffusion length existing in the cell 

after processing than it does on the starting wafer resistivity or orientation. 

The te~Ls also indicate that (2) if cells of high conversion efficiency are to 

be fabricated, then the diffusion length found in the starting wafers, which in 

the cells considered here ranges from 100 to 130 ~m, must be increased by a fac­

tor or two or more. This point is graphically illustrated in Fig. 19 where cell 

conversion efficiency is plotted as a function of diffusion length measured in 

the finished cell. When the diffusion length is less than the thickness of the 

cell, the efficiency is an increasing function of the diffusion length in the 

final cell, and if the diffusion lengths are not increased over their value of 

~100 ~m in the starting wafer, then low values of cell efficiency will be ob­

tained. When the value·of the diffusion length in the final cell equals or 

exceeds the thickness of the wafer, the cell efficiency tends to saturate at 

.a value determined by the achievable values of open-circuit voltage and fill 

factor. This saturation effect occurs because of the narrow base effect, i.e., 

L '<< W (the thickness of the cell). Under these conditions, for an ohmic con­

tact, L in Eq. (4) can be replaced by W [16]. It should be noted here that 
p 

when the diffusion length in the wafer approaches or exceeds the thickness of 

the wafer, the accuracy of both the SPV method and the parameter fit method 
. I . 

becomes degraded and the experimental value measured becomes a lower bound on 

the actual value. For very long values of diffusion length, the effect of the 

back surface becomes significant and this effect is not adequately treated by 

the SPV method, although this parameter is included in the parameter fit to 

16. J. Lindmayer, "Development of 20% Efficient Solar Cells," Final Project 
Report NSF/RANN/SE/GI-43090/FR/75/2, NSF Grant GI-43090, October 1975. 
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Figure 19. A plot of the efficiency of the ion-implanted solar cells as 
a function of the diffm;i nn 1 ength measured in the finished 
cell. For the most efficient cells, the diffusion iength 
equals or exceeds the wafer thickness. 

the quantum efficiency data. The best fit value for the backside surface re­

combination velocity is ~150 cm/s. 

h. Analysis of I-V Measurements Made on Ion-Implanted Silicon Solar Cells 

Under Conditions of Illumination or Total Darkness - The results of the experi­

ments discussed so far indicate that the most important factor controlling the 

efficiency of the cell is the diffusion length in the base region of the cell. 

One method of investigating this further is to measure Lh~ J 01 values of the 

cell [see Eq. (4)]. This can be accomplished by measuring either the dark or 

the illuminated I-V curves and then, on a semilog plot, extrapqlating the 

tangent to the n=1 portion of the curve to zero voltage. Figures 20 and 21 

show examples of this measurement performed in the dark on small test diodes 

positioned on the·wafer along with the active solar cells. Because the test 

diodes are. of different areas, the Jo1 values of the various units should 

scale with the diode area, but the J ol values for each diode should be the 

same. In the example given in Fig. 20, the measured values fall in the range 

J = 4.4xl0- 12 +0.7xlo- 12 A/cm2 . In actuality the data were analyzed by per· ol 
forming a curve fit of the measured data to Eq. (3) using as parameters J 01 , 
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Figure 20. A plot of the dark I-V characteristics for six test 
+ diodes fabricated on solar-cell wafer IISS17. Then 

layer was formed with a 5-keV 31P implant and a dose 
14 2 of 5 x 10 /em . 

J
02

, and n. It is interesting to note that the J
02 

values for the test diodes 

2 to 5 on wafer IISS17 are too small to measure. The test diodes 1A and 1B 

on wafer IISS17, however, display a behavior that cannot be described by Eq. 

(3) because in this·equation it is required that 1 < n < 2. The behavior of 

these anomalou~ diodes is characteristic of shunt leakage within the diode 

most likely· caused by wafer defects which fall in the region occupied by the 
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Figure 21. A plot of the dark I-V characteristics for five test diodes 
+ fabricated on solar-cell wafer IISS56. The n lay~r was 

31 . 14 . 2 . 
formed with a 5,.keV p impht!t Rnli 1'1 nose of 4xl0 /em . 

diode or perhaps caused by alloy spiking of the metallization layer through 
+ the thin n layer forming the diode. 

Figure 21 shows dark I-V measurements made on test diodes on wafer IISSS6. 

In this second case, no excess shunt leakage is observed; however, the defect 

recombination in the junction r~gion·is large enough to produce measurable 

values of J
02

. The values of J 02 in this case are respectably smail and. in­

dicate that the implanted dose does not introduce damage which causes problems, 

at 1. sun operating levels, by becoming nucleated and driven-in during subse­

q~ent ~nnealing steps.· Table 7 lists the values of J
01

, J
02

, and n for cell~ 
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TABLE 7. VALUES OF J 01 , J 02 , AND n OBTAINED BY LEAST-SQUARES 

CURVE FITTING THE MEASURED DATA TO EQ. (3) 

Dose 

Cell 2 (atoms/em ) 

IISS27 2x1014 

IISS56 4x1o 14 

IISS17 5x1o14 

IISS18 7.5xlo 14 

IISS60 2.0x1015 

IISS69 1x1016 

J o1 2 (A/em ) 

(3.00~0.34)x10 
-12 

(4.13~0.30)x10 
-12 

. -12 
(4.40~0.70)x10 

-12 (8.1!2.0)x10 · 

(9.3~1.5)x10 
-12 

-12 
(2.3~l.S)x10 . 

J o2 2 (A/em ) n 

-8 
(1.15~0.48)x10 1.82 

-9 
(2.52~1.2)x10 1.90 

-10 
(5.7~2.1)x10 1.40 

-8 
(3.17~0.~8)x10 1.55 

made with different implantation doses. For all dose levels considered~ the 

values of J 01 are small. 

To ensure that the test diodes are yielding a value of J
01 

which also applies 

to the operation of the solar cell, illuminated I-V ~urves were also measured. 

If we restrict ourselves to a region of the I-V curve where n=1, th~n the cur­

rent produced in a load across the cell is 

J = Jo - J (eqV/kT - 1) 
o1 

(5) 

( 
qV /kT ) 

When the cell is open circuited, V = V and J = 0, hence J = J e oc -1 
oc 0 0 

When the cell is short circuited, V = 0 and J = J . Hence, we can write sc 0 

J = J ( qVoc/~T 1) ~ J qVoc/kT for V >> qV/kT 
sc o1 e - = o1 e oc 

A plot of the ln(J ) vs V for various levels of ill~ination should ·thus sc oc 

(6) 

extrapolate to J 01 . This is a useful method for measuring J
01 

in large cells 

with finger metalli~ation because it avoiqs problems involved with the non­

uniformity of current injection under dark conditions [17]. The plots in 

Fig. 22 shows illuminated I-V curves for two different solar cells and show 

dark I-V curves for two different test diodes, all located on wafer IISS135. 

17. J .. Lindritayer, "Theoretical and Practical Fill.Factors in Solar Cells," 
Comsat Tech. Rev., Vol. 2, No. 1, pp. 105-121, Spring 1972. 
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Figure 22. A plot showing both the dark and the illuminated 
I-V curves measured on two sizes of solar cells 

(0.316 cm2 for device 6 and 4.5 cm2 for device 7). 
The dark I-V curves were made on small test diodes 
included on wafet IISS135 along with ~he solar cells. 

The J 01 values derived for the four cells are all in the range 

J 01 = 5.1x1o- 12 +O.Sxlo- 12 A/cm2 which is comparable to the spr.ead nhserved 

among dark I-V measured values (see Table 6). 

A plot of the J01 values of a number of test wafers plotted as a function 

of the implant dose used to make the n+ layer is given in Fig. 23. The hori­

zontal dotted lines show the limits of the values of J 01 in 1- to 2-ohm-cm 
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Figure 23. A plot of the values of J
01 

measured on various solar-cell 

wafers as a function of dose. The cells were fabricated on 
1- to 2-ohm-cm wafers and the horizontal dotted lines mark 
the limits to be expected for a 200-~m diffusion length 
in the bulk. The curly brackets around the data points show 
the limits based on measured diffusion length in the cell." 

substrates having a post-processing diffusion length of 200 ~m and assuming· 

that all contributions from the emitter [Eq. (4)] are negligible. On a few 

of the cells, the actual post-processing diffusion length in the bulk region 

was measured, and in these cases the limits of the theoretical values of J 01 
for 1- to 2-ohm-cm substrates, again assuming the contribut1ons from the 

emitter term are negligible, are indicated in Fig. 23 with curly brackets. 

Figure 24 shows a plot of the values of J 01 as a function of the diffusion 

length measured in the bulk region of the final cell. These data, measured on 

cells with 1- to 2-ohm-cm and 8- to 12-ohm-cm starting substrates, indicate 

that the J
01 

values of the cells closely track the value of the diffusion 

length which is obtained in the bulk. Note that the value of L obtained for 

cell 127 has been plotted at both the measured value (597 ~m) and at the value 
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corresponding to the wafer thickness (381 j.lm). The value yielded by the curve 

fit to the QE data is unreasonably large. 

The values plotted in Fig. 24 also indicate that the contribution to the 

J
01 

value caused by the emitter term [Eq. (4)] can at most be a small fraction 

of the contribution from the base term. The calculated contribution from the 

base term is given by the solid curves. If the emitter term equalled the base 

term, we would expect the experimental points to fall nearly on or above the 

solid line in Fig. 24 corresponding to 2 or 12 ohm-em. The data points fall 

i~ the middle or in the lower portion of the range, indicating that emitter 

effects have not become significant in these two r.es:istivity-ran-ges-.-TnTs·--------­

is consistent with Lindmayer 1 s [17] observations that saturation effects due 

to the emitter term should not become important until substrate resistivity 

values fall below 1 ohm-em. 
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It can be seen from Eq. (6) that a relation exists between Jsc' J 01 , and 

V It would be interesting to compute V from the measured value of J and oc oc . sc 
J 01 and see how well it compares with the measured value of V0c Table 8 shows 

the results of the comparison for six cells made on two different wafer resis­

tivities. The measured value of V is generally lower than the computed value 
oc 

by an amount ranging from 0 to 11%. This effect could be caused by insuffi-

ciently alloyed metal contacts which allow the formation of a parasitic 

Schottky diode. 

i. Quantum Efficiency Measurements on Ion-Implanted Solar Cells - Quantum 

pffiriPnry mpasurements were carried out on selected solar cells and the dif­

fusion lengths in the final cells were deduced by curve fitting the equations 

for the cell response (see Hovel [3]) to the measured data. The diffusion­

only model was used and the junction depth was assumed to be 0.4 ~m. Collec­

tion effects associated with the depletion width were neglected. Figure 25 

shows plots of the data reduction. The measured data was first corrected for 

surface reflectance to obtain the internal quantum efficiency curve. The four 

parameters L (base), L (emitter), S /D (back surface), and S /D (front sur-p n p p n n 
face), where Sis the surface recombination velocity, were then varied to obtain 

best fit calculated values to the internal quantum efficiency curve. 

j. Discussion and Conclusions- The solar cells made during the course of this 

experimental study were fabricated using high-quality semiconductor grade silicon 

wafers and using optimum masking, cappjng, and metallization techniques. The 

object was to minimize as much as possible the potential conflicting factors 

which might interfere with the study of implantation effects that might ad­

versely affect the performance of implanted solar cells. 

It became apparent early in the study that the processing steps eliminated 

by implantation, i.e., diffusion steps involving phosphorus and boron, act as 

getters in conventional processing and by their absence cause a degradation 

in all-ion-implanted cells. This degradation can be associated with a degrada­

tion of the minority carrier diffusion length in the bulk region of the solar 

cell. When these gettering steps are reintroduced, usually to form the back­

side contact layers, then the diffusion length in the cells can be maintained 

or increased above the value in the starting wafer and efficient cells can be 

made with ion-implanted front-side active layers. Alternate processing proce­

dures, involving the use of long low-temperature ("-500°C) anneal steps, have 
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TABLE 8. A COMPARISON OF THE VALUES OF MEM.URED V AND TEE VALUES OF V oe oe 
CALCULATED FROM THE MEASURED VALUES OF. J 01 and Jse 

J 
Substrate Diffusion 1o1 (meas) J (meas) v (meas) v = kT ln ~ 

se oc oe q 1o1 
Resistivity =.ength 2 (A/ern?) 

% 
Sample (ohm-em) C!:!m) A/em ) (volts) T = 28°C Diff. 

IISS119 8-12 23 (2. 0!0. 7)x10 -10 20.0 0.510 0. 524:!) . 7% 2.7 

IISS127 8-12 :597)? (1. 7!0. 5)x10 -11 23.3 0.560 0.547!1.3% 2.3 

IISS140 I-2 181 ( 6 . 0! 1. 9) X 1 0 -12 21.-5 0.572 0.572!1.6% 0.0 

.,... IISS135 1-2 "-80 ·c5.1!09)x1o- 12 19.6 0.556 0.573!.9% 3.1 .,... 

IISS~ 17 1-2 206 (4.4!l.O)x10 -12 29.3 0.562 0.589!1.0% 4.8 

IISS56 1-2 266 (4.1!0.6)x10 -12 31.6 0.548 0.591!0.6% 7.8 

IISS27 1-2 301 
-1? 

(3.0!0.5)x10 - 32.0 (•.540 0.6600!0.6% 11.1 

IISS18 1-2 (8.1!2.0)x10 -12 30.? (•.570 0.569!1.1% 0.2 

IISS60 1-2 (9. 3!1.5)x10 -12 31.9 C.577 0.566!0. 7% 1.9 

IISS69 1-2 (2.3!3.8)x10 -12 30.2 {~.572 0.601!0.5% 5.0 
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Figure 25. Plots of data reduction. 

also proved effective in maintaining or increasing the diffusion length in 

all-ion-implanted cells. 

A careful examination of the I-V curves and the J 01 values of ion-implanted 

cells has indicated that for optimized implantation into substrates in the 1-

to 2-ohm-cm and 8- to 12-ohm-cm resistivity ranges, the performance of the cell 

is dominated by the diffusion length in the bulk of the cells. Recombination 

effects associated with the highly doped, ion-implanted front side barrier layer 

are small compared to the base recombination effects. We conclude that for the 

procedures used here, damage in the junction region introduced by the implantation 

was effectively annealed or reduced to a level such that its effect is negligible 

in these cell structures. 

Two processes have been demonstrated for annealing the ion-implanted layers 

while at the same time preserving or improving the diffusion length in the base 
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region of the cell. One of these processes, the boron glass process B, provides 

effective gettering at temperatures as high as IOS0°C, so that anneal tempera­

ttires in the range b~t~een ~00 and IOS0°C can be used for efficient cell fab­

rication. 

Experiments designed to optimize the implant procedures and the starting 

wafer characteristics indicate that S- to IO-keV implant energies should be 
. IS 2 IS 2 used and that doses in the range between 2xiO /em and 4xiO /em should be 

11 31 selected. B into n-type wafers or P into p-type wafers are both capable 
+ of producing cells with IS% conversion efficiency. The p n cells t~nd to have 

slightly higher open-circuit voltages. The characteristics of the-wafer·,-he. ,c------­

<III> or <IOO>, float zone or Czochralski, n-type or p-type, are less important 

than the diffusion length which can be obtained in the wafer after prQ~essini. 

Wafer characteristics are only important, then, to the extent that they impact 

the observed diffusion length. 

As a final observation, the techni.que of analyzing the initial and final 

diffusion length in the cells and combining these values with the J 0I and J 02 
values obtained from either dark or illuminated I-V analysis has provided a 

data reduction procedure which has provided valuable insight into the operation 

of solar cells, The information obtained from cell performance tests indicates 

that a cell is good or bad; the diffusion length information and Joi' J 02 
infqrmation indicate why tqe performance is good or bad. This type of informa­

tion also provides controls on the processi~g pro~edures because it can provide 

a continuing qu~ntitative <;heck on the perfor.manc.e of the annealing and getter­

ing steps. Diffusion length analysis can monitor furriace·problems and I-V 

analysis can isolate problems with shunt lea~age, alloy spiking, or parasitic 

barriers. 

The results described above show that high~efficiency solar cells can be 

fabricated when the proper range of ion-implantation parameters are chosen and 

used along with one of the prescribed furnace annealing cycles. These resuits 

show technical feasibility but not cost effectiveness since low-cost cell process 

steps were not used. That question was addressed in our later work and is fully 

described in Section V and VII. 

3. Spin-On Liquid Dopant Sources 

Experimental studies were conducted on both n(P~As) and p(B)-type spin-on 

sources. Previously we ~sed only alcohol-based spin-on sources to fabricate 
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solar cells. However, wide variations in sheet resistance within lots were 

observed, and, moreover, alcohol-based sources have a limited and somewhat 

variable shelf-life. Aqueous sources have become available recently, and are 

thought to have better reproducibility and longer shelf-life than the alcohol- · 

based sources. 

We tested both sources for the individual and simultaneous formation of 

both the BSF junction .and the BSF back contact. In each case, evaluations 

and comparisons were made of required wafer cleaning and preparation, liquid 

source application techniques (i.e., spin-on vs roll-on or screening), diffu­

sion schedule and uniformity and reproducibility of resultant sheet resistance 

and junction depth. 

We complete~ a test comparing alcohol- and aqueous-based phosphorus liquid 

dopant sotirces.* Solar cell~ of 4.4 cm2 area were fabrit~ted on several differ­

ent starting wafers. The liquids ~ere spun-on, and a basic junction anneal was 

done at 850°C for 50 min followed by two different anneal schedules for each 

dopant base. The results of this test are shown in Table 9. 

Wafer 
p 

Sam:ele · (Q..-cm) 

3A 1-2 

SB-20 1-2 

2A-20 1-2 

SB 1-2 

9A a-15 

12B 8-15 

16B 5 

TABLE 9. RESULTS OF A COMPARISON OF ALCOHOL- AND 
AQUEOUS~BASED PHOSPHORUS DOPANTS 

AM-1 Parameters 
P Dopant Jsc Voc FF 
Base Junction Anneal (mA/ cm2) (mV) 

Alcohol 850°C 600°C 29.6 490 0.40 
50 min 120 min. 

Aqueous 850°C 6oooc 30.8 575 o. 76 
50 min 120 min 

Alcohol 850°C 10 min 29.0 500 0.55 
50 min Slow pull 

Aqueous 850°C 10 min 30.7 580 o. 77 
50 min Slow pull 

Alcohol 850°C 6oooc 31.0 540 0.42 
50 min 120 min 

Aqueous 850°C 600°C 26.7 557 0. 77 
50 min 120 min 

Aqueous 850°C 600°C 31.6 570 0.79 
50 min 120. min 

~':Purchased from Emulsitone Company, Whippany~ NJ. 
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.(%) 

5.8 

13.4 

8.0 

13.7 

7.0 

11.4 

14.2 



The results clearly show that under the anneal conditions used in this 

test, superior junction characteristics and solar-cell performance were ob­

tained with the aqueous-based phosphorus source when compared with the alcohol­

based liquid. 

In addition, in separate tests it was shown that the aqueous-based liquids 

can be rolled or screened onto the wafers with satisfactory coverage and resul­

tant junction quality. 

We also began a similar study of arsenic sources. Alcohol-based arsenic 

was used in these initial tests.· Since arsenic diffuses considerably slower 

than phosphorus, the diffusions were done at l000°C for 60 min as compared 

with 850°C for 50 min for phosphorus. Typical results for solar cells fabri­

cated using the spin-on arsenic source are given in Table 10. 

Sample 
No. ---

51 

53 

55 

57 

TABLE 10. CHARACTERISTICS OF SOLAR·CELLS MADE WITH SPIN-ON, 
ALCOHOL-BASED ARSENIC SOURCE 

Spin-on AM-1 Parameters 
Wafer Boron 

Junction Formation on Back Jsc Voc FF p 
(Q-cm) Diffusion Anneal Yes No (mA/ cm2) (mV) 

1-3 1000°C Slow cool to .; 17.3 437 0.46 
60 min 800°C 

1-3 1000°C 10 min .; 24.6 516 0.57 
60 min Slow pull 

1-3 1000°C Slow cool to .; 23.3 517 0.75 
60 min 800°C 

1-3 1000°C 10 min .; 24.7 470 0.63 
60 min Slow pull 

n 
(%) 

3.5 

7.3 

9.0 

7.3 

Generally, poor junctions were formed, resulting in low values of open­

circuit voltage and fill factor. Also, no correlation was noted with annealing 

conditions or back-surface boron application. The listed short-circuit cur­

rents are considerably lower than those obtained with the use of liquid phos­

phorus sources. A comparison of the·spectral responses for two cells made 

with arsenic and phosphorus sources shows that the red response is much lower 

for the arsenic source, indicating that low diffusion length was obtained. 

From these test, it is not clear whether this is due to the use of the alcohol­

based arsenic or to the higher processing temperature. 
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B. SCREEN-PRINTED THICK-FILM METALLIZATION 

1. Introduction 

In addition to the critical physical and electrical properties of the 

screen-printed metallization, the reliability of the screen-printing process 

as applied to solar cells was addressed initially. Therefore, this analysis 

will be described prior to the evaluation of metallization properties per se. 

The section concludes with a discussion of interface reactions and recommen­

dations for future developmental effort. 

2. Screen-Printing ~arameters 

To check the possibility of.silicon wafer cracking during or following 

screen-printing, a worst-case printing test was devised. It is known that 

screen-printing variables, e.g., squeegee speed, snap-off distance (screen-to­

substrate distance), and squeegee compression can affect the uniformity of ink 

deposited. For example, Fig. 26 illustrates the change in coefficient of vari­

ation of ink weight deposited as a function of the three key variables. Normal 

printing is done in a squeegee speed range of 3 to 6 in./s and a snap-off dis­

tance of 0.025 to 0.040 in. Squeegee compression, which directly affects the 

force applied to the substrate to be printed, is best kept within the 0. 006, .. 

to 0. 012-in. range. Exc.essive squeegee compression, although useful in im­

proving deposited-ink uniformity, unnecessarily stresses the substrate and 

hastens squeegee wear. 

The applied force vs squeegee compression was measured directly with a 

force gage and found to be about 0.6 lb at 0.009-in. squeegee compression as 

shown in Fig. 27. This mid-range compression value was then used for the test. 

Nine silicon solar-grade wafers, as-sawed,* about 0.022 in. thick were screen 

printed with the collector grid pattern on both sides of the wafer at 90° 

orientation to each other. This orientation maximized the stress applied to 

the wafers midway between the collector grid lines. The printed wafers were 

cleaned to remove the dried ink deposit and, with an unprinted control wafer, 

exposed to a thermal shock cycle. The wafers were immersed in liquid N2 
(-196°C) for 20 sand transferred rapidly to liquid 1-octodecanol (200°C),· 

held there for 20 s and transferred rapidly to liquid methanol (45°C) to re­

move the 1-octodecanol. This cycle was repeated five times for all wafers. 

*Commercial I.D. sawed wafers. 
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Y = 0.03 + 0.06 X 

1 
r2 = 0.992 

0.1 

SQUEEGEE COMPRESSION (mil)-

Figure 27. Applied force as a function of squeegee 
compression in screen-printing. 

All wafers were subsequently examined microscopically and after etching* to 

delineate any cracks which may have formed during printing, thermal shocking, 

or etching. No cracks were found. It is therefore assumed that normal screen­

printing forces will.not damage wafers containing stress raising flaws induced 

by the sawing operations. 

3. Materials Characterization 

Several commercial inks were purchased and analyzed prior to evaluation. 

In the commercial frit-bearing inks, the frit generically consists of lead 

borosilicate in composition with varying proportions of the three major oxides 

PbO, B
2
o

3
, and Si0

2
• The remaining elements are present in trace quantities and 

are brought in by impurities in the raw materials and/or ball-mill grinding of 

the frit. The solids content of the inks ranged from 78 to 83 wt pet. 

For the formation of inks at RCA, three commercial Ag powders were selected, 

based on variation in particle size, and were analyzed for impurities by emis­

sion spectroscopy. Of those impurities found, Cu would most seriously affect the 

*50 cc HNo3, 30 cc HF, and 20 cc acetic acid. 
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electrical conductivity of silver, since 0.1 to 0.2 wt pet Cu is soluble near 

room temperature. The Metz* K-150 A9 perhaps exceeds this amount, but it was· 

kept for comparative testing anyway. 

Cellulosic polymers, which are used to control viscosity and green 

strength in the ink, were also analyzed. Although the Na level is signifi­

cantly above background in each case, the total quantity remaining available 

for diffusion into silicon is negligible when the ultimate dilution with other 

ink ingredients is considered. 

Three specific frits or adhesive agents were prepared, two by standard 

glass melting techniques and ball-mill grinding. The third, AgPo3 ,~w~a~s-·~fo~r~m~e~d~--------­
by chemical precipitation from the reaction between AgN03 and stabilized HP0

3
• 

The stability of the third frit is in question, since x-ray diffraction analy-

sis identified Ag
4

P2o7 and/or Ag
3
Po

4 
in various instances. A summary of mate-

rial properties is presented in Table 11. The good wetting exhibited by the 
I 

AgP03 and 80PbO-lOB2o
3
-lOSi02 frit makes them excellent candidates for metal-

lization on n- and p-type silicon surfaces, respectively. 

TABLE 11. MATERIAL PROPERTIES 

Specific 
Material Surface Area Density 
(wt pet) ~ (m2fg) (g/cm3) 

Pb0(80)-B2o3(10)-Si0i(l0) 0.4453 6.376 

Pb0(70)-Zn0(10)-B2o
3

(10) 
-Si02(10) 0.5240 6.079 

AgP03 
0.029lt 3.702 

Ag (Metz K-150) 3.40 10.490 

Ag (Metz FS Type C) 0.88 10.490 

Ag (u.s. Met. Ref. 71-2)** 0.24 10.490 

*Contact angle: after 10 minutes at 675°C in air. 
**U.S. Metals Refining, Carteret, NJ. 

Contact 
on·si 

.5 

36 

18 

Angle* (Degree) 
on Ag 

14 

43 

0 

tSome difficulty was noted in obtaining this value; use with caution. 

*Metz Metallurgical Co., South Plainfield, NJ. 
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Particle size distribution curves, determined by the x-ray sedimentation 

method, are shown for the three Ag powders (and one Al powder*) in Fig._ 28 and 

confirm that the high~surface area K-150 contains the highest percentage of 

submicron particles. While the finer particles are an aid to rapid sintering 

at low firing temperatures, they require an additional organic vehicle for 

proper dispersion. The resultant decreased metallic content in the ink raises. 

the effective sheet resistance. For comparative purposes, however, the three 

Ag powders were retained for preliminary evaluations. 

a:: c w 
z 
IL. AQ METZ K-150 
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Figure 28. Powder particle size distribution curves. 

4. Electrical Conductivity of RCA-Formulated and Commercial Inks 

The frit and Ag powder were incorporat~d into an ink vehicle consisting 

of 6 Wt pet ethyl cellulose (N-300) dissolved in butyl Carbitol,**' i.e., 

diethylene glycol monobutyl ether. The final solids content of the ink varied 

with the specific surface area of the Ag powder. The solids content of the 

*Ampal 631 is a product of US Bronze Powders, Flemington, NJ. 
**Carbitol ·is a registered trademark of Union Carbide Corp., New York, NY. 
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Metz K-150 Ag could only achieve a maximum of 70 wt pet and still provide 

adequate screen-printing quality whereas the lower surface area powders, Metz 

FS type C and U.S. Metal Refining* Lot 71-2, could be increased to 80 wt pet 

and still print well. 

The test inks were screen-printed through an 1874-square serpentine line 

pattern (0.015 in. wide, 0.015 in. spacing) onto a 1- by l-in. 96% alumina test 

substrate to determine ink conductivity. As ~hown in Fig. 29, the :;;lu::!~t re­

sistance does not appear to vary significantly when the ink is fired for vari­

ous time and temperature combinations. When the fired film thickness is 

measured microscopically and resistivity is computed, the effect of increasing 

tim~ <:Utd temp~rature becomes more apparent, as shown in Fig. 30. However, it 

bacaml!: uLvluus that: determining minute differences in electrical conductivity 

would require a more accurate measure of metal deposited. Consequently, after 

sintering the test patterns, the Ag ink and substrate were weighed, the elec­

trical resistance was measured, the Ag ink was stripped in HN0
3

, and the sub­

strate was reweighed. Hence, the exact weight of Ag deposited was obtained 

and this value used to compute the ideal resistance for that amount of Ag. 

From the observed-to-ideal resistance ratio, the percent of bulk electrical 

conductivity was computed, and these values are reported for the RCA-formulated 

and commercial inks in Tables 12, 13, and 14. It should be noted that each test 

pattern was heated to 500°C for 2 min prior to heating to the listed combina­

tion in the Tables. The one exception is shown in Table 10 where·the Thick 

Film Systems** (TFS) 3347 Ag was £ired at 300 and 400°C to illustrate the 

poor electrical conductivity achieved At these low temparatures. 

In Table 12, which compares the unfritted RCA-formulated Ag inks, the 
2 highest conductivities are achieved by the Metz K,-150 (3.4 m /g surfqce area) 

and Metz FS Type (0.88 m2/g). The yalues for the 600 to 700°C regime range 

from 47 to 64% of bulk electrical conductiv~ty when fired for 600 s. However, 
2 

the u.s. Metal Refining Ag (0.24 m /g) only achieved 30 to 43% under the same 

conditions. The later Ag powder was therefore excluded from further testing. 

In Table 12 the influence of various frit additions upon electrical conduc­

tivity of Metz K-150 and FS Type C silver is compared. It can be seen that 

the presence of sufficient frit, i.e., 10 vol pet, improves conductivity as 

*U.s. Metal Refining Co., Carteret, NJ. 
**Thick Film Systems, Inc., Santa Barbara, CA. 

54 



Ill 15 
cr 
cr 
:::;) 

0 
(/) 
..... 
~ 10 
E 

Ill 
(.) 

z 
.:( 

l;; 5 
(/) 
Ill 
cr ... 
Ill 
Ill 

~ 0 

0 

,. IX */:* ~- ~ uoo 

oo so 
'l.bo. 0 

AQ (METZ K-150) 

Figure 29. Firing time-temperature dependence of sheet resistance 
of screen-printed Metz K-150 silver ink. 

E 
CJ 
I 

~ 
:t. 

>-... 
> 
i= 
(/) 

(/) 

Ill 
cr 

15 

!0 

5 

q 

0 > 

7/'oo soo 

Ag (~ETZ K-150) 

Fig~re 30. Firing time-temperature 4epenqence of re.sistivity 
of sheet resistance of screen-printed l1etz K-150 
silver ink. 

55 



TABLE 12. PERCENT OF BULK ELECTRICAL CONDUCTIVITY OF 
RCA Ag INKS (NO FRIT) 

Temperature (oC) 

Time (s) 500 600 700 800 900 

RCA - Metz K-150 Ag 

30 50 46 52 47 52 

60 47 49 54 52 55 

90 45 49 59 55 55 

120 47 50 59 47 55 

600 52 55 64 57 58 

2400 49 61 69 58 58 

RCA - Metz FS Type C Ag 

30 30 38 45 47 60 

60 32 36 51 60 64 

90 34 38 53 60 69 

120 35 43 53 60 69 

600 39 47 60 68 72 

2400 41 53 61 70 75 

RCA - U.S. Metal Refining Lot 71-2 Ag 

30 25 26 31 41 

60 24 26 32 33 45 

90 26 28 35 35 44 
120 26 29 35 35 22 

600 28 30 43 37 35 
2400 28 36 45 25 --
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TABLE 13. PERCENT OF BULK ELECTRICAL CONDUCTIVITY OF 
RCA - METZ Ag vs FRIT CONTENT 

Temperature (oC) 

Time (s) 500 600 700 800 900 

RCA - Metz K-150 Ag (no frit) 

30 50 46 52 47 52 

60 47 49 54 52 55 

90 45 49 59 55 55 

120 47 50 59 47 55 

600 52 55 64 57 58 

2400 49 61 69 58 58 

RCA - Metz K-150 Ag + 5 vol pet glass (80Pb0-lOB2o3-lOSi02) 

30 48 47 56 60 60 

60 48 48 58 59 58 

90 47 55 58 59 56 

120 45 56 59 63 57 

600 49 51 59 62 61 

2400 49 53 .)9 66 6J 

RCA - Metz K-150 Ag + 10 vol pet glass (80PbO-lOB2o3-lOSi02) 

30 56 58 62 69 67 

60 54 . 59 63 70 72 

90 55 62 68 74 71 

120 57 61 67 71 71 

600 .J8 64 74 75 74 

2400 58 70 71 . 74 69 
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Time (s) 

30 

60 

90 

120 

600 

2400 

Time (s) 

TABLE 13. PERCENT OF BULK ELECTRICAL CONDUCTIVITY OF 
RCA - METZ Ag vs FRIT CONTENT (Continued) 

Temperature (oC) 

500 600 700 800 

RCA - Metz K-150 Ag + 5 vol pet AgP03 

41 36 50 55 

36 41 48 56 

38 44 53 63 

38 46 54 64 

39 46 62 69 

41 50 63 67 

.2QQ. 600 675 

900 

60 

60 

63--

64 

65 

67 

RCA - Metz FS Type C Ag + 10 vol pet glass (80Pb0-10B203-10Si02) 

60 25 40 45 

90 32 44 48 

120 35 45 51 

600 42 54 61 

RCA - Metz FS Type C Ag + 3 wt pet Al + 10 vol pet glass 
(80Pb0-lOB203-lOSi02) 

60 24 35 40 

90 27 48 39 

120 32 40 39 

600 36 4H 44 
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TABLE 14. PERCENT OF BULK ELECTRICAL CONDUCTIVITY OF 
COMMERCIAL INKS 

Temperature (oC) 

Time (s) 300 400 500 600 700 

Thick Film Systems 3347 (Ag) 

30 15 18 44 51 59 

60 15 18 47 55 64 

90 15 18 47 58 67 

120 15 18 48 60 68 

600 15 19 53 68 75 

Time (s) 500 600 700 800 900 

Owens-Illinois 6105 (Ag) 

30 54 61 61 65 74 

60 54 56 68 71 80 

90 53 55 70 75 83 

120 so 56 72 79 87 

600 so 62 79 87 95 

2400 52 67 81 93 98 

Thick Film Systems A-250 (no glass) (Ag) 

30 39 53 64 

60 42 61 70 

90 43 64 72 

120 44 67 74 

600 51 73 80 

Englehard E-422-C (Ag) 

30 55 57 63 

60 56 61 66 

90 57 62 69 

120 58 62 70 

600 61 70 76 

59 



TABLE 14~ PERCENT OF BULK ELECTRICAL CONDUCTIVITY OF 
COMMERCIAL INKS (Continued) 

Temperature (°C) 

Time (s) 500 600 700 800 900 

Engelhard E-422-E (Ag) 

30 42 45 49 

60 42 47 53 

90 43 48 55 

120 ld 48 57 

600 46 s:z 62 

Eugelhard E-422-D (Ag/Al) 

30 42 44 36 

60 42 45 33 

90 44 45 32 

120 44 46 33 

600 46 47 32 

Engelhard E-422-F (Ag/Al) 

30 35 37 22 

60 35 38 9 

90 35 38 9 

120 36 39 9 . 

600 38 39 7 
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predicted by liquid-phase-assisted sintering theory [18]. For example, at the 

600-s firing time, the percent of bulk electrical conductivity increases from 

55 to 64% when fired at 600°C and 64 to 74% when fired at 700°C for the Metz 

K-150 Ag. The percent of bulk electrical conductivity for Metz FS Type C with 

10 val pet frit fired at 600°C-600 s, however, is only equivalent to the pure, 

unfritted Metz K-150. This result is also expected since larger Ag particles 

in the FS Type C powder do not sinter as rapidly as the smaller particles in 

the K-150 powder. 

Despite the lower electrical conductivity of the FS Type C powder, a 

greater solids content, i.e., 80 wt pet vs 70 wt pet for the K-150, in the ink 

is possible due to the lower surface area of the Ag. This difference showed 

up in the fired film appearance which was more dense than the K-150 Ag film, 

and may influence solderability and adhesion properties. 

The initial test completed with 8.3 val pet addition of AgP03 showed 

lower conductivity (Table 13) than pure K-150 Ag-when fired at 500 to 700°C. 

At 800 to 900°C the conductivity of the AgP03 based ink was greater than the 

pure K-150. This improvement at the higher temperatures implies that the 

AgP0
3 

precipitate was not pure but contained higher melting compounds, e.g., 

Ag
4

P2o
7 

(mp* 585°C) and Ag
3
Po

4 
(mp 849°C) vs AgP03 (mp 482°C). Thus the 

benefit derived from liquid-phase sintering did not occur until these compounds 

melted. Further development is needed with AgP03 stabilization to improve the 

desired effect of low-temperature liquid-phase-assisted sintering. 

With Metz FS Type C flake silver,·Figs. 31, 32, and 33 depict the changes 

in conductivity for firing times of 1, 2, and 5 min, respectively, at 600 to 

900°C and AgP03 concentrations of 8.3 to 30.1 vol pet. If the three plots 

are superimposed, t~e conductivity results show the 5-min firing time to be 

slightly superior, but the 1- and 2-min firing times are almost identical. 

The similarity in conductivity results provides a wide ~atitude in processing 

time. Hence, optimization of metallization solderability and adhesion can 

proceed without too much concern for conductivity losses. The slight decline 

in conductivity between 8.3 and 30.1 vol pet AgP03 may imply that. lower con­

centrations would provide higher conductivity. While apparently contrary to 

18. K. R. Bube and T. T. Hitch, "Basic Adhesion Mechanisms in Thick and Thin 
Films," Final Report, March 1978, NASC Contract N00019-77-C-0176. 

*Melting point. 
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INK• RCA n-type 

(Metz FS Type C AQ 
+ AQPO;s • II HzOl 

TIM£,1 MIN 

Fi~ure 31. Conductivity vs temperature and voi pet AgP03 
for RCA n"-type ink. Firing ti1ne = 1 min. 

INK• RCA n-type 
(Metz FS Type C AQ 
+ AgPo, ·11 HzO) 

TIME;2MIN 

100 

50 

0 

Figure 32. Conductivity vs temperature and vel pet AgP03 
for RCA n-type ink. Firing time = 2 min. 
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INK•RCA n-type 
. (Me'iz FS Type C Ag 

+ AgP03·xH20l 

TIME,5MIN 

100 

50 

Figure 33. Conductivity vs temperature and vol pet AgP0
3 for RCA n~type ink. Firing time = 5 min. 

liquid-phase sintering theory, the extreme wettability, e.g., the 0° contact 

angle between Ag and AgPo
3

, may account for very rapid sintering at lower con­

centrations t~an are usually observed. Excessive concentrations of the non­

conductive ph~se would then predictably increase the electrical resistance of 

the film. 

For contact to the ·p-t}rpe Si on the back of the cell, a Ag + 3 wt pet Al 

ink was prepared containing 10 vol pet glass. As shown in Table 13, the conduc­

tivity is generally loWer than the unalloyed Ag inks for equivalent firing 

conditions. In air firing, two competing reactions are occurring, namely, 

oxidation of the Al powder and alloying with the Ag. Both tend to reduce the 

electrical conductivity, while sintering tends to raise it. Extended time at 

higher temperature appears to have a neutral to negative effect upon conduc­

tivity. 

The electrical conductivity of commercial inks appears in Table 14 and 

shows data for Thick Film Systems.3347, A-250, Owens-Illinois* (OI) 6105, 

Engelhard** E-422-C, E-422-E, E-422-D (Ag/Al), and E-422~F (Ag/Al). When fired 

at 300 to 400°C the TFS 3347.Ag never exceeds· 19% of bulk electrical conduc­

tivity, indicating the basic reason for much higher peak firing temperatures. 

*Owens-Illinois, Inc., Toiedo, OH. 
**Engelhard Industries, Inc., East Newark, NJ. 
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When fire~ at higher temperatures, the conductivities are slightly higher 

than the RCA-Metz K-150 with 10 vol pet glass. Without careful analysis of Ag 

particle size distribution and glass composition and content it is difficult 

to surmise which, if not all, factors are contributing to the improvement. 

When TFS 3347 is compared with fritless TFS A-250, the higher electrical con­

ductivity of the latter is also difficult to assess. At least the three pre­

viously mentioned factors can influence conductivity, i.e., Ag par.tir.l P. l'd.7.e 

distribution, glass content, and glass composition. For example, if the glass 

content is not sufficiently high or the glass viscosity is not sufficiently 

low at the selected firing temperatures, the conductivity will not be as high 

as the pure Ag ink, in keeping with liquid-phase-assisted sintering. 

The phosphorus-bearing OI-6105 Ag shows progressively superior conductivity 

with increasing temperature when compared with RCA-Metz K-150 in the 700 to 

900°C range. It is the only ink which actually approaches pure Ag conduetivity 

when fired at 900°C for 2400 s. However, in the region of interest, e.g., 

600 s at 600 to 700°C, the inks are about equivalent in conductivity. 

Limited testing was also completed on two Engelhard Ag and two Engelhard 

Ag/Al inks. Ag ink E-422-C shows slightly superior conductivity in the 

600-s, 600 to 700°C region and the other one, E-422-E, considerably lower 

conductivity than the RCA-Metz K-150 ink. Similarly, the Ag/Al inks are 

about coffiparable or slightly lower in conductivity. 

In addition to Ag inks, a Cu ink, Cermalloy* 7029-5, was analyzed and found 

to contain a lead borosilicate frit, similar to the Ag inks. Conductivity data 

for the Cu ink were obtained after firing in tank N2 and c'IP..oxj.rli7.ec:1 tank N2 7 

and, as shown in Table 15, the Cu ink is considerably lower in conductivity in 

the area of interest, e.g., 600 to 700°C, than the RCA-Metz K-150 Ag ink. 

Furthermore the dot-to-dot pattern, used for determining specific contact 

resistance, was applied to a silicon solar cell (lot 85). The contact resist­

ance was measured after firing at 500, 600, and 700°C for 5 min and found to 

be 1.77 n-cm
2 

at 500°C, 0.70 n-cm
2 

at 600°C and 0.41 n-cm
2 

at 700°C. The 

combination of high contact resistance and low electrical conductivity for the 

Cu ink is not encouraging. Therefore, attention will continue to be directed 

toward the Ag inks. 

*Division of Bala Electronics, West Conshohocken, PA. 

64 



TABLE 15. PERCENT OF BULK ELECTRICAL CONDUCTIVITY 

Cermalloy 7029-5 (Cu) 

Temperature (oC) 

Time ___ Js)_ 500 600 700 800 900 

Ambient: Tank N2, preheat 500°C-2-min 

30 22 27 33 41 45 

60 22 28 40 48 55 

90 22 36 4J 51 57 

120 24 33 46 50 56 

600 28 48 54 59 62 

2400 28 53 61 57 

Ambient: Deoxidized N2, without 500°C-2-min preheat 

60 4 24 35 43 55 

90 9 28 40 50 58 

120 12 31 50 53 61 

600 19 44 53 62 71 

To test the effectiveness of laser heating as a quick means of sintering 

a screen~printed Ag line, a small comparative test was carried out. A 0.015-

in.-wide x 0.75-in.-long test bar was screen-printed onto single-crystal Si 

pieces •. Samples A and B were preheated after printing to burn out the. polymer 

in the ink at 400°C for 30 s. If the ink polymer is not removed prior to 

exposure to the laser beam, the pattern is explosively removed upon laser 

pulsing. 
2 Sample A was exposed to a Nd:glass laser pulse of 2.9 J/cm and a second 

2 pulse of 3.6 J/cm • Sample B was fired in a belt furnace set to achieve a~out 

a 10-min dwell at 675°C. Electrical measurement showed sample A (laser pulsed) 

decreased in electrical resistance abqut 13% while sample B decreased about 

58%. Thus, laser pulsing does not appear to be a practical way for rapidly 

sintering a screen-printed Ag line on Si. 
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5. Solderability of RCA and Commercial Inks 

Some preliminary tests were performed to determine r~lative solderability 

values. Both OI-6105 phosphated-silver ink and RCA inks were screened onto 96% 

Al2o3 substrates using the 1874-square serpentine pattern. After drying and 

firing for 10 min at 675°C, the metallization patterns were coated with Kester* 

1544 solder flux and innnersed in 215°C solder, i.e.,_ 62Sn-36Pb-2Ag (wt pet)_, 

for varying times from 2 to 8 s. The sample patterns were visually examined 

to determine the extent of solder dewetting which is indicative of excessive 

silver dissolution by the solder or poor initial wettability. As shown in 

-Table 16, OI-6105 is esse~tially unsolderable or too rapidly dissolved by the 

solder. The first RCA ink, Metz FS type C Ag + 10 vol pet PBS frit (i.e., 

80PbO-iOB203-lOSi02 wt pet) showed only slight dewetting up to 6 s. The 

second RCA ink, Metz FS type C Ag + 10 vol pet PBS frit + 3 wt pet Al, 

showed slightly greater dewetting but more resistance to longer immersion 

:!.n m01ten il0ln~.r.; 

TABLE 16. SOLDERABILITY COMPARISON - PERCENT DEWETTING 

Metallization 

OI-6105 

RCA-Metz FS 
Type C+ ** 
10 vol pet PBS 

RCA-Metz FS 
Type C+ ** 
10 vol pet PBS 
+J wl pel A1 

kFlux: Kester 1544 

Time (~) in 215°C ~ Solder 
(62Sn-36Pb-2Ag, wt pet)* 

8 6 4 

70-80 80-85 70-80 

30-40 1 2 

**Frit: PBS is 80Pb0-lOB20
3
-lOSi02 (wt pet) 

2 

70-80 

1 

5 

The adhesion test pattern, described subsequently and sho~ in Fig. 34, 

also contained a large dot which was used in conjunction with reflowed solder 

balls to measure the solder-to-metallization contact angle. 

A cursory examination of solderability of 4.2, 8.3, and 16 vol pet AgP03 
inks showed the latter two to be unsolderable (with 62Sn-36Pb-2Ag wt pet 

*Kester Solder Co., Chicago, IL. 
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. Ag METALLIZATION (4) 

SILICON SUBSTRATE 

COPPER STRAP (4) 

Figure 34. Adhesion test pattern. 

solder and Kester 1544 flux) when the inks were fired on Si at 800 or 900°C 

for 1 or 2 min. The 4.2 vol pet AgP0
3 

ink produced contact angles of 90 to 

9Y' when the ink was fired at 700 or 800°C fu1· 10 min. 

More detailed studies of the AgPo3 and lead borosilicate-based Ag ink 
+ solderabilities were conducted on n - and p-S·i, respectively. Table 17 sum-

marizes the data for AgP03-based inks containing 2 to 8 vol pet AgP0
3 

and 

indicates progressively diminishing solderability with increasing AgP0
3 

content. 

Best results are found in the 800 to 900°C ink firing temperature range with 

firing times of 1 to 3 min. 

For lead borosilicate-based inks fired onto p-Si substrates the results, 

as shown in Table 18, indicate progressively decreasing solderability with in-. 

creasing glass content, firing temperature, and time. With glass contents of 

2.5 or 5 vol pet, solderability was acceptable for shorter firing times, e.g., 

1 to 5 mi~, in the 600 to 900°C firing range. For the 15 vol pet glass­

bearing ink, solderability results indicated a maximum firin~ range of 600to 

700°C for 1 .to 5 min would be acceptable. Figures 35 through 40 summarize 

contact angle data graphically in n- and p-Si. 
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TABLE 17. SOLDER CONTACT ANGLE TO AgP03-BEARING Ag 
METALLIZATIONS ON n+-Si (100) SUBSTRATE* 

Balance Metz FS Type C Ag 

Firing Conditions AgP03 vol pet 
°C-min 2 4 6 

Angle (Degree) 
bOO 1 Dt 32 58 

2 ·D 104 114 

3 D 62 L 

700 - 1 36 124 124 

2 24 D L 

3 D D 100 

800 - 1 /16 63 60 

2 45 133 136 

3 57 56 144 

900 - 1 33 146 151 

2 25 49 50 

3 27 102 85 

*Reflowed solder (62Sn-36Pb-2Ag wt pet) balls using Kester 1544 
solder flux and 215 +2uC interface temperature for 5 to 8 s. 

tD - Ag metallization pad dissolved by molten solder. 
ttL- Solder ball lifted, i.e., did not wet metallization. 

68 

8 

Ltt 

L 

71 

L 

L 

L 

L 

43 

L 

L 

L 

99 



Time 

TABLE 18. SOLDER CONTACT ANGLE TO LEAD BOROSILICATE-BEARING 
Ag METALLIZATIONS on p-Si SUBSTRATE* 

Temperature (°C) 
(min) 600 700 800 

Angle (Degree) 

900 

2 vol pet PBS** balance Metz FS Type C Ag 

1 17 17 35 49 

2 18 24 40 69 

5 19 37 52 59 

10 18 52 62 68 

5 vol pet PBS balance Metz FS TYPE C Ag 

1 33 22 44 67 

2 19 71 60 95 

5 21 70 80 117 

10 35 87 112 144 

15 vol pet PBS balance Metz FS Type C Ag 

1 44 77 117 

2 51 109 139 

5 76 109 157 

10 82 149 158 

*Reflowed solder (62Sn-36Pb-2Ag wt pet) balls using Kester 1544 
solder flux and 215. +2°C interface temperature for 5 to 8 s. 

**PBS = 80PbO-lOB2o3-lOSi02, wt pet. 

69 
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CONTACT 
ANGLE* 
!DECREES! 

*sn-Pb-Ag 
62-36-2 WT PCT 

Ag !METZ FS TYPE Cl+ 2.5 VOL PCT PBS FRITON p-SI 

Figure 35. Wet solder contact angle as a function of firing temperature 
and tL11e for Ag + 2. 5 vol pet FD3 !uk. uu JJ""s!l!l:uu. 

~
100 

50 

0 

CONTACT 
ANGLE* 
!DECREES! 

*Sn-P~-Ag 
62-36-2 WT PCT 

Ag (IlETZ FS TYPE Cl +5 VOL PCT PBS FRIT ON p~Si 

Figure 36. Wet solder contact angle as a function of firing 
temperature and time for Ag + 5 val pet PBS ink 
on p-silicon. 
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t
iOO 

50 

0 

CONTACT 
ANGLE* 
!DEGREES! 

*Sn-Pb-Ag 
62-36-2 WT PCT 

Ag !METZ FS TYPE Cl+l5 VOL PCT PBS FRITON p-Si 

Figure 37. Wet solder contact angle as a function of firing 
temperature and time for Ag + 15 vol pet PBS ink 
on p-silicon. 

t
iOO 

50 

0 

*s,,-Pb-Ag 

CONTACT 
ANGLE* 
!DEGREES! 

62 - 36- 2 WT PCT 

Ag (METZ FS TYPE Cl +2.5 VOL PCT PBS FRIT 0~ n-Si. 

Fig~re 38·. Wet splder contact angle as a function of firing 
temperature and time for Ag + 2.5 vol pet PBS ink 
on n-silicon. 
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coo 
co 

0 

*Sn-Pb-Ag 

CONTACT 
ANGLEot 
(DEGREES) 

62-36 - 2 WT PCT 

Ag (METZ FS TYPE Cl +5 VOL PCT PBS FRIT ON n-Sf 

Figure 39. Wet solder contact angle as a function of firing 
temperature and time for Ag + 5 vol pet PBS ink 
on n-silicon. 

Ag IMETZ FS TYPE Cl + 15 VOL PCT PBS FRIT ON n-Sf 

t 
100 

50 

0 

CONTACT 
ANGLE* 
(DEGREES) 

* Sn- Pb -Ag 
62-36-2 WTPCT 

Figure 40. Wet solder contact angle as a function of firing 
temperature and time for Ag + 15 vol pet PBS ink 
on n-silicon. 
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Solderability can be improved by rinsing the fired metallization in HF 

(1 val pet) for 30 s prior to soldering with flux. For example, as shown in 

Table 19, both the 15 val pet PBS ink and commercial TFS 3347 (a lead 

borosilicate-based ink), which were fired for 2 min at 675 or 700°C, show a 

marked improvement in solderability after HF rinsing. Table 19 is also 

arranged to present data on adhesion strength results after thermal cycling, 

which is discussed below. 

TABLE 19. SOLDER CONTACT ANGLE TO LEAD BOROSILICATE-BEARING 
Ag METALLIZATIONS ON n+-si (100) SUBSTRATE* 

Without Temperature Cycling With Temperature Cycling** 

Firing Conditions, 2 Min at 

675°C 700°C 67 5°.C 700°C 

Angle (Degree) 

control 

TFS3347 33 44 49 37 

RCA 15 val pet 

PBS frit 47 73 49 62 

HF rinsed*** 

TFS3347 20 18 16 19 

RCA 15 val pet 

PBS frit 20 21 19 17 

*Reflowed solder (62Sn-36Pb-2Ag wt pet) balls using Kester 1544 solder 
flux and 215 +2°C interface temperature for 5 to 8 s. 

~<*Five cycles: -25°C to -40°C to 55°C to 25°C with 5-min dwell at extreme 
temperatures; single cycle time = 30 min. 

~·o~,'<Immersed for 30 s in 1 val pet HF in HzO followed by deionized H
2
o rise 

for 10 min at room temperature. 

6. Adhesion Strength of RCA and Commercial Ag Inks 

Despite the poor solderability of OI-6105 it was included in the initial 

adhesion strength determinations which follow. The two RCA Ag inks and frit­

bearing Engelhard 422E (Ag), 422F (Ag/Al), and Thick Film Systems 3347 (Ag) 

were also included, as well as fritless Thick Films Systems 250 (Ag). All the 
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inks were screen-printed with 325 mesh screen and 0.001-in. (0.0254-mm) emulsion 

buildup onto polished (100) silicon substrates so as to yield four test pads 

measuring 0.1 x 0.1 in. (2.5 x 2.5 mm) as shown in Fig. 34. The samples were 

dried and fired under three separate conditions: A - 675°C for 2 min in a tube 

furnace, B - 675°C for 5 min in a belt furnace moving at 15.2 em (6 in.)/min, 

and C- 675°C for 10 min in the belt furnace moving at 7.6 em (3 in.)/min. 

Copper straps were then applied by a reflow soldering technique for adhesion 

~hear stress testing. The copper straps, which were pretinned with solder, 

measured 1.34 x 0.14 x 0.003 in. (34 x 3.5 x 0.08 mm). Ke~ter 1544 solder 

flux and two 62Sn-36Pb-2Ag solder balls wel~iing about 0.005 g each were app~l~i~e~d ________ _ 

to the metallization test pads. The copper straps were positioned over the test 

pads and the assembly was placed on a 215 +2°C hot plate. Heating to 215°C eook 

about 45 s, and the assembly was held at 215°C for 5 to 8 s before being quickly 

removed and cooled on a chilling block. 

A shearing stress was then applied to the copper strap-metallization inter­

face in an Instron Test Machine after allowing the assemblies to equilibrate 

for several hours at room temperature. The shearing forces, reported in 

Table 20, indicate a range of 0 (TFS fritless Ag 250) to 6087 g (RCA-Metz FS 

type C + 10 vol pet PBS frit +3 wt petAl). This maximum value is equivalent 
2 2 to 1342 lb/in. (0.94 kg/mm ) shear stress over the entire pad area. In many 

instances, however, the copper strap broke, in which case the silicon­

metallization interface failure stress was not actually achieved, i.e., the 

interface strength exceeded the copper strap strength. In general, the three 

failure modes, e.g., copper, silicon, and interface failure, were observed on 

various inks with the weaker ones showing a predominance of interface failures. 

The stronger inks are generally noted to be the RCA inks and TFS 3347. 

More detailed adhesion strength determinations were subsequently conducted 

on AgP0
3 

and lead borosilicate-based Ag inks as well as the commercial lead 

borosilicate-based TFS 3347. The AgP0
3
-based Ag ink was examined as a function 

of composition (2 to 8 vol pet AgP0
3
), firing temperature (600 to 900°C), and 

time (1 to 3 min). Table 21 illustrates that acceptable adhesion strength 

demonstrated by copper strap failure, was found consistently only when the 2 

vol pet AgP0
3 

sample was fired at 900°C for 3 min. At lower firing tempera­

tures, e.g., 600 and 700°C, copper strap-to-silicon delaminations were uni­

formly noted with no strength at low AgP0
3 

concentrations. Consequently, 
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TABLE 20. ~TALLIZATION ADHESION SUMMARY FIRING CONDITIONS 

Ink 

OI-610.5 

TFS 250 

TFS 3347 

Eng 422E 

Eng 422F 

RCA-Metz 
FS :rype C + 
10 vol pet PBS 

RCA-Netz 
FS Type C + 
10 vol pet PBS + 
3 wt pet Al 

A 
675°C-2 min 

Parameter (Tube) 
-* X (g) 

** 
%V + 
mode 

X 

,~v 

mode 

;{ (g) 
%V 
mode 

;{ (g) 
%V 
mode 

;{ (g) 
%V 
mode 

;{ (g) 
%V 
mode 

;{ (g) 
%V 
mode 

0 

c 

5465 
9.1 

a,b 

0 

c 

3310 
35.6 

c 

4785 
2.6 

b,c 

4785 
3.2 

a,b 

B 
675°C-5 min 
(Belt-6 in./min) 

4015 
33.3 
b 

2775 
21.7 

c 

5823 
5.3 
a 

4460 
43.3 

b,c 

4218 
14.4 

c 

6015 
7.4 
a 

5533 
8.2 

a,b 

c 
675°C-10. min 
(Belt-3 in./min) 

4045 
8.7 

a,b,c 

0 

c 

4818 
11.9 

a 

3930 
37.8 

a,b,c 

3828 
16.7 

a,b,c 

5443 
3.2 
a 

5443 
27.6 

a,b 

*x = sheiring force, ·average value. 
**%V = coefficient of variation. 
+ Legend for failure mode: a = copper strap broke 

b silicon wafer broke partially or completely. 
c = delamination somewhere between copper strap 

and silicon. 
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TABLE 21. ADHESION STRENGTHS OF AgP03-BEARING Ag METALLIZATIONS 
ON n+-si (100) SUBSTRATE 

* Parameter 

Temp (°C) 

Time (min) 

i (kg) 

%V 

AgP03, Balance Metz FS TYPE C Ag 

2 vol pet 
600 

1 2 3 

0 0 0 

1 

0 

700 

2 

0 

3 

0 

1 

0 

800 

2 3 

0 0 

1 

0 

900 

2 

0 

114 6 

3 

0 

8 
~ - ------~- -------- ---

Failure Mode c c c 

Contact Angle (deg) D D D 

X (kg) 

%V 

0 0 0 

c 

36 

0 

c c c c c b,c a,b 

24 D 46 45 57 33 25 

4 vol pet 

0 0 0 1.6 0.6 1.6 5.3 

32 

a 

27 

5.0 

26 

Failure Mode c c c c c a,b,c a,c 

Contact Angle (deg) 32 104 62 124 D D 63 133 56 146 49 102 

i (kg) o o o.a o 
%V 

6 vol pet 

0.8 0 0.6 1.8 3.0 3.8 5.4 

81 61 47 17 

5.9 

5 

" Failure Mode c c c c c c c c c b,c a,b,c b,c 

Contact Angle (deg) 58 114 L 124 L 100 60 136 144 151 50 85 

i (kg) 

%V 

0 1.0 0.6 0.4 0 

54 

a·vol"pct 

0.6 0 0.7 0 1.3 2.6 4.0 

27 

Failure Mode c c c c c c c c c c c b,c 

Contact Angle (deg) L L 71 L L L .L 43 L L L 99 

*Legend: x = force at failure in kg, average 
%V = coefficient of variation, (Standard deviation . i) 100, sample 

size, n = 4, normally 

Failure mode - a = copper strap broke 
b - silicon wafer fractured or silicon chip removed 

under metallization 
c = delamination somewhere between copper strap and 

silicon 
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effort was shifted to the lead borosilicate-based inks in order to obtain 

improved adhesion at lower firing temperatures. 

From Table 22 it is clear that adhesion strength and failure mode varied 

with firing temperature, time, and glass content on p-Si substrate material. 

At low glass concentrations, e.g., 2.5 and 5 vol pet, acceptable adhesion and 

failure modes were found at the higher firing temperatures and time. With the 

higher glass content, e.g., 15 vol pet, acceptable results shifted to the lower 

firing temperatures, e.g., 600°C for times of 1 to 10 min and 700°C for 1 to 

5 min. The results are consistent with glass wetting and sintering phenomena. 

At low glass concentrations, longer time and higher temperatures are required 

for sufficient quantity of glass to reach the Si surface to provide adequate 

adhesion between sintered Ag particles and the Si substrate. At high glass 

concentrations, e.g., 15 vol pet, sufficient glass is almost immediately present 

at the Ag-Si interface. Prolonged heating at elevated temperatures increases 

Ag film densification but also promotes additional wetting of the available Ag 

surfaces away from the Ag~Si interface. This additional wetting or coating of 

Ag particles with glass reduces solderability, as evidenced by the increasing 

cont~ct angles for the 15 vol pet samples when fired at higher temperatures 

and longer times. With decreased solderability, an increasing frequency of 

copper strap-to-silicon delaminations was observed. 

Limited adhesion strength measurements were again taken after depositing 
+ the same Ag inks on n -Si (100) substrates. In addition, these samples were 

exposed to three cycles of extreme liquid-to-liquid thermal shock, e.g., -75 to 

125°C, in order to confirm the superiority of the 15 vol pet material. As 

shown in Table 23, only the 15 vol pet ink came close to acceptable limits. 

The consistent silicon fracturing is due to the mismatch in thermal expansion 

coefficients between glass and silicon. 

Since HF rinsing of the fired Ag metallizations had been shown to improve 

solar-cell fill factor and efficiency, a test was conducted to ~ompare the 

adhesion strength of rinsed and unrinsed samples with milder thermal cycling, 

e.g., -40 to 55°C. Both TFS 3347 and the RCA lead borosilicate-bearing ink 

were tested after firing at 675 and 700°C for 2 min. 

As shown in Table 24, under all conditions both inks, with the exception 

of one sample, exhibited acceptable adhesion strength. After 30-s immersion 

in 1 vol pet HF at room temperature, the solderability of both inks improved 
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TABLE 22. ADHESION STRE:tJGTH OF LEAD BOROSILICATE-BEARING Ag NETALLIZATION IDN p-Si ~100) SUBSTRATE 
(80Pb0-lOB203lOSi02 wt pet) Balance Metz: ·FS Type: C Ag 

2.5 vol pet 

Temperature (oc:• 600 700 800 

Time (min) .1 2 5 10 1 2 5 10 1 2. 5 10 1 

x (kg) 3.5 3.9 3.5 6.3 3.1 5.3 6.8 6.6 4.9 6..6 6.7 7.2 7.1 

%V 22 18 45 7 33 19 3 6 27 4 2 9 4 

Failure Mode c c c b c a,b,c a a a,c a,b a,b a a 

Contact Angle (deg) 17 18 19 18 17 24 37 52 35 40 52 62 49 

5.0 vol pc~ 
- (kg) 6~2 5.5 5 .. 8 6.0 5.9 6.7 4.0 5.8 6.8 6.7 6.5 X 5.1 7.1 

%V '5 26 10 10 17 5 16 6 38 12 9 8 10 

Failure Mode c a,c a.,c a,c a,c a,b,c b,c a c c a,b,c a,b a,b,c 

Contact Angle (deg) 33 19 21 35 22 71 70 87 44 6-D 80 112 67 

15.0 vol pet 

X (kg) 6.8 7.1 6.9 6' .• 8 6.8 6.5 6.9 7.1 6.9 6.7 4.6· 2.8 6.4 

%V 7 4 9 2 8 12 4 3 4 6 30 75 6 

Failure Mode a a a a a a a a,b,c a a c c a 

Contact Angle (deg) 44 51 75 82 77 109 109 149 117 139 157 158 159 

Legend: x ~ fo~ce at failure in ~g, ayerage 
%V = coefficient of va:::ia·:ion, (standard d•eviation + x) 100, sample size,, n=4 normally 

Failure mode - a = copper strap broke !( 

·b = silicon wafar fractured or silicon chip removed under !1netallization 
'I c = delaminatio:1. somewhere between copper strap and silic0::1 
:I 

:I 

:I 

" I 
I 

900 

2 5· 

7.3 7.3 

2 1 

a a 

69 59 

6.7 6.4 

13 21 

a,b a,b 

95 117 

4.7 4.8 

28 49 

a,c a,c 

160 159 

10 

6.9 

3 

a,b 

68 

6.5 

2 

a,b 

144 

4.5 

34 

c 

158 



TABLE 23. ADHESION STRENGTH AFTER THERMAL SHOCK FOR 
LEAD BOROSILICATE-BEARING Ag METALLIZATION 
ON n+-si (100) SUBSTRATE 

(80PbO-lOB
2
o

3
-lOSi0

2 
wt pet) Balance Metz FS Type C Ag 

Parameter 

Temp (°C) 

Time (min) 

x (kg) 

%V 
Failure Mode 

Contact Angle (deg) 

X (kg) 

%V 

Failure Mode 

Contact Angle (deg) 

X (kg) 

%V 

Failure Mode 

Contact Angle (deg) 

1 

0 

c 

14 

0.4 

c 

20 

1.2 

33 

b 

68 

700 

2.5 \To! pet 

2 

0 

c 

22 

1 

0 

b,c 

29 

5.0 vol pet 

0.8 

73 

b,c 

33 

1.2 

b,c 

51 

15.0 vol pet 

1.4 

36 

b 

78 

2.6 

40 

b 

74 

800 

2 

0.6 

.b 

41 

0.6 

b,c 

85 

5.1 

18 

a,b 

113 

Legend: x = force at failure in kg' average 
%V = coefficient of variation, (standard deviation ~ ·:x) 

100, sample size, n • 4 normally 

Failure Mode - a 
b = 

c = 
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copper strap broke 
silicon wafer fractured or silicon chip 
removed under metallization 
delamination somewhere between copper 
strap and silicon 



TABLE 24. ADHESlON STRENGTH OF LEAD BOROSILICATE-BEARING Ag 
METALLIZATION ON n+-si (100) SUBSTRATE 

Without Temperature 
Cycling 

Firing Conditions, 2 min at 

Parameters 

TFS 3347, x (kg) 

%V 

Failure Mode 

Contact Angle (deg) 

RCA, 15 vol pet PBS, x (kg) 

%V 

Failure Mode 

Contact Angle (deg) 

TFS 3347, x (kg) 

%V 

Failure Mode 

Contact Angle (deg) 
**-

6.5 

7 

a 

33 

6.5 

4 

3a,lc 

47 

6.6 

7 

a 

20 

RCA, 15 vol pet PBS, x (kg) 6.8 

n 5 

Failure Mode 

Contact Angle (deg) 

a 

20 

Control 

6.5 

16 

a 

44 

6.6 

2 

a 

7'3 

*** HF rinsed 

6.5 

4 

a 

18 

6.2 

10 

a 

21 

With Temperature 
* Cycling 

5.6 

a 

49 

6.4 

10 

a 

4Y 

6.7 

5 

a 

16 

6.5 

4 

a 

19 

6.5 

12 

a 

37 

6.4 

5 

a 

b2 

6.5 

6 

a 

19 

6.8 

3 

a 

17 

*Temperature cycle: five cycles from 25°C to -40°C to 55°C to 25°C, with 
5-min dwell at extreme temperature; single cycle time = 30 min. 

**15 vol pet PBS - 15 vol pet glass frit composed of 80PbO-lOB
2

0
3
-lOSi0

2 (wt pet) 
***Parts immersed for 30 seconds in aqueous HF (1 vol pet) solution followed 

by deionized water rinse for 10 min 

Failure mode: a = copper strap broke 
b = silicon wafer fractured or silicon chip removed under 

metallization 
c = delamination somewhere between copper strap and silicon 
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notably, as evidenced by a decrease in the contact angle. Under these condi­

tions, all samples were strong enough to sustain copper strap breaks, i.e., 
2 shear stress in excess of 1 kg/mm • 

7. Metallization Penetration 

Figure 41 illustrates the range of the typical phosphorous concentration 

profiles for average-depth n- on -p solar cells. Since it is known that metal­

lization contact resistance rises abruptly if the phosphorous concentration is 
19 3 much below 10 atoms/em , it is apparent from Fig. 41 that metallization 

penetration, i.e., dissolution of the high phosphorous concentration region by 

ink c.onst:ttuents, must be less than about 0.1 JJm average. 
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Figure 41. Range of POC1
3
-diffused phosphorus concentration profiles. 
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To enable determination of the extent of penetration of the metallization, 

samples were treated with 1:1 NH
4

0H-H2o2 solution to dissolve the Ag film. 

The remaining glass frit was dissolved in ultrasonically agitated HF solution. 

Scanning electron microscopy was then employed to determine the degree of 

attack on the underlying silicon. 

For example, the RCA 15 vol pet lead borosilicate sample which was fired 
+ for 2 min at 800°C on n -Si is shown in Fig. 42 after metal and glass removal. 

Figure 42(a) illustrates the typical rectangular etch pits in (100)-oriented 

silicon caused by glass dissolution. Viewed at a low angle, Fig. 42(b) shows 

the depth of attack to be approximately 0.5 ~m, essentially the entire n-layer 

thickness. From this observation, it is clear that such extensive dissolution- c -=c~~~ 

would impair, if not preclude, device performance. Consequently, temperatures 

below 800°C must be considered as an upper boundary for solar-cell metallizing 

with this shal-low junction design and glass composition. 

B. Application of Screen-Printing Process to Solar Cells 

a. Application to 3-in.-Diameter Cells with Diffused Junctions - Initial exper­

iments were conducted with 3-in.-diameter solar-cell wafers having n+ junction 

depths of ~0.5 ~m and sheet resista~ce of ~30 QjD. These junctions w~re formed 

by a POC13 diffusion at 850°C for 60 min into p-type, 1- to 2-Q-cm Czochralski 

wafers. The lots were split and printed on the sun-side with three different 

silver-based inks: Thick Film Systems TFS 3347, RCA-Metz type C, and Engle­

hard E-422E. The backs of all samples were printed with Englehard E-422F 

Ag ink containing 3 to 4% aluminum. 

The firing tests were conducted using two Argus International* #705 

infrared lamp heaters. The samples were placed one a-t a time in a horizontal 

plane on a stainless-steel grid belt and fired simultaneously from both sides. 

A thermocouple placed on the sun-side of the wafers indicated that a tempera­

ture of 775 to 800°C was achieved in 30 s. Experiments were conducted .at 

firing times of 1/2, 1, 1-1/2, 2, and 3 min. 

The results as a function of the firing time are shown in Table 25. 

Good results were obtained at all firing times as· indicated by the maximum 

*Argus International, Hopewell, NJ. 
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Figure 42. + SEMs of n -silicon surface after dissolution of Ag 
and glass film. Film contained 15 vol pet lead 
borosilicate glass and was fired for 2 min at 800°C. 
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TABLE 25. RESULTS OF INFRARED LAMP FIRING AS A FUNCTION OF FIRING TIME 

Firing AM-1 Parameters 
J v FF FF n** Time No. of sc oc max 

(min) Samples (mA/cm2) (mV) (%) nmax 

1/2 8 20.7 577 0.662 0. 731 7.9 8.9 

1 9 20.5 582 0.697 0. 728 8.3 9.0 

1-1/2 10 20.2 577 0.679 o. 713 7.9 8.8 

2 8 19.8 574 0.697 o. 727 7.9 8.7 

3 5 20.0 572 0.703 o. 717 8.0 8.6 

2 
*Cell area = 39 em 

**No AR coatlu~ 

values shown in Table 25. However, wider variations in parameters were meas­

ured for the 30-s firing time, and some degradation in open-circuit voltage 

and short-circuit current is evident for increased firing time. 

The solar-cell parameters as a function of ink are given in Table 26. 

It can be seen that the RCA type C ink yielded the best overall cell param­

eters with Thick Film Systems TFS 3347 a close second. The cells printed 

with Englehard ink E-422E generally had the lowest fill factors, caused 

primarily by excessive series resistance. 

TABLE 26. SUMMARY OF INFRARED LAMP-FIRED SOLAR CELLS AS A FUNCTION OF INK 

Firing AM-1 Parameters 
J * v FF FF n Ink Time sc 2 oc max 

Sun Back ~min~ (mA/cm ) ~ (%) nmax 
TFS 
3347 E-422F 1-3 19.8 577 0.690 o. 713 8.0 8.8 

RCA 
Type c E-422F 1-3 20.4 582 0.700 0.717 8.2 8.8 

Engelhard 
E-422E E-422F 1-3 20.0 572 0.680 o. 703 7.8 8.3 

*No AR coating 
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The infrared lamp method of.firing is rapid and seems to offer good 

stability and control. The experiments described below were conducted to 

assess the limits of this method and to determine optimum production param-

eters. 

We have investigated the use of infrared-lamp heaters for firing screen­

printed solar cells. The sensitivity of this method was studied by examining 

the effect of firing time and temperature on solar-cell parameters. The cells 

were from our standard lots of 3-in.-diameter wafers having junctions formed 

by POC13 diffusion with average junction depth of 0.5 ~m and sheet resistance 

of 30 Q/D. Studies were made with TFS 3347 and RCA n-type inks for the front 

grid metallization and RCA p-type for the back of the cells. 

An attempt was made to measure the temperature of the metal f~lm during 
heating rather than the surface temperature of the silicon. This was accom­

plished by imbedding a thermocouple in a small mass of the ink fired onto the 

silicon surface. 

Firing times of 1 to 3 min in the 600 to 800°C temperature range were 

studied. An example of the results obtained for 1-min firing time is shown 

in Fig. 43. The temperature bandwidth is reasonably wide, about 50°C for a 

1/4% decrease in efficiency. As might be expected, as the firing time is 

increased, the temperature for peak performance and the bandwidth dec~eases. 

Also, the onset of metal "spiking" becomes more abrupt. 

bo Improvement in Fill Factor by HF Dipping - We have frequently noted a low 

fill factor (rv0.65) with screen-printed solar cells even though they were 

fired under what we consider optimum conditions. These cells often exhibit 

expected values of short-circuit current and open-circuit voltageso It has 

been reported by other contractors that dipping the cells in hydrofluoric 

(HF) acid solutions can cause marked improvement in the fill factor, although 

a critical time in the solution was sometimes noted. 

In our experiments, a 1% HF solution was used and we noted the following 

results: 

(1) For screen-printed cells,. an improvement in fill factor was noted 

in all cases. Substantial increases in fill factor were measured 

as shown in Fig. 44, with no degradation in other cell parameters. 
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(2) No change in fill factor was measured for control cells which were 

metallized with conventional evaporated Ti/Pd/Ag. 

(3) The time in the 1% HF solution was not critical. Generally, an 

increase in fill factor was noted for a 10-s dip and saturated 

after 40 s of dipping. Continuation of dipping beyond 40 s caused 

no apparent degradation of the cells. 

At this time, we have no explanation for this effect. 

In separate experiments with TFS 3347 and RCA n-type ink, the soldera­

bility and adhesion of these inks before and after a 30-s dip in 1% HF were 

measured. Marked improvement in solderability was measured and no change in 

relative bond strengths was noted. 

c. Sc:reeu ... Prlnting Applied to ion-Implanted Solar Cells - Preliminary tests 

were conducted to apply screen-printing technology to cells with ion-implanted 

layers. Twenty-four samples were prepared, 12 for screen printing and 12 con­

trols. The cells were fabricated with a phosphorus 31P dose of 4xl015 A/cm2 

at 5 keV to form the n+/p junction and the back p+ contact was formed by 
11 15 2 either a boron implant ( B, 5xl0 A/em at 25 keV) or by our boron glass 

BSF process (described in subsection A above). Furnace annealing was used 

to activate the implantso 

For the screen printing, TFS 3347 ink was used for both the front and 

back. It was felt that this ink would be adequate for the back contact since 
+ a p layer is present in these samples. The screen contained the same pattern 

of 2- x 2-cm cells (Fig. 45) as that used photolithographically to define the 

contacts on the control samples. Firing was done with infrared lamps; the 

surfp~e temperature was 675°C for 2 min. 

After firing, the electrical output of the cells was measured under AM-1 

illumination. The fill factors were between 0.4 and 0.6. The 1% HF dipping 

procedure described above was then applied. The cells were remeasured and a 

summary of the average AM-1 cell parameters obtained along with those for the 

controls is given in Table 27. Clearly, the HF dip caused a marked improve­

ment in the fill factor. 
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Figure 45. Solar-cell mask design including diagnostic cells. 

TABLE 2 7. SUMMARY OF AVERAGE AM-1 CELL PARM1ETERS FOR 
ION-IMPLANTED SOLAR CELLS WITH SCREEN-PRINTED 
METALLIZATION 

Jsc Voc FF 
TlEe of Sam12le · (mA/cm2) (mV) 

Evap Ti/Ag; Boron-Glass BSF 20.3 555 0.785 

Screen-Printed Ag**; Boron-Glass BSF 19.0 540 0.737 

Evap Ti/Ag; Three-Step 22.1 582 o. 777 

Screen-Printed Ag**; Three-Step 20.9 550 0.750 

*No AR coating 
**TFS 3347 both sides 
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9. Discussion and Conclusions 

A screen-printable lead borosilicate-doped Ag metallization ink was devel­

oped specifically for solar cellso Material constituents were characterized 

and the electrical conductivity, solderability, and adhesion explored as a 

function of ink composition and firing conditionso As a result of these 

evaluations, optimum material and process parameters were established for 

the screen printed and fired metallizing of solar cells. 

It was found that at least one commercial ink, TFS 3347, and the RCA n­

type and p-type inks are suitable for forming thick-film screen-printed metal­

lizations on 3-in.-diameter solar cells. Commercially available screen 

printers can be used to obtain high throughputs with good yield and the use 

of standard screens result in acceptable line definition for collector-grid 

patterns. Infrared lamps used for firing the contacts were found to provide 

a rapid and controllable process with reasonably wide tolerance in firing 

temperature and time. 

On the negative side, the efficiencies of solar cells fabricated with 

the screen-printing process described here were about 85% of the control cells 

made with conventional evaporated contacts. This was primarily due to lower 

fill factors and in some cases, lower open-circuit voltage. However, the 

dramatic improvement in fill factor obtained by simply rinsing the cells in a 

1% HF solution is an encouragement that higher efficiencies can be obtained 

by improved processing techniques. 

Future effort should be focused on enhancement of solar-cell efficiency · 

via HF rinsing techniques and the development of non-noble metallizations for even 

lower cost solutions to the metallizing question. 

C. SPRAY-ON ANTIREFLECTION COATING PROCESS 

1. Background 

Process development and optimization studies for low-cost spray deposi­

tion of single-layer antireflection (AR) coatings for metallized single-crystal 

silicon solar cells were conducted to examine: (1) effects of spray deposi­

tion machine parameters, (2) metallization bondability after AR coating, 

(3) cell electrical performance as a function of AR coating type and thick­

ness, (4) heat treatment effects, and (5) characterization of AR films. 
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2. Spray-On AR Process Studies and Optimization 

a. Effects of Spray Deposition Machine Parameters - The automatic spray system 

used in our work is a Zicon Series 900 autocoater.* This machine is a labora­

tory version of the much larger Series 11000 in-line unit which we have recom­

mended for mass production applications. The spraying is conducted in a Class 

100 laminar downdraft clean booth supplied with HEPA-filtered air. A recip­

rocating spray gun traverses perpendicularly to the substrate cells, which 

are moved by an incremental advancing transport system. The machine operates 

automatically over a wide range of programmed cycles adjustable by front-panel 

controls. At least fourteen factors can be varied to provide the desired film 

thickness. These variables include (1) source solution delivery pressure, 

(2) automization spray pressure, (3) gun-to-substrate distance, (4) propellant 

gas, (S) orifice si~e, (6) needle size, (7) spreader, (8) inserts, (9) solution 

flow rate, (10) number of spray gurts, (11) spray gun Lrave:t8e speed, (12) 

substrate advance rate, (13) source solution composition and reactant concen­

tration, and (14) post-deposition heat treatments. 

The first three variables are most easily manipulated for controlling 

film thickness with a given source solution. Three settings for each of these 

variables were selected to test their effects over the film thickness range of 

interest. All other factors were held fixed at settings we considered near 

optimal. The propellant gas was nitrogen, the orifice size was 0.31 mm 

(12 mil), and a single spray gun was used. The RCA I titanium isopropoxide­

based coating solution was used with polished silicon wafers as the substrate. 

The results are summarized in Table 28 and are graphically presented in Figs. 

46 .to 48- All three graphs exhibit a slight curvature over the narrow test 

range of practical interest to us. The film thickness increases with in­

creasing source solution delivery pressure, with decreasing atomization spray 

pressure, and with decreasing gun-to-substrate distance. The uniformity of 

the AR film over the 7.5-cm-diameter test wafers was excellent throughout, 

demonstrating that any of the three machine variables can be used to fine-tune 

the thickness with good uniformity. 

· *Zicon Corporation, Mount Vernon, NY •. 
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TABLE 28. AR FILM THICKNESS AS A FUNCTION OF THREE MACHINE VARIABLES 

Source Liquid Spray Atomization Spray-Gun-to- Film 
Delivery Pressure Pressure Substrate Distance Thickness** 
(kPa) (in •. H2o) (kPa)* (psig) (em) (in.) db 

4.98 20 172 25 14.0 5.5 560 

7.47 30 172 25 14.0 5.5 750 

9.96 40 172 25 14.0 5.5 840 

7.47 30 138 20 16.5· 6.5 680 

7.47 30 172 25 16.5 6.5 640 

7.47 30 207 30 16.5 6.5 550 

7.47 30 172 25 11.4 4.5 740 

7.47 30 172 25 14.0 5.5 680 

7.47 30 172 25 16.5 6.5 640 

*Referring to the gauge pressureo 
**Ti02 from RCA I titanium isopropoxide-based source liquid after post-

deposition heat treatments for 30 s. each at 70, 200, and 400°C. Surface 
temperatures were measured accurately with a calibrated thermocouple ther-
mometer (Digital-Heat Prober by W. Wahl Corp.). 
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Figure 46. Effect of spray-gun-to-substrate distance 
as a function of film thickness. 
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b. Metallization Bondability After AR Coating - The surface of the metalli­

zation grid collector pad must be free of AR coating in order to permit effective 

bonding of cell-to-cell interconnects. The simplest technique, suitable for 

laboratory applications, is masking the pad with a special solvent resistive poly­

ethylene pressure tape with acrylic adhesive prior to spraying.* The tape tab 

is readily peeled off after coating but before heat treatments, leaving a clean 

and bondable surfacea 

Mechanical and chemical techniques can be used for automated high-speed 

processing. Selective mechanical removal of the AR coating can be accomplished 

by momentary application of an automatic ultrasonic vibrating or buffing tool 

combined with vacuum suction to remove the debris. Alternatively, since solder 

connection techniques are used which require fluxing of the bonding area, a 

flux composition could be formulated which contains a fluoride capable of 

selectively dissolving the thin AR coating. Rinsing with a jet of deionized 

water would prevent any subsequent metal corrosion. 

c. Cell Electrical Performance as a Function of AR Coating Type and Thickness -

We have shown previously [19] that the solar-cell conversion efficiency is not 

markedly affected by the AR coating thickness in the range of 600 to 800 R. 
Additional studies were performed to extend the film thickness range and to com­

pare RCA cells having screen-printed silver metallization with commercial OCLI 

cells** having conventional evaporated Ti/Pd/Ag metallization. The conversion 

efficiency of the AR-coated OCLI cells was determined by I-V measurements 

under a standardized light source. The AR coating, consisting of SiO , 
X 

was then stripped by etching briefly in buffered HF solution, followed by 

rinsing with deionized water, and spin drying. The cells were remeasured, 

AR recoated by us. and again measuredQ The ratio of J measured after AR 
I sc 

coating over J of the bare cell before coating is taken as a convenient 
sc 

approximation of the change in conversion efficiency under standardized irradi-

ation conditions. 

19. R. v. D'Aiello, Automated Array AssembZy3 Phase II3 Quarterly Report 
No. 4, prepared under Contract Ho. 954868 for Jet Propulsion Laboratory, 
October 1978. 

*Tape No. 480, 3M Company, St. Paul, MN. 
**Cells manufactured by Optical Coating Labs, Inc., Santa Clara, CA. 
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The source preparations for depositing the AR coatings were RCA I titanium 

isopropoxide-based composition and commercial Emulsitone "Titaniumsilicafilm 

C" solution. The RCA II titanium ethoxide-based alternative preparation was 

not included since it offers no advantages over RCA I, has a shorter shelf life, 

and is more expensive. Formulation of the source solutions, application by 

centrifugal spinning, heat treatment of the films, and ellipsometric measure~ 

ments of refractive index and film thickness were performed as described 

previously [19] • Polished single-crystal silicon wafers were used as control 

substrates for the optical measurements. 

The results for RCA cells with 10~ to 18-~m-thick screen-printed silver 

metallization, AR coated with RCA I source solution, are summarized in Table 29. 

The effect of Ti02 film thickness on the increase in current density ratio r 
(J after coating/J before coating) is shown graphically in Fig. 49. A 

sc sc 
broad maximum of r = 1.39 is attained with a film thickness of 700 R. Film 

thickness measurements were done ellipsometrically on the cells as well as on 

analogously AR-coated polished silicon test wafers. The films on cells gave 

unreliable thickness readings that averaged 22% more, apparently due to the 

surface roughness of sawed and chemically etched silicon surfaces. The accu-

rate film thicknesses measured on the smooth test wafers are considered more 

representative and were used f~r plotting the graphs in Figs. 49 and 50. 

Stylus profilometric traces of typical RCA cell surfaces showed silicon 

roughness peaks of 0.4 ~m at an average frequency ?f 9 peaks/rom horizontal 

distance, rendering step-height measurements of the thin AR film also un­

reliable. The ellipsometrically determined index of refraction averaged 2.15 

for th~ test wafers and 2.18 for the cells. The cell conversion efficiency 

(n) averaged 8. 6% before and 11.5% after Ti02 coatin~. 

'!'he results we obtained tor OCLl cells with l.7-~m-thick vacuum­

evaporated Ti/Pd/Ag metallization are presented in Table 30 and in Fig. 50. 

The effectiveness of the OCLI sputter-deposited SiQx AR coating was deter­

mined by measuring the current density before and after chemical stripping of 

the coating. As indicated in Fig. 50, the ratio increase (f) averaged 1.45 

for a nominal ellipsometric film thickness range of 820 to 870 R. No test 

wafers with SiO were available for comparison. The cell conversion effi.-
x 

ciency averaged 7.6% for bare cells and 11.0% for SiO coated cells. 
X 
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~TABLE 29. INCREASE IN CELL EFFICIENCY AS A FUNCTION OF Ti0 2 FILM 
THICKNESS FOR CELLS WITH SCREEN-PRINTED METALLIZATION 

Current Efficiency 4 Efficiency4 
Source Solar Film Refractive Density 

3 
Before After 

Liquid Celll Thickness2 Index2 Increase Coating Coating 
(~~ (.R~ (t~J2e) ~n2 ~n (%) {%) 

501A.,..ll0 903 2.141 1.26 8.7 

501A-109 801 2.150 1. 29 8.5 

RCA i 5 
501A-107 697 

501A-105 639 

2.137 1.39 

2.137 1.36 

8.8 

8.5 

10.9 

10.8 

12.1 

11.7 

11.6 

11.8 

1. 

2. 

3. 
4. 
5. 

501A-86 539 2.182 1. 35 8.6 

501A ... 85 483 2.150 1.36 8.6 

Screen-printed Ag metallization, 7.5-cm-diam RCA cells. Metal thickness: 
8.0 jlm. 
Ellipsometric measurement on polished silicon test wafer; Hg light at ;\ = 
5461 .R. . 
Ratio of Jsc after/before coating. 
AM-1 simulation ELH lamp at 100 mW/cm2 . 
Titanium isopropoxide-based, yielding Ti0 2; post~deposition heat treatments 
30 s each at 70, 200, and 400°C. 
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EFFICI·ENCY INCREASE VS FILM THICKNESS 

RCA All SCREEN- PRINTED METALIZATION, 
RCA I- Ti02 COATED 

0 -------

___ ~N.£QA_llD__fE.J:..LL _____ _ 

FILM THICKNESS (A) 

Electrical perfo.rmance as a function of film thickness, 
8-Jlm~thick vacuum-evaporated Ti/Pd/Ag metallization. · 
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Figure 50. Electrical performance as a function of film thickness, 
2.7-llm-thick vacuum-evaporated Ti/Pd/Ag metallization. 

Recoating the cells with RCA I Tio
2 

led to a peak increase of r of at 

least 1.48, centered between 625- and 675-R film thickness. Recoating with 

Emulsitone Ti02-Si02 led to a r maximum of 1.42 for a film thickness between 

700 and 740 R. The film thicknesses stated were obtained from ellipsomet­

rically measured silicon test wafers. Measurements on cells again deviated, 

but in the opposite direction than observed for RCA cells: OCLI cells aver­

aged 17% Zess than the test wafers. Stylus profilometery indicated a cell 

surface roughness of typically 0.6 llm with a frequency averaging 14 peaks/mm 

horizontal distance. 

Ellipsometric measurements of the refractive index of the AR films also 

gave differences between test wafer substrates and OCLI cells: RCA I Tio2 
averaged an index of 2.20 on test wafers and "2.37" on cells; Emulsitone C 

Ti02-Si02 was 1.94 on test wafers and "2.26" on cells; OCLI SiOx measured 

"1.81" on cells, which corresponds to 1.55 to· 1.69 on test wafers if cor­

rected on the basis of the Ti02-Si02 and the Ti02 differences noted. 

The OCLI cell conversion efficiency averaged 7.6% without AR coating, 

10.8% with RCA I Ti02 , and 11.0% with OCLI SiOx. The values for Emulsitone 

Tio2-sio2 are somewhat lower, averaging 10.3%. 
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TABLE 30. INCREASE IN CELL EFFICIENCY AS A FUNCTION OF AR FILM 
THICKNESS FOR CELLS WITH EVAPORATED METALLIZATION 

Current Efficiency 
4 Efficiency 

Source Solar Film Refractive Density Before After 
Liquid Celll Thickness2 Index2 Incr.3 Coating Coating 
(tlEe) (No.) (~2 (n2 (r) (%2 (%) 

RCA IS 10 895 2.220 1.38 7.6 10.6 

11 745 2.204 1.44 7.6 10.8 

12 677 2.193 1.48 7.9 11.4 

9 605 2.218 1.46 7.4 10.8 

7 545 2.187 1.41 7.8 11.1 

8 515 2.16.J 1.40 7.4 lO.J 

Emulsitone c6 1 940 1. 973 1.38 7.3 10.2 

2 816 1.950 1.39 7.6 10.6 

3 745 1.940 1.42 7.4 10.0 

4 702 1.929 1.42 7.8 10.9 

6 604 1.933 1.39 7.4 9.9 

5 572 1.916 1.38 7.6 10.3 

4 

1. Vacuum-evaporated T~/Pd/Ag metallization, 7.5-cm-diam OCLI cells stripped of 
their AR coating. Profilometrically measured metal thickness is 2.7 ~m. 

2. Ellipsometric measurement on polished silicon test wafer; Hg light at X = 
.5461 .R. 

3. Ratio of Jsc after/before recoating. 
4. AM-1 simulation ELH lamp at 100 mW/cm2. 
5. Titanium isopropoxide-based, yielding Ti0 2; post-deposition heat treatments 

30 s each at 70, 200, and 400°C. 
6. Emulsitone "Titaniumsilicafilm C" yielding Si02•Ti02; post-deposition heat 

treatments 30 s each at 70, 200, and 400°C. 

Several conclusions can be derived from these results: 

(1) Comparison of the effectiveness of Ti02 , Ti02-sio2 , and SiOx AR 

coatings on commercial thin-film metallized cells showed that TiQ2 
from RCA I solution is superior to both Emulsitone Ti02-Si02 and 

OCLI SiO Maximal r values1are 1.48+ at 625 to 675 .R, 1.42 at 
X 

700 to 740 R, and 1.45 at 820 to 870 R, respectively. 

(2) Screen-print metallized RCA cells with RCA I Ti02 coating exhibited 

a maximal r value of 1.39 at 700 R. This apparently lower value.is 

due to the higher initial cell conversion efficiency of RCA cells 
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.(8.6%) than that of OCLI cells (7.6%). However, the final conver­

sion efficiency after coating increased to 11.5% for RCA cells, but 

to only 10.8% for OCLI cells. 

(3)· The conversion efficiency for OCLI cells recoated with RCA I Ti02 
exhibited a maximum efficiency of 11.4% for a film thickness of 

700 .R. 
(4) The conversion efficiency for OCLI cells with their more expensively 

\ 

produced SiO coating averaged 10.9% for the presumably optimal 
X 

thickness of these films. A greater effectiveness should really be 

expected for a physically vapor-deposited AR coating. Reduced------­

scattering losses result from the more unifot;1ll coverage attainable, 

especially in compari:suu Lu Lltt! l.:t!ULJ:.i.fugal ::;p.i.til't.i.ttg uv~:::r t.lt.i.ck-f.i.llli 

metallized cells as used in this analytical study. 

(5) The new results we obtained again· emphasize the relative noncriti~ 

cality of the AR film thickness. For example, the cell efficiency 

of RCA I Ti0
2 

recoated OCLI cells, averaged over the entire tested 

film thickn~ss range from 500 to 900 .R, is a remarkable 10.8% 

(without indications of drastic decreases beyond this range), as 

compared to 11.4% for the maximum at about 700 .R. 
(6) Ellipsometric measurements of thickness and refractive index of AR 

coatings on microscopically nonplanar cell surfaces are not reliable 

due to optical causes. Control measurements must be performed on 

polished silicon test wafers and correlated with'cell values as was 

done in our present work. Alternatively, a macroscopic interfero­

metric reflection technique of a relatively large area of the silicon 

cell surface may be more appropriate for direct in-line process con­

trol applications. 

d. Heat-Treatment Effects and Characterization of AR Films - Effects of 

additional heat treatments on cell efficiency and AR film properties are 

being examined to ascertain whether further improvements could be achieved. 

The cells and silicon test wafers described in the subsection above were 

used for this purpose. As noted, these s~ples had been heat-treated after 

film deposition by exposure in room air to 70°C on a hot plate for 0.5 min, 

followed by heating at 200°C for 0.5 min, and finally by heating at 400°C 

for 0.5 min. Additional heating was done at 400°C for times up to 15 min, 
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followed by cell measurements and film analyses. The results of such extended 

heat treatment on coated and uncoated cells are given in Table 31. The data show 

that (1) the antireflective property of the spray-on film is unaffected by the 

extended heat treatment and (2) degradation in cell performance is confined 

to a reduction in the fill factor which begins after about 3 min of heat treat­

ment at 400°C and is more severe for the uncoated cells. 

TABLE 31. EFFECT OF HEAT TREATMENT ON SPRAY AR COATED 
AND UNCOATED CELLS 

Time 1so 1sT at 
Spray 400°C 

Cell No. AR (min) (rnA) (rnA) Comments 

115m - 1 Yes 1.0 1100 1091 No significant change 

115m - 2 Yes 2.0 1110 1093 No significant change 

115m - 3 Yes 3.0 1100 1095 No significant change 

115m - 4 Yes 5.0 1090 1086 Small reduction in FF 0. 760 -+ 0.737 

115m - 5 Yes 15.0 1130 1123 Seriously degraded 0.761-+ 0.600 

115m - 6 No ?..0 900 900 No change 

115m - 7 No 5.0 895 890 Fill factor severely degraded 
0.755-+ 0.591 

115m - 8 No 15.0 895 895 Fill factor severely degraded 
0.751-+ 0.570 
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SECTION IV 

DOUBLE-GLASS PANEL LAMJNATION AND CELL INTERCONNECT 

A. INTRODUCTION 

The panel lamination and interconnect research studies with which this 

program has been concerned have been centered upon the lamination of cells be­

tween two sheets of glass. This approach was selected because of our concern 

for the twenty-year longevity requirements of the panelization processes requir­

ed for achievement of the lifetime cost effective goals of the LSA Program. 

The early phases of our program dealt with the development of successful double­

glass sola~ photovoltaic panels. In parallel with our use of polyvinyl butyral 

(PVB) an effort was made to use an acrylic monomer. This effort was not promis­

ing and was terminated to permit more concentration on the PVB double-glass 

lamination development. Later in the program RCA determined that a major p~o­

blem with double-glass PVB lamination was the need to develop a process tech­

nique capable of achieving the program cost goals. To do this we investigated 

a two-step lamination technology which we deemed more appropriate to low-cost 

manufacture. 

An ancillary investigat::i.6n· ·was pursued to develop appropriate cell inter­

connect techniques. Initially both parallel gap welding and reflow soldering 

were investigated. In the later sta·g~s of this program it was found necessary 

to eliminate hand soldering operations in order to properly continue double­

glass lamination experiments without panel cracking caused by solder spikes. A 

novel radiant reflow soldering technique was developed in which an entire inter­

connected array lay-up was soldered at once. This technique is particularly 

suited to fully redundant series-parallel array lay-up configurations; 

B. PANEL LAMINATION 

1. Acrylic Casting Lamination 

Acrylic casting as an alternative to PVB laminating was explored. Methyl 

methacrylate-butyl acrylate resin is an available and inexpensive material and 

has excellent weathering properties. At low temperatures, a combination of 

methyl methacrylate and butyl acrylate between glass plates provides a rela­

t;i.vely soft inner core that is expected to survive temperature extremes of 

.-40 to +90°C. 
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The liquid monomer is low viscosity and readily wets glass and silicon. 

This allows filling of the volume between glass plates - including the cells -

with exclusion of all air. When cured, the acrylic adheres to the glass as 

well as PVB does. However, the monomer shrinks about 20% in volume during 

cure; and therefore, a reservoir must be provided for makeup into the panel. 

Experiments were run with varying mixtures of butyl/methyl methacrylate monomers, 

catalysts, and curing temperatures. Best results were obtained with a 60% butyl 

acrylate/methyl methacrylate mix, using 67% t-butyl-peroculate catalyst, at 

approximately 65 to 75°C oven cure. The primary difficulty encountered was the 

appearance of bubbles in the cured polymerized mix. Panels filled under atmos­

pheric pressure with degassed monomer always resulted in bubbles being formed 

in the polymer. Pouring under vacuum conditions improved the results. 

Panels were also prone to glass fracture around the cells during thermal 

cycling from +100 to -30°C. This is due to differential expansion of the 

acrylic coupled with the prestress induced by the differential polymerization 

shrinkage at the cell edge and the inability of the acrylic to absorb and redis­

tribute these stresses. The higher the cure temperature, the greater the size 

and number of bubbles formed during the thermal cycling. 

To prevent glass fracture, a monomer resulting in a polymer with a durom­

eter very close to that of PVR is rPqllirPd. , This softer material is able to 

absorb and redistribute the stresses induced during the thermal cycling and 

prevent stressing of the glass envelope; however, it had a definite blue haze. 

(See Fig. 51.) After 10 cycles of +100 to -30°C, bubbles at the perimeter of 

the cell enlarged and several new small bubbles appeared. However, the glass 

did not crack around the cell. 

We concluded that the softer polymer is necessary to avoid transmitting 

thermally induced strains to the glass envelope. However, the penalty paid to 

produce a sufficiently soft polymer is the blue haze which reduced optical 

transmission by approximately 1%. We also concluded that the vacuum filling 

technique greatly reduced the formation of bubbles in the polymer and also 

results in shorter duration and more complete polymerization. Nonetheless, 

based ·on our experience, this process appeared to be less attractive than PVB 

lamination and was not pursued further. 
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Figure 51. Comparison of optical clarity of panel as affected by cooposition of 
polymer. Panel on right if': 60/40 b·~tyl/methyl acrylic monomer m::.x . 
Panel on left is 40/60 butyl/methyl mix: . .. 



2. PVB Lamination - Pinch Roller Method 

Initial work began using the pinch roller technique practiced in the cur­

rent manufacture of safety glass. 

This technique consists of rolling and heating the glass/PVB/cell/PVB/glass 

sandwich to expel as much air as possible, as well to seal the edges. The 

sandwich is then autoclaved at 275°F and 150 psi, which completes the flow of 

the PVB around the cells and drives all remaining air into solution with the 

PVB. 

Because an extended cell array has triangular voids between cells, the PVB 

must extrude from the cell face into the void at some time ~uring the process. 

Ideally, most of the flow should take place during the initial rolling/heating 

sequence, so that a minimwn of air remains for the autoclaviug. Sufficient 

flow must be obtained to seal the edges of the sandwich; otherwise, no pressure 

differential can be produced on the autoclave. 

With the vendor's production line set for a standard process, it appeared 

that the temperature was too low to allow flow of PVB at low roll pressures. 

At higher roll pressures, the cells and/or glass cracked. Better flow would 

have occurred for thick PVB (0.030 in. each side), but such a product would 

have been uneconomical due to PVB CO$t. Our target is 0 .. 030 in. of PVB total, 

but it was not possible to laminate by the rolt process, 

3. Vacuum Bag - Autoclave Method 

We investigated another PVB lamination technique which is used in the 

manufacture of curved windshields, bullet-proof glass, and some speciality 

items. 

It was cle~rly establ~shed that a temperature of 230°F or above is neces­

sary to proy~de flow and extrusion of the PVB across the cell face and into 

the void between the cells, ~t 230°F the PVB is soft, but substantial pressure 

is necess~ry. At 27~°F, the PVB flows readily with moderate pressure. 

Successful ~amin~tion requires a min~murn of air between the layers of glass, 

PVB, and silicon ~ells. Small amqunts qf residual air ~re dissolved into the 

PVB by high hydrostatic pressure (~150 psi) 9nd temperature (275°F) over a 

period of 30 to 60 min. If too much air is entr~pped b~tween the cell$, how­

ever, it wi~l not dissolve, and bubbl.es remain. This will cause delamination 

later in the life of the panel. Therefore, it is necessary to define ~ pro~ess 
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that first applies a partial vacuum to the lay-up (consisting of glass/PVB/cell/ 

PVB~lass), then applies a low hydrostatic pressure on the surface of the glass 

plates together with moderate temperature (obtaining partial flow of PVB), and 

then the full hydrostatic pressure and temperature. The reason for the inter­

mediate pressure/temperature schedule is to avoid sealing off the air passages 

as long as possible by minimizing the amount of tack and self-sealing of the 

two layers of PVB. 

A vacuum bag, enclosing the lay-up, is used to allow simultaneous vacuum 

and pressure to be applied inside the laminating autoclave. This technique is 

Well established in the safety glaSS indUStry for laminating eli'ISS !'ll'l!!dWit:heS-------­

that cannot be handled by pressure rollers. The bag allows a vacuum to be 

maintained between the glass lgyers while simult.r~nPnnsly pr~SSI.!rizing the gl:u:t 

sheets externally. 

A typical laminating schedule (not necessarily optimized) is shown in 

Fig. 52. Various thicknesses and manufacturers of PVB were tried. PVB thick­

nesses were 0.030 in. (2 layers) and 0.015 in. (2 layers). Monsanto* (ribbed 

surface) and DuPont*''( (orange peel surface) PVB were compared for effectiveness 

in removing air. 

- u. 
0 ...... 

VACUUM 

TEMP 

PRESS 

2 3 4 
Tl ME (h) 

Figure 52. Lamination schedule. 

*Monsanto Co., St. P~ters, Mo.· 
'~~duPont de Nemours & Co., Inc., Wilmington, DE. 
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Even though several samples had retained bubbles, the glass itself gener­

ally remain~d intact. Breakage of the glass was generally caused by solder 

spikes and similar inclusions that cause local stress concentration. 

We investigated a modification of the laminator's standard production 

process to determine if we could reduce the possibility of cell fracture and 

also reduce the duration of the autoclaving process. The duration of the auto­

claving is proportional to the amount (mass) of air remaining after the initial 

flow of the PVB. The laminator's standard process consists of .drawing down a 

vacuum to 27:..in. Hg, heating the PVB to 107°F (partially softened), and applying 

50-psig pressure. This process is optimum for laminations that do not contain 

inclusions such as solar cells. We demonstrated a schedule, for the initial 

phase of the laminating process, consisting of hi~h vacuum, low laminating pres­

sure, and high softening temperature that is more appropriate for laminating 

solar cells. By evacuating to a pressure of 5-mm Hg durin~ the initial stage 

of the PVB flow, the subsequent time required to dissolve residual air by 

autoclaving was greatly reduced. This is so because although the volume of 

residual air is the same as in the standard process (absolute pressure = 76 mm 

Hg), the mass is reduced by a factor of 15. The lower visc~sity of the hotter 

PVB allows flow to take place under less pressure, lessening the occurrence of 

cell fracture. 

To illustrate the effectiveness of this modified laminating process, a 

small 9-cell array was laminated between two sheets of 1/8-in.-thick float 

glass and two sheets of IS-mil-thick PVB using 21-mil-thick (versus the stand­

ard 15 mil) 3-in.-diameter cells. Two 0.25-in.-thick glass pressing plates 

are employed to preyent deflecting the glass at the edges of the panel. Th.e 

first stage of the lamination was done in a vacuum bag maintained at an ab­

solute pressure of 5-mm Hg. The vacuum was drawn down for !·hour prior to 

heating to 140°C. The heat- and vacuum-induced laminating pressure of 14.6 psi 

was maintained overnight. Then the heat was turned off and the vacuum main­

tained for another hour during the cooldown. The PVB flowed completely around 

all cells with only a few rarefied bubbles remaining. The laminate was then 

autoclaved at 140°C and 150-psig hydrostatic·pressure in a vacuum bag. The 

resulting laminate was totally bubble-free. 

Interestingly, due to the long duration of the lamination (>14 h) and 

slight inclination of the panel in the oven (<15°) the array of cells "slid" 

about 1/2 in. out of bottom of the panel, which illustrates the low viscosity 
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of the PVB at 140°C. Also, a considerable amount of PVB extruded out of the 

sandwich at the edges, resulting in a thinner layer of PVB between the glass 

sheets than if it were contained by an edge seal. 

These experiments showed that under appropriate conditions, PVB will flow 

readily, even beyond the extent required to fill the voids between the cells. 

In fact, to fill the voids only, for laminating 21-mil-thick cells using two 

sheets of 15-mil-thick PVB, a 13.3% displacement of PVB is required. Under the 

same conditions, laminating 15-mil-thick cells using two sheets of 10-mil-thick 

PVB, only 14.3% PVB displacement is necessary. This suggested that it might be 

possible to laminate with 0.010-in. PVB; however, thermal stress-considerations----­

may preclude use of this thickness. 

Atter turther experiments a process schedule was developed by means ot 

which bubble-free 4x4-ft panels were produced using a one-step lamination 

process. This process consists of evacuating the panel lay-up inside a vacuum 

bag to an absolute pressure of 2 Torr or less, for approximately 15 minutes. 

The panel was then heated to 290°F at ambient external pressure. At this point 

the autoclave was pressurized to 15 psig, and the laminate was allowed to heat 

to 310°F. The vacuum was then terminated, and the autoclave and bag were pres­

surized, maintaining a 10-psi differential between the autoclave and the bag so 

that the bag pressure was 140 psig and the autoclave 150 psig. The autoclaving 

was continued for 15 minutes and then the autoclave was cooled with pressure main­

tained. This resulted in a bubble-free laminate. However, the areas along the 

edges of the panel between the solar cells were found to be deflected. This de­

flection locks stresses into the glass which can cause failure in subsequent 

wind loading. Also, this single-step process is not as compatible with auto­

mation because the entire process must take place inside a vacuum bag which 

is located inside an autoclave, thereby limiting the throughput because of 

inefficient use of the autoclave. 

Thus the development of a two-phase laminating process is critical to the 

automation of panel fabrication. In our automated-process concept, panels are 

first prelaminated in vacuum fixtures by conductive heating elements located 

adjacent to the glass sheet. The panels are then cooled in the vacuum fixture, 

removed, and then placed in batches in the autoclave for the final high-pressure 

bond enhancement process known as autoclaving. The heat-up rate for the pre­

laminated panel in the autoclave is rapid due to the enhanced heat transfer of 

air pressurized at 10 atmospheres. A single-step process carried out entirely 
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in the autoclave would require that many individual vacuum-bagged panels be 

placed in the autoclave at once. The panel must be heated at ambient pressure 

to avoid fracturing the solar cells. This constraint increases the heat-up 

time markedly. This factor, coupled with the multiple vacuum seals and connec­

tions which must be made, renders the single-step lamination process less desir­

able and more costly for automation. 

It is advantageous to carry out the encapsulation in two discrete steps. 

First the layup is laminated using a heated vacuum bag. In the second step 

panels are hatch autoclaved separately without a vacuum bag. A "vacuum-only" 
,/ 

lamination process requires less complex machinery than a process that employs 

vacuum and pressure. Fo.r this reason, a vacuum-only lamination process was 

pursued. This process consists of evacuating the lay-up inside a vacuum bag 

to an absolute pressure of 2 Torr or less in a specified period of time. The 

bag is placed in an oven and heated at ambient external pressure to 290°F. The 

panel is then cooled with the vacuum maintained. This process results in bubbles 

around the edge of the panel. 

The model for the formation of edge bubbles is now defined. The PVB group 

at-Monsanto analyzed our samples of laminates that contained edge bubble de­

fects. The analysis showed that the bubbles are composed of air. It was 

further concluded that the air was of external origin. The air reenters the 

PVB at the edge of the laminate during the cooling cycle as the PVB is con­

tracting. The bubbles appear at the tangent point of the cell and the panel 

edge, _where the least amount of PVB is. available to supply material to the 

zone of uneven contraction located at the perimeter of the cell. The bubbles 

are predominately vented to the edge, and therefore cannot be removed by auto­

claving. Although these bubbles will not cause delamination during thermal 

cycling because they are vented to the ambient, they could cause delamination 

if water entered them and was subsequently frozen. 

Air can be prevented from entering the edge of the laminate by-providing 

an impervious barrier along the edge. Aluminum tape with a pressure-sensitive 

adhesive was applied to the edge of the lay-up prior to laminating. A port 

approximately 1 in. long is placed around each power lead to allow evacuation 

of the interior of the panel and also to prevent short circuiting. 

The process is unchanged except that the evacuation duration was arbitrarily 

increased from the standard 15 min to 45 min to allow for the reduced port size. 

Panel number 120579 was produced by this method. The panel was bubble-free prior 

to the autoclaving. However, the flatness of the panel was not acceptable. 
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Therefore, the standard 1/4-in.-thick pressing plates were replaced with plates 

1/2 in. thick. This improved the flatness at the edges and especially at the 

unpopulated corners. Panels numbered 121479, 1.21379, 010380, and 010780 em­

ployed the 1/2-in.-thick plates. Both panels contained edge bubbles prior to 

an autoclaving but they disappeared after the autoclave operation. 

Applying the aluminum tape to the edge of the panel is a tedious hand pro­

cess and care must be exercised in avoiding overlaps at the corners whiC'h would 

cause the corners to be deflected. The tape creates a 5-mil ridge around the 

perimeter of the panel. To avoid uneven pressing of the edges, we included a 

7-mil paper shim inside this tape perimeter. 

The taped edge reduces the lateral flow of PVB out of the edge of the panel 

and eliminates the step of trimming -::xcess PVB after lami.nati on. 'l'he aluminum 

tape performs two important functions. First, it prevents air from reentering 

the PVB at the edge of the panel during the cooldown from lamination temperature, 

which causes the l'VB to shrink. se,ondly, it providcG an excelleuL moisture 

barrier which will protect the PVB at the edge of the panel from (1) absorbing 

water which can cause delamination as well as degradation to the solar cells 

and (2) from losing its plasticizPr as well as oxidizing, both of which will 

cause the PVB to become hard and brittle. 

It is important that the finished laminated solar panel be flat and of equal 

thickness throughout the plan~ of the panel. Any resulting deviation in thick­

ness translates into a prestress condition in the glass. Although the panel is 

not fractured after final autoclaving, it may fail during subsequent wind loading. 

The use of round cells creates corners on one end of the panel which ar~ rlevnid 

of cells. This causes a problem in that these corners are easily deflected by 

the 15-vsi lami.natin~ pressure. They are further pulled down Ly Lhe volumet:ric 

contraction of the PVB as it cools down from the laminating temperature of 2Y0°F. 

Also, there is a greater thickness of PVB due to the absence of cells and the 

thermal contraction is proportionately greater. In order to reduce the glass 

deflection caused by the laminating pressure the pressing plate was doubled in 

thickness from the standard 1/4 in. to 1/2 in. This increased the rigidity of 

the pressing plates by a factor of 8. This was successful in reducing the 

intercell deflection (Fig. 53) from a typical 2 to 4 mil to less than 1 mil. 

The corner deflection was also decreased from a nominal 10 mil to less than 

5 mil. 

The remaining deflection at the corner is primarily due to the thermal 

contraction of the encapsulant. To further reduce this unacceptable deflection 
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Figure 53. Intercell deflection. 

we placed a 9-mil glass cover slide in each vacant corner. This successfully 

reduced the corner deflection to less than 4 mil. 

An alternate process which used both vacuum and pressure to laminate arrays 

was attempted. The process employs 1/2-in.-thick pressing plates and glass 

shims at the corners to preserve flatness. The edge was not sealed with tape, 

however. The lay-up was evacuated inside a vacuum bag which was placed inside. 

a pressurizable oven. The absolute pressure inside the bag was reduced to less 

than 2 Torr for 15 minutes. The lay-up was then heated to 240°F at which point 

the vacuum was vented to the atmosphere and the oven was pressurized to 20 psig. 

The lay-up was heated to 310°F, dwelled for 15 minutes, and then cooled to 130°F 

with pressure maintained. There were numerous bubbles located in the interior 

section of the array. 

vented to the outside. 

However, there were very few edge bubbles and none were 

All of the bubbles present after lamination. either 
I 

totally disappeared or were reduced in size considerably after autoclaving. 

No edge bubbles remained. The number and size of the bubbles found after the 

initial laminati6n·step could probably be reduced markedly if the vacuum had 

been vented after the lay-up had achieved a higher temperature, 275°F. The 

additional pressure forces the PVB to flow out to the edge during cooldown, 
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precluding air entry. This proces~ would require somewhat more expensive 

laminating equipment due to the 20-psig pressure it must contain. This 

process could be promising if the taped-edge approach proves too expensive 

to implement. 

Cell breakage during lamination, which has been an ongoing problem, has 

been almost totally avoided by the use of the new soldering methods described 

elsewhere. Panel numbers 010380 and 010780 were interconnected by this method 

with no cell fra~tures observed. 

C. CHRONOLOGY OF PANEL FABRICATION 

Table 3? i~ a chronological lisL uf all partel starts for the first 9 months 

of 1979. The panPl n•Jmber io actually lh~ dale the ·panf> i wa10 produced. The 

array size is the number uf cells in the parallel circuiting direction by the 

number cells in the series circuiting direction. The third column lists the 

manufacturer of the cell and the cell thickness in inches. The fourth column 

lists the amount of time the array lay-up was evacuated at room temperature 

prior to heating. The fifth and sixth columns show the peak temperature the 

laminate achieved and the amount of time it was maintained at that tetnperatur:e. 

The information in the next two large columns describes the type of process 

employed, either single step or two step, and th~ particular p~rameters in­

volved. The amount of additional pressing force exerted, beyond that exerted 

by the atmosphere for the last 5 minutes prior to autoclaving is shown in the 

first subcolumn under One-Step Process. The second· subcolumn lists the autoc­

clave and internal bag pressure used during the autoclaving process. The first 

subcolumn appearing .. under Two-Step Process ~ives the additi9nal pressing f9rce 

exerted on the lam~nate for the lARt 5 minute~ of the cycle vriur to too1down. 

The last two ~ubcolu~ns shn~ whether the vacuwn UL Lhe press pr'both were main­

tained d~ring the cooldown. The panel is then autoclaved outside the ~~g in 

a second step of the process. The results are given in the last column. 

Table 33 presents a. 'continued chronology of panel starts from October 1979. 

through January 1980. The.first 10 column headings are the same as th<;>se of 

Table 32. The last four relate to methods and parameters which were investi­

gated during this time period. The first of these new columns tells whether 

a 1/4-in.- or 1/2-in.-thick pressing·plate was used on a particular lamination. 

The next column entitled "Taped Edge/Shim" shows whether or: not aluminum ad­

hesive tape was used to seal the panel edge prior to lamination, and i~ s<;> 
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TABLE 32. PANEL STARTS - FIRST 9 ~10NTHS OF 1979 

Evacuation One-Ste2 Process Two-Ste2 Process 
Duration Peak D"ell Autoclave 

Panel Array, Cell T:tEe (min) Temp. Time Press Cycle· Press Cool down 
No. Size Thickness (in.) T=amb (OF) (111in.) (2si) C2si) C2si) w/Vac w/Press Results, Defects 

012479 5x13 0.015 
Ruf-cut 15 305 15 No X Bubbles at edge 
Wafers 

012979 5x13 0.015 5 295 15 No X Incomplete flow/edge 
Ruf-cut bubbles 
Wafers 

021079 18x15 0.015 15 285 30 No X Edge bubbles/cracked cells 
Ruf-cut 
Wafers 

022479 18x1S OCLL/0.015 30 270 30 No X Panel badly broken 

030379 18x15 PCA Dum. 15 280 20 No X Bubbles at edge 
0.015 

....... 

....... 

....... 042179A/B 18x15 OCLI/0.015 35 310 20 15 130 Bag Perfect except edges & 
150 Auto- corners deflected 

clave 

071679 5x13 OCLI/0.015 5 300 30 15 X X Several small edge 
bubbles 

071779 5x13 OCLI/0.015 5 300 30 15 More edge bubbles 

073179 5x12 RCA-I/0.010 10 300 45 15 X X Air trapped in pores of Al 
metallization caused numerous 
bubbles in interior of panel. 

081479 5x12 RCA-III/0.010 10 300 45 15 X X Glass cracked over high spot on 
power lead/cracked cells. 

081579 5x12 RCA-II I/O. 010 5 300 45 5-15 X X Small bubbles along bus bar. 

090179 15x15 RCA-III/0.010 15 275 30 15 140 Bag Edge scallop due to strain at 
150 Auto- at panel edge. 

clave 

091579 15x15 RCA-III/0.010 10 275 30 15 X X Edge bubbles 
...... ~ 

09179 5x12 RCA-III/0.010 10 300 30 15 X X Cell fractures due to solder 
lumps/edge bubbles. 



TABLE 33. PANEL STARTS - OCTOBER 1979 TO JANUARY 1980 

Om•-Step T ..... o-SlPp 
l'_r.o~·~_ss Pr<.I("('SS 

Pn•ss £over 
Evacuation Peak lh.lell A-C Plate T1ped Slide 

Array Cell* Duration Temp j,imP Press Cy<"ie Press Coo.lriown Thick F.:lge/ in Flat-
~~n~E_o_; Siz.£_ '!:i~ ~"!_~!_ ___ (<q (Elin) !.£.~!)_ ~- ~ ~~ --- ~p-~~~ l~~ ?Ji~ ~~~C;! !!!.~ ______ REtiA~ ___ 

101579 Sx12 RCA I IS JOO 15 IS ISO Au toe I ave 1/4 :io Nc Poor Buhhle free - deflected edges. 
I'D Bag 

120479 Sx12 RCA II 10 290 30 None X 1/4 ~0 No Fair Edge bubbles - Pre and post 
autoclave. 

120579 Sx12 RCA II 45 290 30 None X 1/4 Yr.s/No ~0 Fair Bubble free - pre & post 
autoclave-edge deflected. 

120679 Sx12 RCA II 10 310 20 X 1/2 ro :'lo Good Vacuum broken in bag & auto-
clave pressurized to 20 psig 
@ T : 230"F; laminate con tin-
"ed to heat to 310°F - cooled 
w/pressure; result bubbles in 
interior of panel - most dis-
appear after autoclave - no 
edge bubbles. 

120779 Sx12 RC!\ J[ 4S 290 JO None X 1/2 Yes/Yes No Good Layup got wet - evac ports 
accidently blocked - interior 
bubbles caused by H20 pres-
ence - cracked cell due to - solder Jump. -i"V 

121179 Sx12 RC.\ II 10 290 ~0 None X 1/4 t>o No Poor Large border (3/4") - edge 
deflected 5 mils - no edge 
bubbles; panel broken in half 
due to improper tiedown in 
autoclave. 

121379 Sx12 RCA II 4S 290 :!0 None X 1/2 'ies/Yes \'es Exce 1 ~ Bubbles at edge - most remov-
ed by autoclaving. Two small 
bubbles remain; I c.: racked 
cell due to solder lump/! 
chipped cell due to misplace-
ment of stress relief crimp 
under cell. 

121479 5x12 RCft. Il 4S :go 30 None X 1/2 Yes/Yes Yes :=:xcel. Rubbles at edge - all removed 
by autoclaving - I :racked 
cell due to misplacement of 
stress relief crimp under 
cell. 

010360 5x12 RCA II 4S :;9o 3) None X l/2 \"e;/Yes Yes Excel. Bubbles at edge - a II removed 
by autoclaving. 

010760 Sx12 RCA II 4S :;90 3) None X I /2 'ie;/Yes Yes [xceJ. Bubbles at Nlge - mosl 
removed hy autoclav:ing. 

*ill cells 0.010 in. thick. 



whether or not a 7-mil paper shim was employed inside the tape border to en­

sure even pressure on the glass. The column labeled "Cover Slides in Corner" 

shows if two 9-mil-thick glass cover slides were placed in the vacant corners 

of the panel. The last column relates to the degree of flatness achieved in 

the final laminate. 

D. INTERCONNECT TECHNOLOGY 

1. Parallel-Gap Welding 

Both Ti/Ag and screen-printed silver metallizations were investigated for 

suitability with parallel-gap weldings as follows: 

• A cell is measured for I-V and P-V response prior to welding. 

• One or more interconnect straps are welded to the cell, using a Hughes 

HPC-500 welder. Variables are contact pressure, weld voltage, weld 

duration, and electrode "footprint." 

• A second I-V curve is obtained for the cell and any degradation in 

peak power and I-V curve shape noted. 

• Welded interconnects are then subjected to a peel test to failure at 

a 45° an~le to the cell surface and examined to determine weld quality 

and to correlate the failure with the peel strength. 

For the Ti/Ag evaporated metallizations, several cells yielded peel 

strengths of 4 lb per weld (2 weld "nuggets") with peak power degradation of 

1% per weld. Appropriate weld parameters are 0.55 V at 100-ms duration, 2•lb 

tip force on 400-psi tip pressure with tips of 0.025 x 0.045 in. Gap is set 

at 8 mil. 

However, consistent weld quality required considerable care and attention 

to cleanliness of interconnect strap and electrodes, as well as contact condi­

tions (strap and cell flatness). As the first weld cycle is made, the heat 

oxidizes the strip and some distortion occurs. Thus the second weld cycle 

generally.did NOT produce as good a nugget. 

Screen-printed contacts were significantly worse than eva.porated contacts. 

No combination of weld voltage and dwell time ·was found that would result in 
I 

acceptable welds. High energy content would provide bonding to the metalliza­

tion, but the metallization delaminated readily from the cell. Low energy 

content failed to produce bonding at all. The tentative conclusion was, there­

fore, that welding is not a suitable assembly process for cells of the design 

under investigation during the course of this program. 
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2. Radiant Reflow Array Soldering 

A new approach has been devised to interconnect the solar photovoltaic 

cells to produce large panel arrays. This new process reduces manual handling 

of the fragile photovoltaic cells, and connects them economically and uniformly. 

The process also prevents solder lumps at the connections, which when left on 

top of the cell, cause cell breakage during lamination. 

Several arrays were assembled by hand soldering early in this program to 

provide arrays for panel fabrication development. It became evident that the 

solder spikes and elevated tab positions above the cell surface were diffic11lt 

to avoid. Laminating experiments revealed that these high points led to cell 

breakage due to uneven pressure. Therefore, a new automated process was deve­

loped and the flat character of the interconnect achieved by the automated pro­

cess is particularly important in improving panel reliability. Additionally, 

the new process controls the temperature and time experienced by all joints to 

210°C max (MP* 186°C) and 1-minute molten time. These two parameters must be 

closely controlled to achieve reproducible and reliable results. 

Figure 54 shows the patterns on the front and back of the solar cells. The 

cells are 3 in. diameter, and 0.009 to 0.011 in. thick. As an interim method, 

RCA is using thick-film screening to apply solder paste consisting of 62Sn-36Pb-

2Au particles in a thinner flux binder. There is no orientation of the collector 

grid patterns front to back; therefore, in the solder screening operation, a 

lever mechanism with a marking stylus was added so that while screening the 

front solder pad, the stylus can mark the cell b~ck in relation to the front 

solder pad. The screening machine and plate details can be ~een in Figs. 55 

and 56. 

A cell with screened but unmelted solder pads can be seen in Fig. '57 1 

showing the front and the back pads in detail. The back solder pads are prop­

erly located with reference to the front grid pattern by use of the marking 

·provided by the screen plate stylus. The screening plate is relieved to avoid 

smearing of the wet front pad while screening the back pads. 

After the screening operation the cells are ready for the attachment of 

the connecting tabs. To ensure uniformity of the tabs a solder-coated ribbon 

slit to size was purchased, and tools were made to cut and form these tabs. 

(Figures 58, 59, and 60 show these fixtures.) A strain relief is required on 

*MP = melting point 
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Figure 54. Patterns of front and back of solar cell. 
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Figure 55. Screening machine and plate details for front of solar cell. 

116 



Figure 56 . Screening machine and plate . details for back of solar cell. 
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Figure 57 . Front and back of solar cell with screened but unmelted solder pads. 



Figur e 58. Tool for forming and cutting solder-coated ribbon. 



Figure 59. Close-up of cutting tool. 
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t~v 
Figure 60. Crimping tool. 

the tabs to take care of the dissimilar linear expansion rate between the glass, 

the cells, and the copper conductors. The strain relief geometry also provides 

compliance for the flexing of the panels due to wind and temperature changes. 

These strain relief contours are shown in Fig. 61. 

To apply the connecting tabs on the cells arranged as shown in Fig. 62, 

a soldering fixture was devised. This fixture provides guides and a vacuum 

hold-down to locate the tabs in relation to the solder pads and to hold the 

cell firmly on top ?f the tabs to ensure a good solder joint. The heat re­

quired is 200°C for 40 to 50 s. Figure 63 shows this fixture, and Fig. 64 

shows the tabbed cells. 

Typical redundant arrays contain three rows of one-tab cells and two rows 

of three-tab cells, comp~ising 12 cells per row or 15 cells per row. The five 

rows of 12 cells will make a panel approximately 40x15 in.; and three subunits 

of five rows or 15 cells, a panel approximately 48x40 in. 

The tabbed cells are now placed in the proper sequence on a vacuum table. 

A pattern for cell placement has been generated by computerized plotting of 

circles on true centers conforming to the designed array. It also provides 

directional lines to align the tabs in the proper relation to the adjacent vol­

taic cells. This vacuum table is presented in Fig. 65 and a close-up view is 
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Figure 61. Strain relief geometries. 

given in Fig. 66 after locating all the cells in the desired array under vacuum. 

The "W" connector which was developed to prevent breakage of the glass during 

an autoclaving (see Fig. 67) is now applied to the array on the vacuum table. 

Since at one end of the cells of the array there are no connecting tabs, these 

connections are soldered to one of the "W" connecting bars in the proper re­

lation to the cell soldered pads. The other "W" bar solder is applied in 

locations where the cell tabs terminate. As these bars are properly placed, 

a thin black anodized aluminum sheet is placed over the "W" connector. This 

thin sheet acts as a holder and the black anodization helps to absorb heat during 

the soldering process to equalize the temperature between "W" bars and the photo­

voltaic cells. A template was made to facilitate the location of the tabs on 

the "W" bars and the soldering pads. When everything is properly located and 

held down by vacuum, the unit is transferred to the radiant soldering table 

shown in Fig. 68. The vacuum is released on the layout table (Fig. 65) and 

applied to the radiant soldering table. The complete array is now ready to 

be connected. The table is provided with strips of Kapton covers with spring 
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Figure 63 . Detailed view of cell in place or.. soldering Lxture. 

--- ----- - - -



Figure 64. Tabbed solar cells. 
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Figure 65. Vacuum table used for ceU alignment. 
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Figure 66. Detailed view of cells on alignment table. 
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Figure 67 . Expanded "W" connecting bar. 

tensioners (see Fig. 68). The Kapton covers furnish a downward pressure to 

flatten the flexible tabs directly onto the solder pads. These forces are 

supplied by the vacuum pull-down (see details on Fig . 68). When the heat is 

applied, the Kapton expands rapidly, but the spring tension immediately relieves 

an otherwise detrimental . wrinkling effect. The Kapton covers not only ensure 

a good junction, but also control the thickness of the solder in the joint to 

approximately 1 mil. This height control prevents the breaking of the cells 

during the subsequent lamination operation. After these covers are applied, a 

bank of heating lamps, giving an overall temperature of 200°C, is passed over 

the array at a rate of 1 ft/min (see Fig. 69). At the completion of the cycle 

the Kapton covers are removed. The layout vacuum table (Fig . 65) is placed on 

top of the soldered array and, by releasing the vacuum of the heating table and 

applying vacuum to the layout table (Fig. 65), the complete array is drawn up 

and removed from the soldering table. Then the array is placed on a flat sur­

face, either the connecting table or the transport table (Fig. 70). After re­

moving the vacuum, the five rows of connected cells are gently deposited on 

these surfaces. If an array of 40x48 in. is desired, the cells are connected 

in series on this table. This array is now ready for laminating . 
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Figure 68. Radiant-3oldering vacuum table. 
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Figure 70. Layout table. 
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SECTION V 

PROCESS SEQUENCE DEVELOPMENT 

A. INTRODUCTION 

In the work described in the previous sections, we identified candidate 

cost-effective processes for large-scale silicon solar cell and panel production, 

brought those processes needing development to a state of technological readiness, 

and verified such processes by experi mental production of solar cells and pane l s, 

To obtain a selling price of less than $700/kW requires that these processes be 

assembled to form a manufacturing sequence possessing both material and inter­

process compatibility with the capability of operating at high output and yield. 

In the studies described here, the three manufacturing sequences shown in 

Figs. 71 and 72 were investigated to evaluate their overall cost/performance 

effectiveness. This evaluation was performed by studying the production flow 

and the performance of each sequence; it involved the processing and testing 

of 1500 solar cells, which are then used in the fabrication of solar panels . 

Two major objectives of this work were to test the performance of these 

sequences when low-cost forms of silicon are used for starting material and 

to assess the internal compatibility between process steps. The reason for 

this approach is two-fold in that low-cost processes have been used success­

fully with high-quality Czochralski silicon wafers, and on the other hand, 

most low-cost silicon forms have not been subjected to these specific low-cost 

sequences. Two forms of silicon were used: 3-in. -diameter "solar-grade"-/( wafers 

and dendritic web-1m silicon. 

Most of the solar cells were fabricated from the solar-grade wafers, and a 

small amount of dendritic web was assessed for compatibility with selected low­

cost processing steps. 

In this overall study, both material- and process-related compatibility 

problems were experienced in the areas indicated on Figs. 71 and 72. These 

problems, their implications, and possible alternatives are discussed in 

subsection D, below. 

'""Solar-grade" silicon is a product of the Monsanto Corp., St. Louis, MO. 
These are 3-in.-diameter n- and p-type, 1/2 to 2 D-cm, round silicon wafers, 
received in a "saw-cut" form. 

**Purchased from Westinghouse Research and Development Center, Pittsburgh, PA. 
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SEQUENCE I 

---+ M 

---+ p 

----+ p 

--+ p 

TEST TEST 

Figure 71. Manufacturing sequences I and II. 
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SEQUENCE Ill 

3-in.-Diam n-TYPE WAFERS 

LAMINATE DOUBLE GLASS PVB 

TEST 

____. p 

--+ p 

--+ p 

Figure 72. Manufacturing sequence III. 
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The performance of solar cells made by the manufacturing sequences of 

Figs. 71 and 72, and by an alternative sequence which uses gaseous diffusion 

for the junction formation is given in subsection E. 

B. AUTOMATIC ELECTRICAL TEST SYSTEM 

1. System Description 

Complete testing of the illuminated I-V characteristics of photovoltaic 

devices is necessary for process control and quality assurance. This requires 

an automated test technique which is fast and accurate and conveniently handles 

the information obtained. Our automated data acquisition system comprises a 

calculator, digital voltmeter, and multiplexer. These are interfaced with an 

AM-1 illumination source and a programmed power supply. The data, raw I-V char­

acteristics and calculated parameters, are initially recorded on magnetic tape 

cassettes and subsequently transmitted to a large computer system which supports 

a data base structur~. The larger computer system more easily provides for­

mated output, statistical analyses, and long-term, easily accessible data 

storage. 

Figure 73 shows a block diagram of the automated test system. A Hewlett­

P~rk~rn* 98458 desktop computer controls the syctem. It ic a basic programmed 

calculator with 64k bytes of read-write memory, a CRT display, an SO-character 

line printer, and two tape drives capable of storing 214k bytes of information 

each. It uses an RS232C interface to communicate with other computers and an 

IEEE 488 bus to communicate with the test system instruments. 

The digital voltmeter is a 6-~ digit, autoranging multifunction instrument. 

Dual-slope integration techniques, automatic self-test, and automatic calibra­

tion are combined to produce accurate and reliable operation. All operational 

modes can be programmed from the computer. 

The scanner provides computer addressable relays. The low thermal signal 

relays are used to direct analog signals to the digital voltmeter. The power 

relays actuate the solar simulator shutter, the vacuum holddown for the solar 

cell, and the cell contact actuator. 

The powe·r supply programmer produces an analog voltage proportional to the 

commands received from the computer. This analog voltage determines the output 

*Hewlett-Packard Corp., Palo Alto, CA. 
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Figure 73. Automated test system block diagram. 

current in the bipolar operational power supply. This supply is a constant 

current source and either sources or sinks the solar-cell current. 

The solar simulator is a xenon arc lamp filtered to AM-1. It illuminates 

a 3-~-x3-~-in. area with a nonuniformity of less than 6% between the brightest 

and weakest points. A solenoid-activated shutter controls the output illumina­

tion. The arc lamp power supply is regulated for short and long term stability. 

Figure 74 shows a cell-testing stage with a 3-in.-diam. solar cell in the 

test position. A reference solar cell, visible on the side of the fixture, 

measures the illumination level prior to each cell-testing sequence. A copper­

constantan thermocouple is also part of the cell test fixture to monitor the 

fixture temperature and correct the data to 25°C. On the right is a solenoid­

actuated contact to the metallization on the illuminated side of the cell. This 

contact consists of two electrically isolated probes. This allows elimination 

of series resistance by having separate voltage and current probes. It also 

allows for the measurement of resistance between these probes, assuring proper 

cell contact. The back contact to the solar cell consists of a spring-loaded 

voltage probe and the fixture surface. 
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Figure 74. Photograph o,f ::~11-testi:J.g stage of testing system. 



The test sequence begins with a solar cell positioned on the test fixture 

with the metallization beneath the contacts. The vacuum holddown is applied, 

the contacts are lowered, and the computer verifies electrical contact to the 

solar cell by programming the digital voltmeter to its ohms function and measur­

ing the resistance between the voltage and current probes. The solar simulator 

is unshuttered, the computer measures the reference cell to determine the illumin­

ation level, and measures the thermocouple voltage to find the fixture tempera­

ture. 

The output current was previously programmed to zero. The cell voltage is 

measured. The current source is now stepped to 100 mA in 10-mA steps while 

measuring both the cell current and cell voltage. This establishes the cell 

open-circuit voltage and the slope at the cell open-circuit voltage. The cell 

current is now increased in 64-mA steps while measuring the cell voltage. The 

cell current is calculated. The cell output power is monitored and when a 

decrease is seen, the step size is halved and the step direction is reversed. 

When the cell power decreases again, this process is repeated. This continues 

until a 2-mA current step results in a decrease in the cell output power. This 

is the maximum output power. The cell current is again increased in 16-mA 

steps until the cell voltage changes polarity. The current source is then reset 

to the original value before the polarity reversal, and the step size is halved. 

In this way the cell short-circuit current is approached. When a 2-mA incre­

ment of the cell-current results in cell voltage reversal, the solar simulator 

is shuttered, the constant current source programmed to zero current, and the 

vacuum holddown and solenoid contact released. 

During the acquisition of the data, the cell current and voltage are 

scaled to 1 sun conditidns. 

The computer calculates the following: (1) open-circuit voltage, (2) 

short-circuit current, (3) cell voltage at maximum power, (4) cell current at 

maximum power, (5) maximum output power, (6) fill factor, (7) efficiency, (8) 

series resistance, (9) shunt resistance, (10) illumination level, and (11) 

fixture temperature. 

Table 34 shows a formated output of the data transmitted by the calculator 

to the data base. Table 35 shows a histogram of cell efficiency versus the 

number of cells for one lot of commercial solar cells. Features such as these 

as well as other statistical analyses are readily available through simple on­

line commands within the data base language structure. 
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-----------------------------------------------------------------------------------------------------------------------

TABLE 34. DATA TRANSMITTED BY CALCULATOR TO DATA BASE 

LOTNO TESTDT AREA CELL NU~lB ER IRRADANCE OPN c:R VOLT CELL CURRENT MAo< POWER FILL FACTOR SERIES RES IS ----------- --------- ------------ ------------ --------- ----------- ------------
4 79/04/05 45.00 0Cll004051 102.0 .575 1. 210 ' 10 . 90 .708 .058 

OCLI004052 102.0 .574 1, 190' 10 . 80 . 7 13 .064 
OCLI004053 101. 0 .570 1. 220. s. 83 . 6 37 .093 
OCLI004054 101.0 . 571 1, 190 . 1 c. 50 .699 .073 
OCLI004055 100.0 . 573 1,220 . 1 (. 80 . 6 93 .072 
OCLI004056 1 0 1 . 0 . 575 1. 260 • 11 . 00 .682 .075 
OCLI004057 1 0 1 . 0 . 572 1,200. 1( . 80 . 710 . 0 6 9 
OCLI004058 100.0 . 574 1. 250 . 11. 10 . 6 99 .067 
""'' -:-- ' · t\1)9 100. 0 . 568 1, 190 . 1C . 40 . 6 92 .073 

101. 0 .574 1. 24 0. 10 . 90 . 071 
100 . 0 . 572 1. 250 . 10.6 0 .076 

~ 9 . 574 1.230 . 1 . . ,. .066 
. 574 1. 190. ./.,).,J 062 
.573 I. 180. I) . 7 0 .739 

1 . ..,"'"" 11 . 0 0 .693 
. ". 1). 50 . 6 96 . 0 b • 

OCLIOu-. • . I, 190. I J. S 0 . 7 13 . 0 6 7 
OCLI00409t, I, 150. 1). 3 0 .704 . G;, 7 
OCLI004095 l o, . 1. 160. I J . I 0 . 68') . 0 73 
OCLI004096 1 0 0. 0 .567 1. I 30 . I J .lt 0 .725 .C67 
OCLI00ft097 100.0 .5 74 1.2ttG. II . 30 . 7 12 . C•6 5 
OCLI00l; 093 100 . 0 .568 I , I 9 0 . I 0 . 50 .701 . 0 ;· I ...... OCLIOC4099 100. 0 . 563 I. 150. 10.40 .72 0 .065 w OCLIOCtt100 I 0 I . 0 . 573 1.220 . 1 o. eo . 6 94 .Ol,7 \0 

SHU NT RE51ST JCT CEPlH SHEET RE5IST CONfliCT RST METAL f{ST f'Mt\.X CURRENT PI·1AX •tOL T AGE EFFICIENCY BASE TH:P ------------ --------- ------------ ----------- --------- ------------ ------------ ---------- ---------
5.03 1. 0 0 1.0 I . 0 0 1 . 0 0 I, I I 0. . lt42 . 107 27.5 

16 . 6 0 I . 0 0 I . 0 I. 00 1. 00 I, 07 0. . ft54 . 106 27.8 
13 . 90 1. 00 I. 0 1 . 0 0 I . 0 0 1. 0 7 0. . 4 15 . 0 <;& 2S.D 
24 . 60 I. C 0 I. 0 I . 0 0 1 . 0 0 I, 07 0 . . 443 . 1 OS 23. 1 

4 .3 4 1. 0 0 1 . 0 1. 00 1 . 0 0 1 . 03 0 . . ft4S . 1 0 7 2S . 1 
I 0. 50 1. 0 0 1 .00 1. 0 0 1. 130. ' 4 37 . i u 9 28.1 
3 . 08 1 "' • n 1 . 0 0 I. 100. .443 . 103 28.0 
4 . 6 1 1 . 0 1. 00 I, I 30. . 4 ft 3 . 111 2[; " 

10. 10 . • u u 1.0 1 . li • I . 0 0 1. 0 90. . 432 . I 04 
3 

, 
1. 0 0 I. 130. .437 . 1 c .q 1 . 0 0 1.0 I . 00 . . " 

1 . 0 0 1. 0 1. 00 00 1. 110 . '431 28.0 
. -+4 1. 0 0 1.0 1. 0 0 1. 130 . . ft48 

J 28.2 
4 . 55 1. 00 1.0 1. 00 1. 1. 110. . 44" . 1 n 6 2G. O 
7. 08. 1. 0 0 1.0 1 . 0 0 1. 0 0 070 . . 112 2C. 1 
5.06 1. 0 0 ,. • 0 1 . 0 0 1 . 0 0 . 11 n ')0 ., , t_.).(.. 

7 . 39 1. 0 0 1. 0 1. 00 1 . 0 0 l,u. 454 . 103 27.9 
4.59 1. 0 0 1 . 0 1. 00 1. 00 1. 06 0. 443 . 105 23. 1 

27. I 0 1. 00 I . 0 1. 00 1. 00 1. 090. lt41l . 108 ;:a.2 
7.39 1. 00 1.0 1. 00 I . 0 0 I. 10 0. .433 . 106 :26.2 

10 . 90 1. 0 0 1.0 1. 00 1. 0 0 I, 110 . . 45 5 . 112 28.4 
3.55 1. 00 1. 0 1. 00 1. 00 1. 1 0 0. . 453 . 10 9 23 . 3 

307 . 00 1. 00 1.0 1. 00 1. 00 1. 0 7 0. .443 . 105 23.6 
3.00 1. 0 0 1.0 1. 00 1. 00 1. 120. .426 • 1 C6 2S. '+ 
3. 7 5 1. 0 0 1.0 1. 00 1 . 0 0 1,130. .437 . 10 9 28.6 
3 . 87 1. 0 0 1.0 1. 00 1. 00 1. 050. .442 . 1 02 23.4 
5 . 96 1. 00 1.0 1 . 0 0 1. 00 1. 0 3 0 . .453 . 10 3 27 n 

7.53 1. 00 1.0 1. 00 1. 0 0 1. 090. . 't37 . 105 
11 . 60 I. 0 0 1. 00 1. co 1. 080 . . 454 '" . 
17.50 . ~ 1. 0 0 1. 090. .454 

2 . 33 I. 00 96 1. . 4 48 
208.0~ 1. 0 0 1. 030. .4':t" 

~ ~n 1. 130. 
1. 100. 
• . n<1n 



TABLE 35. HISTOGRAM OF EFFICIENCY AT PMAX* ~vS CELLS (500 CELLS) 

EFFICIENCY NUMBER OF CEllS 

.043 

.068 

.074 

. 081 

.083 

.Oo6 

.087 

.088 

.089 

.090 

.091 
• 092 
.093 
. 0 9fi 
.0 95 
.096 
.097 
• 098 
.099 
• 10 0 
• 10 1 
• 102 
• 10 3 
. 10 4 
• 1 0 5 
. 106 
• 107 
. 108 
• 1 0 9 
• 110 
• 111 
• 112 
• 113 
• 114 
• 115 
• 117 

0 2 4 6 8 1 0 12 14 16 18 20 22 26 28 30 32 34 36 38 40 42 

+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+ I== I I I I I I I I I I I I I I I I I I I I I 
I== I I I I I I I I I I I I I I I I I I I I I 
I== I I I I I I I I I I 1 I I I I I I I I I I 
I== I I I I I I I I I I I I I I I I I I I I I 
I== I I I I I I I I I I I I I I 1 I I I I I I I== I I I I I I I I I I I I I I _ I I I I I I 
I== I I I I I I I I I I I I I I ~ I I I I I I 
I============ I I I I I I I I I I I I I I I I I I I I=========I I I I I I I I I I I I I I I I I I I I 
I======================= == ==== ~= = I I I I I I I I I I I I I I I 
I================= ==== =============I I I I I I I I I I I I I I I 
I==================================================== I I I I I I I I I I I I================================ I I I I I I I I I I I I I I I 
I=================================================================== I I I I I I I I 
I=============================~==========================================================================I I=====================================================================I I I I I I I I 
I=====================================================================I I I I I I I l 
I============================================================================================ I I I I=====================================================================I I I I I I I I 
I=====================================================================I I I I I I I I I================================================================! I I I I I I I I 
I=================================================================== I I I I I I I I 
I===============================================================================I I I I I I 
I===============================================================================I I I I I I 
I============================================================================= I I I I I I 
I=========================================================================================I I I I I=================================================================== I I I I I I I I 
I=======~=========================================================== I I I I I I I I 
I============================================================== I I I I I I I I I I==================================I I I I I I I I I I I I I I I 
I================================ I I I I I I I I I I I I I I I I============ I I [ I I I I I I I I I I I I I I I I 
I============ I I [ I I I I I I I I I I I I I I I I I== I I I I - I I I I I I I I I I I I I I I I 
I== I I I I - I I I I I I I I I I I I I I I I 
I== I I I 1 - I 1 I I I I I I I I I I 1 I I I +----+----+----+----+---------+----+----+----+----+----+----+----+----+----+----+----+----+----+----+----+ 

*PMAX determined from AM-1 I-V curve - cells AR coated . 



2. Qualification Testing 

In order to obtain accurate and reproducible values of cell parameters, 

the output illumination level from the Oriel filtered xenon light source must 

be adjusted to the AM-1 level for each measurement. A better approa ch for high­

speed measun~ments is to set the output level to AM-1, monitor it with a small 

standard cell, and correct the data for any change in light level. This lat­

ter approach was taken by placing a small (1.3 cm2) silicon cell adjacent to 

the cell under test as shown in Fig. 75. 

The initial level is set by using a calibrated silicon cell* and a set of 

measurements was made ann rompared to those obtained on a previously calibrated 

ELH lamp simulator. The results of such a comparison are shown in Table 36, 

where it is seen that good agreement between the two sets of values are ob­

tained with the difference in short-circuit current in all cases less than 3.8%. 

3. Temperature Corrections 

The temperature beneath the cell under test is measured by means of a 

thermocouple permanently mounted in the stage. This value is recorded for each 

measurement and the cell parameters V , FF and ~ are corrected back to 25°C oc 
using the following equations: 

where 

where 

and 

V T = V + S (T-25) oc oc 

s = 0.002 V/°C 

EFF = ~ = ~ + c (T-25) T T 

FF = FF [1 + c/Q (T-25)] 
[1 + S/V (T-25)] oc 

A typical set of m·easured and corrected parameters is illustrated in 

Table 37. 

*Reference standard cell No. 49, provided by NASA Lewis Research Center, 
Cleveland, OH. 
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Fig~re 75. Photograph of cell-testing stage sho~ing reference eel_ 
mounted adjacent to the cell under test. 



TABLE 36. COMPARISON OF CELL PARAMETERS ELH VS ORIEL 
AM-1 SIMULATION SYSTEM 

v I v I FF '1 oc sc m m 
Sample. (mV) (rnA) (mV) (rnA) (%) 

1 ELH 599 865 490 800 0.760 9.58 
1 ORIEL 585 871 481 804 0. 758 9.43 

2 ELH 591 885 470 810 .0. 728 9.26 
2 ORIEL 583 888 457 800 0.707 8.93 

3 ELH 592 880 475 810 0.739 9.36 
3 ORIEL 583 886 456 824 0.727 y .17 

4 ELH 591 865 485 820 0.768 9.56 
4 ORIEL 582 870 471 811 0.753 9.31 

5 ELH 592 870 485 801 0.754 9.45 
5 ORIEL 581 869 462 814 . 0. 745 9.17 

6 ELH 591 811 485 762 0. 771 9.0 
6 ORIEL 579 842 466. 790 0. 754 9.0 

·7 ELH 590 802 480· 750 0.762 8.76 
7 ORIEL 580 822 476 770 0.769 8.9 

8 ELH 58·1 Sio 475 752 0.759 8.69 
8 ORIEL 574 818 475 760 0.769 8.8 

9 ELH 592 8~0 4<.)0 759 0.767 9.05 
9 ORIEL 5~1 820 479' 765 0.769 8.93 

10 ELH 586 795 485 730 0.760 8.61 
10 ORIEL 574 810 471 748 0.758 9.59 

11 ELH 591 855 485 791 0.759 9.33 
11 GRIEL s81 847 466 792 0.750 9.00 

c. SOLAR-CELL PROCESSING 

The following section deals with tests conducted to assure the prope): 

operation of equipment, presents some results which relate to the production 
' 

of ion-implanted solar cells, and gives a description of the initial perfor-

ma·nce of such cells made in accordance with the manufacturing seq~ences shown 

in Figs. 71 and 72. 
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TABL.E 37. TEMPERATURE CORRECTIONS OF CELL PARAMETERS 

CELL NUHBER voc VOT I SC FF FFT EFF EFFT BT IRR ----------
OCLIOO~OOl .sao .sa2 lt2~0. .702 .702 ·113 ol13 2S.9 99.6 
OCLI00~002 .s7a .sal lt230. .617 .6 77 ol Oa .109 26.3 99.1 
OCLI00~003 .S79 .sat lt220o .697 .697 ·109 o109 26ol 100.0 

. OCLIOO~OO~ • S79 .sa2· 1 t2SO • .6a3 .6a3 ·109 o11 0 26 •'+ 100.0 
OCLIOO~OOS • S77 .sao 1t2~0 • .6a3 .6a3 .109 o11D 2.6 ·3 99.S 
OCLI00~006 • S79 .sa3 1.2~0 • .690 .690 .110 olll 26.a 100.0 
OCLI00~007 • S77 .Sa1 1t2~0 • .6a2 o6a2 ·1 oa .109 26.9 100.0 
OCLIOO~OOa .S76 .sao 1 t260. .670 .670 ·109 ol1 0 27.0 99.3 
OCLI00~009 .S71 • S73 1 t170 • .6a3 .6a3 .]02 .102 26.0 99.a 
OCLI00~010 .S73 .S76 1 t190. .679 .6 79 .10~ o1 OS 26.3 99.6 
OCLIOO'tOll .S67 • s 70 1 t130 • .67S .676 .096 .097 26.S 100.0 
OCLI00~012 .S77 .sao 1 t2 0 0. .697 .697 o107 .1oa 26.7 100.0 
OCLI00~013 .S77 .sa1 1t2~0. o66~ .66~ .lOs o1C6 26.a 100.0 
OCLIOO~Ol'+ .S77 • Sa1 1 t22 0 • .697 .697 .109 o110 26.9 100.0 
OCLI00~015 .569 • S72 1t1ao • .671 .671 ·100 o101 <:6.5 99.6 
OCLI00~016 .S76 • sao 1 t170o .713 .713 .107 .108 26.9 100.~ 
OCLI 00~01 7 • 576 .sao 1 t3 0 0 • .676 .676 ·113 ·114 26.9 99.6 
OCLI00~018 .575 • 579 1t250 • .69~ .694 oll1 .112 26.9 100.0 ...... OCLIOO~u19 .576 • sao 1 t2~ 0. .69a .698 o111 ·112 27.1 100.0 ~ 
OCLI00~020· .576 • sao 1 t23 0 • .692 .692 ol10 oll1 27.1 99.8 ~ 
OCLI00~021 .566 .S70 1t160o .686 .687 .100 o1 G1 27.1 100.0 
OCLI00~022 .57 8 .582 1t210• .72a .728 oll3 ·• 11" 2 7.2 100.0 
OCLIOO~C.23 .57 7 • 582 1t230 • .699 .699 ·11 0 ··111 27.6 lUO.O 
OCLI00~02~ .577 .582 1t240. .707 • 70 7 o113 .. ]14 2 7. 7 99.8 
OCLIOO~il25 .576 .5a1 lt220o .703 • 703 .109 .110 27 .s 100.0 
OCLI00~026 .!:66 .571 1t16D· .686 .687 .100 .1 01 27.6 99.7 
OCLI004027 .576 .581 1t23Go .701 .701 o11C o111 27.7 100.0 
OCLI00~02a .569 • 575 1 t160 • .720 .720 .106 .107 27 .a 100.0 
OCLI00'+029 .575 • sa1 1 t25() • .670 .670 ·107 .108 27.8 101.a 
OCLI00~030 .569 • 5 74 1t170o • 716 .716 ·106 olC7 27.7 100.C 
GCLI 00~031 .569 • 574· 1 t130 • .684 .685 .~98 .099 27.5 100.\. 
OCLI004032 .573 • 578 1 t2 0 0 • .726 .726 ollO o11l ~7.5 10 0. ~ 
OCLI00'+033 .57'+ .sao 1t200o • 730 .730 ·112 o113 <:7.8 100.C 
OCLI00'+034 .575 • 580 1t160. .748 .7'18 .111 o112 27o6 99.9 
OCLI 00'+035 .569 .575 1t150o .716 .717 o104 o105 27.8 99.9 
OCLI00'+036 • 575 .sao 1 t22 0 • .693 .693 o108 .1()9 27.c 99.'" 
OCLI00'+037 • 572 .578 1 t190 • .696 .697 .105 o1UE. 27.8 100.<:, 
OCLI004038 .57 3 • 579 1t2'+0• .&92 .'>92 .109 o110 :n.a 100.0 
OCLI00'+039 • 576 .sa2 1 t22 0 • o703 .703 o109 ol 1 (j 27.8 101.0 
OCLI00'+040 .575 .581 1t230o • 709 .7G3 .111 ·112 27.8 100.C 
OCLI00.'+0'+1 .571 • 577 1 t170 • .707 .708 .105 o1C6 27.8 1CJ.G 
OCLl0040'+2 .57 0 • 576 1t1aO • • 711 • 711 .106 • 1 c 7 28.1) 100.0 
OCLI004043 .573 .579 1t21D• .716 .716 ·11 0 o111 £7.9 100.G 
OCLIOil4u44 • 573 .579 lt230 • .685 .685 .107 o1Lb 28.u 1~0.() 
OCLI0040'+5 .57:3 .58G lt20C. .691 .6'52 • 104 .lC!) 2e.3 1 D 1. C 
OCLI004046 .573 • 58 0 1t2;)0 • .705 .7u5 .1GB .lGS 28.4 lOC.C 
OCLIOO'+U47 .5711 .581 lt220o .704 .704 ol 09 oll() 2 8.5 lOO.C 
OCLI00404a • 574 .5fll 1 t21 0 • .707 • 7 07 .1(19 oll 0 2 8 .s lJo.c 
OCLI004049 .57'+ .581 1 t25C. .586 .5or; .108 .1 G 9 ~8.4 102.u 
OCLI004050 .574 .581 1 ,2 "0 • .680 .G80 .107 .1 ca 2 s: .4 1 u 1. (1 



TABLE 37. (Continued) 

CELL NUMBER VO C VOT ISC FF FFT f.FF ~F F T r.T rn: 
-----------OCLI004051 .575 • 58U 1 ,a o. .7oa • 7 ~8 .r o 7 .lOb ;::?.5 102.u 
9CLI004052 .574 .sao },}'10. .713 .713 ,}i)(, o1C7 ~ 7. 6· 1U2.U 
OCLI004053 .57 0 .576 1. 22 0. .637 .639 .G98 ,(j9<; ;:~;,(, !01.(; 
OCLI004054 .571 • 577 1•190. .699 .700 .r 05 .106 2e.1 1 0 1. Q 
OCLIOr.4055 .573 • 579 1•220. .693 • E. 9 3 .107 o1u~ 2&.1 bO .u 
OCLI004056 .575 • 5a1 1o26C. .682 .682 .109 ellC 22 .] lC 1. G 
OCLI004057 .57.2 .578 1•200 • • 710 .710 .108 ol09 n.o !.Ol.C 
OCLIOO'I058 • 57 4 .sar. 1•250. .699 .6G9 o11! oll<: 28.0 ll:!l.~ 
OCLI004059 .s6a .574 1•190. .692 .693 • 1 04 • 1 05 28.0 1~0.(; 
OCLI004060 .57 4 .~80 1 ,24 (j • .691 .691 .lOB .1 C9 :<8.2 l 01 • 0 
OCLIOO'l061 • 572 .578 lo 25 0 • .671 .6 71 ·I 06 .101 ~ a.o I iJ 0 • u 
OCLIOCJ4062 .57 'I .sac 1,230. • 716 .716 ·112 ol13 2 il.I 99.9 
OCLIOO'I063 .574 .sao t.190. .731 • 7 31 .no olll ~R.2 101.~ 
OCLI00'106'1 .573 • 5 79 1,16C. .72'1 .72'1 .1oa • 109 2 7,9 :o1.c 
OCLIOO'I065 .571 .577 lo200o .6a9 .690 .105 .tee 2 8 ol rilo.o 
OCLI00'1066 .57'1 .sao Io22c. .700 .7uo .roe olC9 21lo2 ra1.c 
CJCLIOG4U67 .57'1 .sao t.2 0 0. .694 .695 .}06 ol 07 28.?. 101.0 
OCLIOO'I06S .574 .581 1o19Q, .736 • 7 36 .112 .11.5 28 ,<; 'l9.9 

...... OCLIOO'I069 .57'1 .5a1 1 o2 0 0 • .720 .720 ol09 ol10 21:1.:3 101.(• 
~ OCLIOu41l70 .570 .577 1o190. .6<;9 • 7 oo ol05 o1Gb 28.6 luO.u V1 OCLI00'1071 .57 2 .579 1 •2 4 0. • 6 71 .672 olC6 .l;J7 ~8.4 99,9 

OCLIOO'I072 .57'1 .581 1 o2ll 0. • 692 ,692 .roc; ollG 28.6 10C.O 
OCL-I 0040 73 o5b8 .575 1•160. .704 .705 ol02 ol03 2B,ll 10 1· 0 
OCLIOC14074 .56 7 .573 1 ,r 4 G .• >721 .722 ol03 olG'+ :27.9 101.0 
OCLI004C75 .572 .571:1 1 .21 c. • 688 .689 .105 o1 0 6 28.2 lOO.G 
OCLI004076 .57 3 .579 1 ,21(,. .706 .706 ol09 oliO 28.2 99,9 
OCLI 004077 .57 3 .sao 1 •240. .696 .696 ol10 o1ll 2a. 3 99,9 
OCLI00407B .565 • 572 r.12u. .681 .682 .095 .(196 2a.4 1oo.:; 
OCLI004079 • 568 .575 t.190. .665 .666 .roo olOl 28.4 1oo.u 
OCLI0040ao .57 3 ,580 1. 23 0. .7oa .7aa ol11 ol12 2Bof. lJil.O 
OCLIOO'IOa1 .57 3 .sao lo200o .721 o721 o110 olll ;,;a._? rco.c 
OCLI004082 .571 .57!i lo210o • 691 .• 692 o105 o1 06 . 2a~7 101. J 
OCLI0040B3 • 572 .579 1 • 24 0. .692 .692 ol09 .u 0 2a.6 99,s 
OCLI0040a'l .57 0 .577 lotao, .723 .724 .106 ol07 28.6 102.0 
OCLI0040a5 .57 3 .sac 1. 24 0. • 70 7 .707 olll • 112 . 28.7 1 (J 1 • 0 
OCLI004086 .572 .579 lo210o .70!+ .704 ol07 o1 oa <:8.6 lOJ,.). 
I.'ICLI004Qa7 • 571 o57a lo2l0o .709 .709 ol09 ollO 28.5 100.0 
OCLI0040Ba .567 .574 1o150. .688 .61:19 .099 olOC 2a.5 10:>.:> 
OCLI004089 .570 .577 lo160o .733 • 7 3.3 ·1 as .109 26.6 99,9 
OCLI004090 .569 .s 76 lo150. • 739 • 740 o106 ol07 2a .6 101.0 
OCLiOO'IU91 .571 .578 1o240o .69a .69a .1()9 ollQ 28.7 1 0 1. 0 
OCLI004092 .569 .576 1o190o .696 .697 .1 0'! .105 28.7 100.0 
OCLI004093 .570 .578 lo190. • 713 .713 .1 oa ollO 2 a.a 100.0 
OCLI004094 .568 .575 1o150o .704 • 7 05 o102 o1 03 26.7 1u0ou 
0Cll004095 .56 7 o575 lo16Co • 689 .69() olOO ol02 2a.8 101.;) 
OCLI004096 ,56 7 .575 lo130. .725 .726 .104 .1 0 6 2a.a 10().0 
OCLI004097 .574 ~581 lo240. .712 .712 ol12 o113 2a.7 iQ(J.O 
OCLIOO'I&9a .568 .576 lo190. • 701 • 702 o105 o107 za.9 1o~.o 
OCLI004099 .566 .576 ·r,1su. • 720 .721 o1 04 o1C6 2a .a tllo.o 
OCLI00410G .573 .sao 1 o22 0. .694 .695 ol07 o108 21l.7 I 0 1 • 0 



1. Equipm.ent and Process Qualification 

Preliminary to running ion-implanted solar cells of sequences I, II, and 

III through production-model screen printing and spray-on AR coating, these 

processes were tested on 3-in.-diameter solar-cell wafers containing a junction 

formed by POC1
3 

diffusion. This was done because the perform~nce level of such 

cells had previously been established on laboratory versions of this equipment. 

These tests were performeil on a group of 37, 3~in.-diameter solar-cell wafers 

split into two lots containing 12 and 25 cells. In the first lot of 12 wafers, 

six were screen printed on the sun-side with a previously used grid patt~rn 

having i4% shadowing and six with our new grid design [20] (9% shado~i.ng): ".~ 
In the second lot, all wafers were printed with the new mask. In all cases, 

TFS* 3347 silver ink was used on the junction side and RCA p-type [19] on the 

back (84% coverage on the back). Examination of the new grid pattern after 

printing revealed good linP. flpf.i.nition; the minimum designed line wi.1lLI• 

(0.005 in.) printed wilh an average width of 5-1/2 mil. After firing at 675°~ 

for 2 min between dual infrared lamps, these lines slumped at the edges, yield­

ing a line of ~0.006-in. width. 

After firing, the AM-1 illuminated .cell parameters were measured, and the 

statistical results comparing grid patterns are summarized in Table 38. The cell 

characteristics for both patterns are very good; for the new grid, no significant 

reduction in fill factor was experienced, and a 6% increase in short-circuit 

current was obtained, as expected; Similarly good results were obtained o~ the 

25-wafer lot as illustrated in the following data: 

"f( 

** J at v fJ FF aF r") (J J v FF t1max ::H.: oc v n sc max oc max max 

(mA/cm2) (rnA/em?.)· (mV) tmV) (%) (%) . 
2 (rnA/em ) (mV) (%) 

20.7 0.35 579 2.1 0.761 0. 007 9. 23 0. 15 21.5 586 0. 772 9.66 

*Cell area= 42 cm2 , no AR coating. 
**ai = standard deviation of ith parameter. 

20. R. V. D'Aiello, Automated Array AsseJl!bly, Phase II, Quarterly Report No. 5, 
prepared under Contract No. 954868 for Jet Propulsion Laboratory, DOE/JPL-
9~4868-79/2, March 1979. 

•'•Thick Film Sy.stems, Inc., Santa Barbara, CA. 
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TABLE 38. AVERAGE AND STANDARD DEVIATION FOR ALL PARAMETERS OF SCREEN-PRINTED CELLS* 

Grid J 

·Pattern 
sc 2 

(rnA/em ) 

Old (No AR) 19.9 

New (No AR) 21.1 

*Cell area = 41 cm2 

;b'•No AR coating 

+ a. 
J 2 

(rnA/em ) 

0.57 

0.65 

+ . 
· a = standard deviation 

v a oc v 
(mV) (mV) 

588 4.5 

593 3.1 

...;. ~~ 

FF aF '1 a 
n 

J v FF sc max2 oc max max 
(rnA/em ) (mV) 

.0.763 0.008 8.89 0.30 20.9 592 0.769 

0.754 0.017 9.37 0.22 21 .. 6 599 0. 771 

.... ._ ... 
'"' 

11m ax 
(%) 

9.33 

9.56 



These cells were spray AR coated with the RCA I Ti02 solution using the 

Zicon Model 9000 autocoater as previously described f20l. Typical results hefore 

and after coating are shown in Table 39. The coated-cell parameters are reasonably 

good; however, the uniformity and film quality were found to be sensitive to the 

ambient relative humidity (RH) for values of RH greater than ~45%. 

Before 

After 

TABLE 39. COMPARISON OF AVERAGE AM-1 PARAMETERS BEFORE 
AND AFTER SPRAY AR COATING 

J v FF 11 J v FF 
sc oc sc max oc max max 

2 (rnA/em ) (mV) (%) 
:l (rnA/em ) (mV) 

21.1 '193 0, 754 9.37 21.6 599 0. 771 

28.7 601 0. 752 12.65 29.3 610 0.761 

11 max 

(%) 

9.56 

13.2 

The model 9000 Zicon autocoate:r. was used to spray the RCA I AR coating 

solution on several lots of cells to establish baseline performance. Typical 

values of short-circuit current before and after the AR coating process are 

given in Table 40. The average increase in short-circuit current is +31% which 

is 4% lower than our previous experience [19]. Some nonuniformity in film 

thickness was noted, especially near the metal, causing individual values 

(samples 910-7, 910-11, and 910-12) to be lower than expected. 

Additional analyses have been carried out to determine the structure and .. -

refractive index of the RCA I derived' TJ02 . (~ore realistically TiOx) coating 

and the Emulsitone* C Ti02-Si02 coating as a function of hP.at-t.reatment time 

at 400°C. Electron··diffraction indica~ed an amorphous structure of the Ti02-

Si02 coating and of the TiOx coating heated for only 30 s which is our normal 

heat treatment. After the TiO film was heated for 5.5 and 55"min, a crystalline 
X 

Ti02 phase appeared which was identified as Anastase. The refractive index was 

measured by ellipsometry. These results are presented graphica1ly in Fig. 76. 

The TiO film reaches a constant refractive index value of 2.22 after the 5.5-x 
or 55-min heat treatment, indicating a stable film structure. The Ti02-Si02 
film, on the other hand, keeps increasing in refractive index with heating time. 

,':Emuls i tone Company, Whippany, NJ. 
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TABLE 40. SHORT-CIRCUIT CURRENT BEFORE AND AFTER SPRAY 
AR PROCESS FOR LOT 910 

I 
AR 

I I r sc = sc No AR sc AR I No AR sc 
Cell No. (rnA) (rnA) 

910 - 1 875 1170 1.34 

910 - 2 870 1150 1.32 

910 - 3 890 1180 1.33 

910 - 4 842 1090 1.29 

910 - 5 848 1170 1.38 

910 - 6 869 . 1150 1.32 

910 - 7 906 1150 1.27 

910 - 8 871 1140 1. 3i 

910 - 9 849 1110 1. 31 

910 - 10 864 1200 1.39 

910 - 11 870 1050 1. 21 

910 - 12 909 1150 1.27 

910 - 13 875 1170 1. 34 

910 - 14 881. 1130 1.29 

Ave. 1. 31 

Absolute reflection of the RCA I TiO coating on polished silicon slices as 
X 

a function of wavelength for the 30-s heat-treatment period is shown in Fig. 77. 

A broad reflection minimum of 1.3% is reached at a wavelength of 6000 ~. A 

measurement of the t.ransmittance of the coating on a quartz substrate gives a 

measure of the absorption. Such measurements for films heat-treated at 0.5, 5, 

and SO min are shown in Fig. 78 where it can be seen that there is no significant 

absorption down to a wavelength of 0.37 tJm. 

These tests have established the material requirements and operating con­

ditions for the screen-printing and spray-on AR coating processes. 

2. Ion Implantation and Fur·nace Annealing 

The three manufacturing sequences to be studied require the formation of 

a junction by ion implantation and furnace annealing. A lot of 100 "solar-

grade" wafers was processed through ion implantation and furnace annealing, 
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Figure 78. Transmittance data. 

and the distribution of junction-layer sheet resistances was measured prior to 

screen printing the contacts. These wafers were implanted with 2x10 15 A/cm2 , 
31P followed by ~ three-step (500°C, 2 h; 850°C, 10 min; 500°C, 2 h) furnace 

anneal. The distribution of measured sheet resistances is shown in Fig. 79. 

Both the average value (95 Qjo) aqd the spread are higher than previously 

experienced under similar dose and furnace conditions. However, ion-implanted 

layers are normally capped wit~ an Si0
2 

film to prevent impurity contamination 

and/or out-diffusion of the phosphorus during the high-temperature anneal, and 

these wafers were not ~apped because the capping step was not considered to be 

cost-effective. 

The wide range (75 to 194 Q/D) of sheet resistance values made this lot 

suitable for te~ting the sensitivity of the screen-printing and firing process 

to the absolute value of sheet resistance. Twenty-five wafers were selected 

from the lot and were screen-printed and fired as described in subsection 

C.1 above. The cell characteristics were measured and are listed in Table 41 

along with the sheet-resist~nce values for each cell. It is seen from these 

data that the fill factors are low and decrease almost mopotonically with in­

creas1ng sheet resistance as shown in Fig. 80. The grid metallization pattern 
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Figure 79. Distribution of sheet resistance for lots 950, 951, and 952. 

is uesigned for sheet resistivities slightly greater than 100 0/D. Thus, the 

effect shown in Fig. 80 is not due simply to the increased sheet resistivity, but 

rather results from the interaction of the present screen-printed metallization 

process and the silicon surface. 

It can be concluded from these data that junction layers formed in solar­

grade wafers with a phosphorus dose of 2x10 15 A cm- 2 and annealed in the manner 

described are not compatible with the present thick-film screen-printing process. 

The results of increasirtg the phosphorus dose level and adjustments in the an­

n~aling temperature are described below. 

3. Adjustments to Implant Parameters Based on Initial Tests 

Based on the results described above, adjustments were made in the phosphorus 

dose and/or anneal schedule in order to reduce the resultant sheet resistance of 

the junction layer. Three lots of 25 wafers each were formed; Table 42 shows the 
. 31 

conuitions for furnace annealing and P dose along with the average sheet resis-

tance obtained after annealing. Figures 81, 82, and 83 show that the spread in· 

the distribution of measured sheet resistance is very much less than that ob-
31 tained with both a lower P dose and anneal temperature as described above. 
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TABLE 41. AM-1 PARAMETERS FOR LOTS 950, 951, and 952 

OPEN 
CELL CIR CELL MAX FILL SER SHEET SIIUNT PMAX PMAX BASE 
HUM VOLT CURRENT POL~ER FACT RES IS ~ESIS RES IS CURRENT VOLT EFF T Ei'IP 

--
D1NS950001 . 531 826. 6.47 .620 . I 07 74 11.40 707. .384 .066 27.3 
D1NS950003 .518 810. 6.05 .60t. .114 11 19.80 680. . 37 3 . 061 27.3 
D1NS950004 .514 790. 5.52 . 57 I . 137 82 ::199.00 650. .357 .056 27.8 
DINS950005 .527 780: 5.94 .1'>07 . 121 83 22.60 639. .390 .060 27.9 
01NS950006 .533 785. 6.00 .605 . 127 85 7. 21 645. . 391 . 06 1 28.2 
D1NS950007 .527 821. 5.88 .572 . 128 86 99.00 651. .380 .060 28.2 
D1NS950008 .525 782 .. 5.81 .595 . 126 89 11.20 6 36. .384 .059 23.3 
D1NS950009 .531 803. 5.85 .576 . 1 '• 0 91 6.37 6't3. .379 .060 28.3 
D1NS950010 .512 808. 5.58 .567 . 131 94 32.30 637. .368 .057 28.3 

D1NS951001 .528 796. 5.67 .563 . 139 98 8.74 619. .385 . 05-!1 27.8 
D1NS951002 .426 859. 4.25 .48S . 174 104 4.07 652. .274 .044 28.0 
D1NS951003 .324 742. 1. 52 .336 .298 108 .76 4'\9. . 17 9 .020 28. 1 
D1NS951004 .518 855. 5.26 .4B . 164 114 12.90 6 17. .358 .054 28.2 
D1NS951005 .506 820. 5.20 .52? . 146 118 8.70 609. .359 .053 28.3 

D1NS952001 .521 832. 4.78 . 46·· .223 119 3.35 600. .335 .049 27.9 
t--' D1NS952002 .512 839. 5.03 .492 . 162 121 7.56 6 31. .335 .052 28.3 
IJ1 D1NS952003 .405 870. 4.09 . 48 7 . 162 122 3.34 654. .~63 .042 28.3 
VJ D1NS952004 .426 873. 4.09 . 46. . 191 124 4.43 654. .263 .042 28.4 

D1NS952005 .495 836. 4.60 .467 . 191 126 4.53 597. .324 .047 28.5 
D1NS952006 . 497 804. 4.49 . 4 7 2 .206 132 3.80 532. .324 .046 28.4 
D1NS952007 . 510 799. 4.75 .49~ . 195 139 6.36 595. .335 .049 28.5 
D1NS952008 . 463 866. 4.66 . '•9 ~ . Ill 141 3. 16 637. .307 . 048 28.5 
D1NS952009 .275 848. 2. 31 . 417 . 162 144 2. 62 574. . 169 .025 28.7 
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Figure 80. Measured fill factor as a function of sheet resistance for 
lots 950, 951, and 952. 

TABLE 42. 31P DOSE AND. ANNEAL CONDITIONS FOR THREE LOTS 
OF SOLAR-CELL WAFERS 

31 
~ P Dose 

2 Lot No. (A/em ) Furnace Anneal (0/D) 

107P 4x1o 15 L* 850°C L 58 
30 min 

106P 4x1o 15 L 950°C L 34 
30 min 

910P 2x10 15 
L 950°C L 52 

30 min 

500°C, 2 h 

After screen printing and firing, the cell characteristics for the three 

lots were measured. Table 43 lists the average values of the AM-1 illuminated 

cell parameters along with the average for lots 950; 951, and 952. Clearly, 

a significant improvement in ce.ll characteristics, especially in the fill 
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TABLE 43. AVERAGE AM-1 ILLUMINATED CELL PARAMETERS FOR 
THE WAFER LOTS OF TABLE 42. 

J v sc or: 

Lot No. 2 (rnA/em ) (mV) 

107P 21.7 552 

106P 20.7 557 

910P 20.5 .560 

950 "' Q.')2 19.5 499 

~·~No AR Coating 

FF 

0.659 

0. 710 

0. 700 

0.518 

rj;', 

(%) 

7.9 

8.2 

8.0 

.5. 1 

~ 
(0/D) 

58 

34 

52 

/~-l~U 

factor, is obtained when the surface layer sheet resistance is lowered. It is 

interesting to compare the fill factors obtained on all lots processed as an 

extension to the data· shown in Fig. 80. In Fig. 84, an extended linear fit to 

the da~a of _Fig. 80 is shown and data points showing the average value of fill 

factor for all other lots are plotted. 

To investigate this problem further, an experimental test matrix was formed 

involving a combination of starting wafers, implant and anneal conditions, and 
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Figure 84. Fill factor as a function of sheet resistance including 
average values for lots 106, 107, 910, and 115m. 

120 

the addition of junction layers formed by POC1
3 

diffusion. The conditions for 

this experiment are shown in Table 44 ~long with the post-anneal values of 

average sheet resistance for each lot of 25 wafers. Solar cells were completed 

for each lot by screen-printing and firing with the ink combinations given in 

the last two columns of Table 44. 

The average AM-1 solar-cell parameters measured for each lot are listed 

in Table 45. From these results, the following conclusions can be drawn: 

(1) F 31P · · 1 d · · th 950°C 1 d 4 1015 - 2 
or 1on-1mp ante Junct1ons, e annea an x em 

dose are preferred for best cell parameters. 

(2) POCl
3 

diffused-junctions yield the best overall solar-cell performance. 

(3) Under the same implant and anneal conditions, the resultant sheet re-

sistance is higher for solar-grade wafers than for polished or etched 

CZ wafers. 

(4) Even .when the sheet-resistance values obtained with ion-implanted 

solar-grade wafers approach those for POCl
3 

diffused junctions, the 

solar-cell parameters (V and FF) are not equally as good. oc 
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TABLE 44. TEST-MATRIX C01~ITIONS 

31p 

wafer Wafer Implant Furnace Sheet Screen-Print 
:Lot, Material Surface R=sistivity Dose Anneal Resistance Ink 

(Q-cm) (em -.2) (Q/0) Front Back 

15 950°C TFS 
910P, SG* Etched 2 2xl0 L;'n'\ 30 min L 52 3347 Al/Ag 

4x10 15 850°C 
107P, SG Etched 2 L 30 min L 58 

4xl015 950°C 
106P, SG Etched 2 L 30 min L 34 

...... 
4xlo15 950°C 

l.n 121, Wacker-CZ PoiJ..ished 1.5 L 30 mix:. L 25 00 

·4x10 15 950°C 
123, Monsanto CZ Etched 12 L 30 mix:. L 27 

850°C 
115m, Monsanto CZ Etched 1.5 POC1

3 
diffusion · 60 mir:. 30 

~·~sG = Solar Grade 
i':··k L = 500°C, 2 h 



TABLE 45. RESULTS OF TEST MA'l'!UX 

RD J v fl;'\ 
sc 2 oc 

Lot · i_O/D) (rnA/em ) (mV) FF (%) 

910P 52 20.5 560 0. 700 8.0 

107P 58 21.7 552 0.659 7.9 

106P 34 20.7 557 0. 710 8.2 

121 25 19.3 553 0.743 7.9 

123 27 19.6 518 0.698 7.1 

115m 30 20.7 580 0.761 9.2 

..,., No AR coating. 

Based on these results, we increased the 31P dose to 4x1o 15 cm
2 

and 

changed the high temperature anneal to 950°C, 30 min for all subsequent process 

lots in sequences I and II. This is a compromise in favor of forming lower re­

sistance screen-printed contacts to the n+ layer since higher short-circuit 

current is expected, and does result (see lot 107P in Table 45) from a lower 

temperature anneal. In addition to a possible reduction in cell efficiency 

which implies greater cost per watt, the requirement for increa&t:J im!JlauL dose 

would require implanters of higher beam current or greater capacity to attain 

the same throughput. 

4. Application of Selected Processes to Dendritic Web Silicon 

A quantity of dendritic web silicon was purchased from Westinghouse to 

assess the compatibility of a sheet form of silicon with selected process 

steps for which problems relating to the mechanical properties of ~heet forms 

were anticipated. The processing steps examined here are listed in Table 46 

along with our comments related to the handling or processing experienced. 

It should be noted that with the exception of the construction and use of a 

modified platen for the screen pri~ter, no special equipment or modifications 

were made for handling or processing the web. 

The web was received in 30-cm-long sections. The nominal width of mo~t 

samples was 3 em with some at 2 em. These sections were tapered with typical 
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TABLE 46. 

Process 

General Handling 

Cleaning 

Ion Implantation 

Furnace Anneal 

Screen Printing 
Ae f+ont grid 
Al p BSF 

Firing + 
Al p BSF 
Ag front grid 

PROCESSES APPLIED TO DENDRITIC WEB 

Corrnnent 

Retention of dendrite rails provides 
mechanical stability. Minimizes manual 
handling. 

Removal of yellow-brown film on the 
surface requires mechanical scrubbing" 
Can cause leakage and is slow. 

Requires special platen-holder to 
accorrnnodate shape and rails 

No problems encountered 

Requires special platen sample holder 
L:o prevent break-off of rails. Other­
wise, printing of grid and back c.:uutact 
was satisfactory. See Fig. 85. 

Web will warp if rails are not retained. 
Minimize thermal shock. 
No problems experienced. 

Figure 85. Screen-printed front grid and back contact metallization on 
dendritic web silicon. 
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dimensions of 3n0 to 2.7 em at the ends. The section to section thicknesses 

were 7 to 9 mil, and the variation along a section was about 0.5 mil. 

Before the 30-cm-long web sections were cut into 4-cm sections for 

processing, it was necessary to remove a yellow-brown film from the surfaces. 

Swabbing the surface with a 5% HF solution was required to completely remove 

this film. This process is slow, and without specially designed equipment, 

a high breakage rate of the web can occur. No other problems were encountered 

in the remaining cleaning steps when our standard cleaning procedures were used. 

The experiments consisted of processing small lots (about 10 samples/lot) 

through ion implantation, furnace anneals, screen printing of both thick-film 

Al back contact and Ag front grid metallization, and the firing steps for each 

printiugn In all lot:s except one, the dendrite rails were retained throughout 

the processing steps. For the case where the rails were removed, extensive 

breakage was experienced and severe warping occurred after firing the aluminum 

paste. For all other lots, the rails were removed as a last step; however, 

no suitable method of edging the junctions was available, and cell performance 

of completed samples could not be assessed adequately because of edge-current 

leakage. 

Definitive conclusions concerning the throughput, yield, or performance 

of web in these processes cannot be made on the basis of this work. To 

accomplish this work would require ~hat special equipment and process modifi­

cations be designed and implemented to accommodate the webo 

D. PROCESS COMPATIBILITY PROBLEMS 

Even when the implant and anneal parameters indicated above were made; 

process compatibility problems were noted which are intimatPly related to ihe 

screen-printed metallization. process. First, we have consistently observed 

that screen-printed, thick-film inks do not contact ion-implanted junctions 

as well as diffused-junction layers. As described in subsection C.l, we had 

demonstrated screen-printed contacts and determined suitable "in-house!' and 

commercial ink formulations and firing techniques on diffused-junction solar 

cells. We found that when identical teGhniques were applied to ion-implanted 

junctions, such excessive contact resistance is experienced that an additional 

process step consisting of dilute hydrofluoric acid (HF) rinsing is required 

after firing, and that even with the addition of this step, cell fill factors 
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seldom exceed 70%. In contrast, in most cases, the performance of POC1
3 

diffused-junction solar cells is good immediately after the screen-printed 

inks are fired. This .situation is illustrated in Figs. 86 and 87 for both 

ion-implanted and diffused-junction cells. For the diffused-junction cells, 

a small improvement in fill .factor does result from HF dipping for 30 s. 

Beyond 30 s very little increase in fill factor was noLed. 

1200 SCREEN PRINTED Ag CONTACTS 

.... 
600 

HF (I'/,) 01 P 

400 

o~--~--~--._--~--~~~~ 

0 100 200 300 400 500 600 100 
V (mY; 

Figure 86. Performance of sequence II ion~implanted cells. 

The situation shown in Fig. 86 is typical of the ion-implanted cells in that 

the fill factor is very low (~30%) after firing, with a large increase in fill 

factor resulting from the HF dipping process. The improvement in fill factor is 

laigest for initial dipping times of from 10 to 30 s; however, in some cases 

continued increases in fill factor were measured for dipping times up to ) min. 

Dipping for times in excess of 3 min generally results in staining of the silicon 

surface and ultimately in peeling of the printed metallization. 

Because of this, optimum dipping times had to be experimentally determined 

for each of the ion-implanted junction cases represented by the three sequences 

under study. The optimr:m conditions were found to be different for the three 
. + + 

sequences, with the p /n/n cells of sequence III requiring the least amount of 

dipping (30 s) and sequence II tells the longest (150 s). 
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Figure 87. Performance of POC1
3
-junction cells. 

While HF dipping appears to be a panacea, there are a number of serious 

problems associated with its use. First, it becomes an extra required process 

step, adding cost to the manufacturing sequence. It is a process requiring the 

use of acid with the attendant safety and waste-removal problems. Also, at 

this time, the mechanism by which the HF solution improves the contact between 

the screen-printed metal film and the.silicon is not known, thereby making con­

trol of this process difficult. Furthermore, as will be described below, while 

the HF dipping improves the fill factor in all cases, it sometimes leaves the 

metal-film-silicon interface susceptible to serious degradation causing incom­

patibility with the next process step of spray-on AR coating. 

In preparation for the spray-on AR coating process, cells are batch-dipped, 

25 at a time, in a 2% solution of HF:H20 (60 ml:3000 ml), thoroughly·rinsed in 

bubbling DI water, and dryed. For purposes of comparison, the AM-1 character­

istics of all cells are measured before and after AR coating. The spray-on 

AR coating process described previously [19,20] was used for all results re­

ported here. 
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From previous data and verification tests, it is expected that application 

of the AR coating will result in an increase in the short-circuit current and 

cell efficiency of about 35% with little effect on other cell parameters. These 

results were obtained on cells with evaporated Ti/Ag metallization or cells with 

screen-printed thick-film metal but generally not dipped in HF solutions. When 

ion-implanted cells which require HF dipping are spray-coated, sporadic in­

stabilities and degradation of the cell fill factor are observed. This effect 

is illustrated in Fig. 88 which shows that while the short-circuit current is 

increased by 33%, the fill factor is substantially reduced resulting in a net 

decrease in cell efficiency. In addition, some instability is also pres_e!lt itl 

the AR coated case as shown by the two I-V traces in Fig. 88 taken about 15 s 

apart. The sporadic nature of the degradation in fill factor within a cell lot 

is illustrated in Tables 47 and 48 which show the measured cell characteristics 

for lot 147 (sequence II processing) before ~nd after spray AR coating. Ex­

treme cases in which an entire lot was degraded, and other cases in which no 

cells were adversely affected by the spray-on AR process have also been ob­

served. 

2400 

220.0 

2000 (j) NO AR (D SPRAY AR 

Yoc 582.000 591.000 
1800 Isc 825.000 1225.000 

v. 450.000 310.000 

1800 1M 810.000 840.000 
FF 0.881 0.480 

"1 8. 700 8.300 
1400 

• • 1200 
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Figure 88. Effect of spray AR coating on performance of 
ion-implanted cells. 
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TABLE 47. MEASURED CELL PARAMETERS PRIOR TO COATING FOR LOT 147 

OPEN 
CELL CIR CELL MAX FILL SER SHUNT PMAX PMAX BASE 
HUI'I VOLT CURRENT POWER FACT RES IS RES IS CLRRENT VOLT EFF TEMP ------- -------
D2HS147001 .575 979 0 9 0 01 . 671 .067 39.41 859 . 0 441 .090 24.4 
D2HS147002 .570 982. 8.16 . 611 .476 12.84 786 . .436 .081 24.4 
D2HSI47003 .579 999. 9.03 .655 0 930 20.99 851. .446 .090 24.6 
D2HS147004 . 579 1,025., 8.94 .631 .561 23.07 861. .436 .089 24.5 
D2HS147005 .583 1,003. 9.04 .64~ .652 17 0 12 853. .445 .090 24.7 
D2HS147006 .573 1,009. 8.42 .611 .485 40.47 822. .430 .084 24.9 
D2HS147007 .577 1,008. 8. 79 . 63-t .643 57.25 827 . .447 .088 24.9 
D2HS147008 .578 1,004. 8. 97 . 64~ .674 53.45 857 . .440 .090 24.9 
D2HS147009 .583 1,023. 9.38 . 660 .054 20.76 892 . .442 .094 25.0 
D2HS147010 .582 I ,021. 9.05 .63~ .049 82.74 858. .443 0 0 90 24.9 
D2HS147011 .569 1,005. 8.13 .59:' .217 29 0 54 794. .430 .081 25 0 1 
D2HS147012 .556 993. 6.99 .53;! .356 20.93 718. .409 .070 25.0 
D2HS147013 .570 1,000. 8.15 .600 .934 260.00 809. .423 .081 25 0 1 
D2HS147014 .577 I, 017. 8.83 0 631 .596 52.83 842. .440 .088 24.5 
D2HSl47015 .576 I, 013. 8.53 .614 .391 341.40 815. .440 0 085 24.7· 
D2HS147016 .573 I, 012. 8.36 . 606 0 176 162 0 10 810 . .434 0 084 24.9 
D2HS147017 .574 997. 8.19 . 601 .291 11.59 818 . .421 .082 24.9 

..... D2HS147018 .569 994. 7.85 . 58:1 .279 459.50 762 . .433 0 079 25 0 1 
0\ D2HS147019 .580 1, 019 0 9.11 . 648 .243 9.41 874 . .438 0 091 25.0 
V1 D2HS147020 .568 1, 014. 7.98 .581 .544 13.58 801. .419 .080 25.0 

D2HS147021 .576 1,000. 8. 73 . 637 1,201.00 846 . .433 .087 25.1 
D2HS147022 .575 1 .o 17 0 8.95 .641 .210 60.90 868. .433 .090 25.1 
D2HS147023 .575 1, 000 0 8.79 . 64Z .709 51 .01 832 . .444 .088 25.1 
D2HS147024 .579 1,027. 9.05 .640 .569 13 0 01 855. .445 0 091 25.3 
D2HS147025 .580 1,004. 9.00 .658 .458 22.80 855. .442 .090 25.2 



TABLE 48. ~JEMURED CELL PARAMETERS AFTER SPRAY-ON AR COATING FOR LOT ~47 

OPEN 
CELL CIR CELL IPIAX FILL SER SHJHT ?Mil X PMAX BASE 
HUM VOLT .CURRENT POWER FACT RES IS RE3IS CUt;R:EHT VOLT EFF TEMP ------- ------
D2HSI47001 .581 1.273. 10.73 . 610 . 219 34.89 I .I 05 . .408 . 107 25.0 
D2HSI47002 .579 1,274. 10.28 . 586 . 137 I 3. 15 I .031 . . 419 . I 03 25. I 
D2HSI47003 .586 I, 30 I. 10.86 .599 . 180 45.67 1. 104 . .413 . I 09 25.2 
D2HSI47004 .583 1,278. 8.07 .456 . 191 2.25 893 . .379 . 081 25.4 
D2HSI47005 .587 1,235. 8.53 • 476 .365 15.37 &83 . .406 .035 25.2 
D2HSI47D06 .582 1. 2 99. no.37 .577 . 214 6 . 71!. . t. Q91. .399 . I 04 25.4 
D2HSI47D07 .585 I, 300. 10.77 .596 . 981 671. H 1, Q32 . .418 . I 08 25.4 
D2HSI47008 .585 1,288. 9. 69 .542 . 241 146. 9C• I, tl05 . .405 .097 25.4 
D2HSI47009 .584 I, 126. 4.41 .283 . 377 .3~ !:72 . .324 .044 25.5 
D2HS147010 .587 1.314. 9.60 .524 . 500 517.'i0 I, C06 . . 401 . 0 96 25.5 
D2HS147011 .579 1,303. 10.49 .585 . 277 31. ~6 I, C 92 . .404 . 105 25.5 
D2HSI47012 .566 1.288 . 9.05 .522 • 270 29'. 2 9 ~63 . .395 . 0 91 25.4 
D2HSI47013 . 580 1,287. ., 0. 36 .585 . 062 9'.30 I. C57 . .412 . I 04 25.6 
D2HSI47014 .583 1,292. 7.94 . 444 .281 6·. ~6 E72 . .383 .080 25.6 
D2HSI47015 .583 1.296. 8.00 .446 . 276 67.1!3 E60 . . 391 .080 25.5 
D2HSI47016 .582 I, 301. 10.26 . 571 . 015 30.88 1,C85 . .397 . 103 25.6 

....... D2HSI47017 .583 1,266. 10.42 .595 .506 7.67 I, C41. . 421 . I 04 25.6 
0\ D2HSI47018 .579 1,286. 9. 6 I . 543 .734 5!'>. 95 1' (37 . . 389 . 096 25.6 
0\ D2HSI47019 .585 1,303. 9.24 .511 • 503 199. 'iO ~66 . .402 .093 25.7 

D2HSI47020 .574 1.294. 7.30 . 414 . 622 92.06 1:42 . .364 .073 25.8 
D2HSI47021 .583 1.293. 10.69 . 596 • 166 7. 96 1,(72 . . 419 . I 07 25.6 
D2HSI47022 .582 1,289. 8.15 .458 . 603 174.6 0 C:64 . .355 .082 25.8 
D2HSI47023 .583 1,286. 8.44 .475 . 062 54./!.0 L C20 . .347 .085 25.7 
D2HSI47024 .583 1,303. 9.07 . 503 .995 9. 14 ~95 . .383 . 091 25.8 
D2HSI47025 .584 I ,251. 6.64 .383 . 605 21.30 ~ 22 . .339 .067 25.8 

(J. 
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The sensitivity of such cells to evaporated AR coating was tested by a 

random selection of eight cells from four lots and by evaporating a Zr02 coating 

of nominal 725-R thickness after screen-printing and HF dipping. rhe results of 

this test, given in Table 49 along with selected data from these lots of cells 

processed in the ordinary way, show that the degradation is not induced by an 

evaporated AR coating. 

It is also important to note that this effect does not occur with solar 

cells made with POC1
3
-diffused junction even when such cells are HF dipped. 

This is illustrated in Fig. 88. 

E. SOLAR-CELL RESULTS - SEQUENCES I, II, AND III 

The total number of cells fabricated was about 1500, with about ~00 in 

each of the three sequence categories. The AM-1 illuminated electrical char­

acteristics for all cells were measured and stored in our data bank. These 

data have been examined, but because of the compatibility problems described 

in Section D, it is difficult to make quantitative statistical comparisons of 

the completed cell performance. However, since all cells were subjected to HF 

dipping in such a manner as to optimize their perfdrmance, comparisons can be 

made prior to AR coating, and estimates of the completed-cell parameters made 

on the basis of the known effect of the AR coating in the absence of compati­

bility problems. 

The composite average values of the AM-1 parameters measured prior to AR 

coating for all cells in sequences I, II, and III are given in Table 50. Xhe 

estimated values listed with AR coating were obtained by assuming a 31% increase 

in short-circuit cu·rrent, a logarithmic increase in open-circuit voltage, i.e., 

tance. 

= V + 0.026 ln(1.31), and a decrease in fill factor due to series resis­
oc 

It was noted that for some processed cell lots, no apparent degrada-

tion was noted due to the Spray-on AR coating process. The measured parameters 

of the best performing cells from these lots are also listed in Table 50 to 

indicate peak values obtainable with these processes. In addition; in the 

course of our work, 100 cells were fabricated with junctions formed by POC13 
· diffusion, and the average parameters for these cells are also listed in 

Table 50 for comparative purposes. 
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TABLE 49. COHPARISON OF Zr02 EVAPORATED AR WITH S·PR-\Y AR ,:sCREEN-PRINTEn CELLS) 

I 

I I 
sc2 r = -- FF1 FF2 F2/Fl SCI sc2 I Ill 112 

Lot, ~Cell No. (rnA) (rnA) 
SCI 

(%) (%) Comment 

994, 14 965 1312 1.35 8.16 10.44 0.603 0.55;1 0.927 Evaporated Zr02 
939, I 942 1315 1.39 9.50 13.16 0. 716 0. 70•) 0.978 Evaporated Zr02 
943, 5 995 1375 1.38 9.87 13.45 0. 702 0.679 0.966 .Evaporated Z::-02 
941 25 990 1333 1.35 9.82 12.86 0.700 0.663 0.954 :Evaporated Z::-02 

939, 2 935 1300 1.39 9.58 13.08 0.727 0.703 0.967 Evaporated Zr02 
944, 13 935 1325 1.42 9.00 12.50 0. 703 0.679 0.966 Evaporated Zr02 

1-' 941, 10 1005 1368 I. 36 9.73 12.78 0.688 0.653 0.949 Evaporated Zr02 0\ 
00 

943, 6' 990 1340 1.35 9.80 13.0 0.700 0.673 0.961 Evaporated Zr02 

941, 23 972 1318 1.36 9.4 11.9 0.696 0.644 0.925 Spray AR, best in lot 

941, 14 984 1286 I. 31 9.6 6.5 0.696 0.360 0.517 Spray AR, typical degraded cell 

944, 23 992 1308 1.32 10.0 12.3 0.112 0.659 0.926 Spray AR, be~t in lot 

944, 19 959 1162 1.21 9.8 5.9 0.697 0.373 0.535 Spray AR, typical degraded cell 

943, 3 992 1342 1.35 9.7 12.8 0.699 o.6n 0.963 Spray AR, best in lot 

943, 14 991. 1325 1.34 9.8 8.0 0.701 0.425 0.606 Spray AR, typical degraded cell 



1600 

1400 

1200 
SPRAY AR COATED 

1000 

c 
1!1 800 -

600 

400 

200 

100 200 300 400 500 600 lOC 

Y ( mV l 

Figure 89. Effect of spray AR coating on performance of 
POC1

3
-junction cells. 

The relative ranking in performance of the cells made by the three manu­

facturing sequences and by the POC1 3 process warrants some comment. 

From among the three sequences, clearly the sequence III process yielded 

the best cells with measured AM-1 efficiencies reaching 13% even though the 

fill factors were consistently below 70%. These solar cells are made using 

n-type solar-grade starting silicon with an initial POC1
3 

"gettering" diffusion 

step; after ·tching ·they. are implanted with boron and phosphorus in such. a 
+ + 

manner that o ' /n/n structure results. The importance of the POC1 3 gettering 

step was assess , by omitting that step for several lots, then merging these 

lots with others for common subsequent processing. The results for one such 

lot and a typical sequence III lot are given in Tables 51 and 52. The benefit 

from the gettering shows up as a net increast (f 15% in average cell efficiency 

due mostly to a +9.6% increase in short-circuit current. 

That the inclusi6n of the POC13 gettering step is cost-effective can be 

seen ~n Tables 53 and 54 which show a net savin~s of $0.133/W resulting from 

the increased efficiency. 
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TABLE 50. COMPARISON OF AVERAGE SOLAR-CELL PARAMETERS FOR SEQUENCES I' II, AND III 

Measured - No AR Estimated - With AR Best Measured With AR 
-Manufacturing 
Sequence Structure I v -.!: I v I v sc oc , sc oc - sc oc FF FF , FF , 

(rnA) (mV) (%) (rnA) (mV) (%) (rnA) (mV) (%) 

I + + n /p/p 870 557 0.701 8.1 1140 567 0.673 10.4 1146 571 0.685 10.7 

II + + n /p/p 970 574 0.675 8.9 . 1280 584 0.650 11.6 1268 578 0.680 11.9 

III + + p /n/n 1020 585 0.686 9.7 1336 595 0.660 12.5 1368 597 0.670 13.0 

+ + 
_,_,_ 

. POC1
3 n /p/p t.67 584 0.755 9.3 {1177 594 0.148 12 • 7} nn 1205 610 0.761 13.3 

2 
..... *Cell area = 42 em ....., 

1~Measured values 0 
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TABLE 51. SEQUENCE III CELLS 

TABLE TO CHECK CALCULATOR II-PUT PRIOR TO COATIHG FOR LOT HUtiBER 913 

CEll MAX FILL SER SIIUNT PMAX 
CURREUT POI~ER FACT RES IS RES IS CURF.ENT _____ ..,._ ------

H8. 9.26 • 6 ~·9 .767 285.70 850. 
96:! .. 9. 17 • 6 ~· 7 .8~8 6~0.30 863. 
~l~. 8.72 • 6 ~~5 .872 2,814.00 80S. 

I. 0';2. 9.?6 • 6~-2 I .1\11~ 29.81 8S8. 
l. 0 IS. 9.62 • 6~-5 I. 6 7 6 12 7. 6 0 8'6. 
I.Ol5. 9.23 .6~5 1.724 25.J5 867. 
1,040. I 0. C 6 • 6 ~2 I ..'t64 1.7~9.0~ 925. 

• 055. I 0. 16 .6~~ I. 593 16 7. 20 919. 
,OH. I 0. 06 . 6 ~2 1. liS 22.37 ?OS. 
,054. 10. I I .bf-4 1. 257 1,550.00 906. 
• 0~ 5. 9.77 6 •. , ... . 6 9'• 17'o.90 897. 
, &4::!. 10.:?:! . 70 I I.H5 131.20 911. 
, o.-.::. I 0. I 0 .6~:? .lH 99 65 925. 
• 044. 9.% • 6~? I . 0 7 9 26.67 905. 

?'. 0. s. 61 .61;J • 7 '• '• 813.70 810 • 
• 01: l. t 0.::3 .c.:: I . 5l'· 1,802. 00 918. 
, C '• r,. 9. 76 .61i4 I. I 7 S .S'i5 .. t, 0 ? I 2. 
• 0 4 7. I 0. Cl .6:06 • 2~ 1 1,4l5.00 907. 
• 041. .9. ~ 7 .6~0 1. 92? 607.90 9 0 '• • 
• Ol4. ... ~3 .694 .IH 176.80 903. 
• 0~ 7. I 0. C6 .6117 2. 17 9 36~.70 913. 

I, 049. 9. 89 .P2 2.322 3,418.00 894. 
t. 044. '0. 14 • 6~6 1.697 17.44 919. 

AVERAGE CALCULATOR INPUT VAl~(S PRIOR TO COATING FOR LOT HU~BER 9S3 

AVE M~X AVE. FILL hE SER AVE s·IIUHT AVE PMAX AVE PMAX 
PO~ER FACTOP. J:ESIS RESIS CURRENT VOLTACE 

9. 79 . 686 1.212 758.03 892 • .460 

PMAX IIASE 
VOLT EFF T UIP 

-~ 5S .093 25.7 
.~47 .09Z . 2~. 7 
.4~3 .il87 25.6 
• 471 . I 00 :!S. S 
.461 .097 ~<;.? 

.447 • 0~3 ~ ·:·. 9 
• 4 57 • I 0 I ; / .. I 
.464 • I 02 ~6. I 
.467 • 10 I 26. 1 
.469 • I 02 26. 1 
.458 .098 26.:! 
• 4 7 I • I 0 3 26.2 
. 4 59 • I 0 I 26.3 
.462 . I 00 26.4 
. 4 '• I .087 ~6.4 
.465 • I C 3 :'6.4 
.449 • 0?8 26.3 
.~64 • I 0 I 26.9 
• ~61 • I 00 26.4 
.464 • 100 26.4 
.463 • I 0 I 26.~ 
.465 • 099 26." 

.• 463 • 102 26.4 

AVE AVE BASE 
EFF· TEMP 

.098 26.2 



TP..BLE 52. SEQUENCE III CELLS PROCESSED WITHOUT POCl3 GETTERING 

PAGE 

TA!ILE TO CHECK CALCULATOR INPUT PRIOR TO COATING· FOR LOT HIT.1:l ER II~ 

OPEN 
CELL CIR CEL. MAX Fill SER SIIJIH PMAX PMAK BASE 
IIU:'I VOLT CUR~ENli POWER FACT RES IS RE~IS. CUR~:NT VOLT EFF TEMP ------- -------
DlNSI14001 • 57 I ~r, 2. 8.37 • 661 I. 06 5 28. 22' !!~8. .424 .085 27.2 
OlliS 11'•002 .569 ~:!0. 8.50 • 6118 .372 126.60 !! ) '• • .44~ .086 27. I 
OJ1;S ll't003 .570 n9. 8.64 .6?3 .6 19 99.~5 3 ~ 7. • 439 .0117 2 7. 2 
OlliS 11400'• .575 ~39. 7.70 • 6 0 6 .71 9 '• 1. 24 7'3. . '·13 .078 21.3 
()Jt1SII 1t005 • ~7 5 ~ '• 7. 8.31 • 6 '··~ • r,~ I 12.'1. I 0 3!2 • . 4 I 9 .084 21. J 
CJII:; II '•006 .572 ~~L 8.H • 6 7 4 .?0:! I '•2. 30 S!5 • . 436 .088 21.4 
Olt:SII'•007 • 5!· 9 ~36. 8.~6 • 633 • 160 18. ?9 3 i 0 • • 'oll • 0.16 21.4 
DJH:ill4008 .510 ~~. 6. 8. 76 . 689 . 513 276 80 3 .i I • . '•43 .089 27.4 
[lJI;'j 11'•009 • 576 ~~. 4. 1!. 0 I • 627 .852 15 0 40 v ~ 9 • .432 • 081 27.6 
D3USI14010 .575 '138. 8. 0 I . 6 ~2 • 4 0 5 2 9. 0 2 1!:6 . . 4 28 • 08 I 21. 5 
C 51:::>1 Jt, 0 II • 57 2 ,,,, .. 8.69 . 63'· . 212 26'• 6 0 .~;o .. • 4 1o5 .088 21. s 
D5il:jll4012 • 57 0 ~·· 0. 8. 7 2 • &92 • 3 0 7 4 5 I . 7 0 ~ ~2. .440 .088 21.6 
ll!ll'i I I'• 0 13 .569 137. 8.59 . 686 . s 71 I 3. ].) ti ;·3 . • 4 36 .C87 2 7. 7 
O)!;S I 1'•\l 14 .573 ~33. 8. 14 . 6'· 5 • 0 32 31 I t,O • ~ 3 • . 437 .CS2 2 7. 8 ..... Dlt:SII4C15 .572 ''·9. 8.2~ . 647 • 0 '• I 1,1l6.C-J ;r.2 . • 4 12. .O:l4 21.7 ...... D 51;~~ I I '• 0 1 6 .568 ·~ ~. 8. 3.1 .678 1 0 20 1t 1 3. 6 0 :; :9. .430 .oss ~ 7. 7 

"" n.;·;~ 114011 .568 ~~8. 8.47 .602 1. 3 2 3 30:!.80 ;ro. • 42 3 .086 21. ~ 
!l31l3 114~ 18 • 56 9 ~·4 0 . 8.66 • 6~.? I. 7 54 17 0. 4 0 ': 9 • ,444 .088 27. I 
r.~1;s II'•D 1? .572 538. 8.53 • 6 6 I .038 58.75 &C4 • • 435 • 08'• 27.7 
D~t;Sil4;;:!o .572 ~32. 8- 12 • 6'·& .SS3 16ft. 30 :- ~ '• . .429 .082 21. a 
O!ti5114021 .570 ~33. 8.64 • 6 91 .281 119.30 !;~I. .4)7 .087 2 7. 7 
D~NS 114022 • 569. ~ 36. 8.65 • 6?0 .25? 695.70 !-16 • .445 .088 27.6 
DJt;S114023 .571 ~r.o. 8.~4 .654 1.113 438.70 H6. • 430 .084 27.8 
DJHSI14024 .572 04. 8.20 • 650 • 549 28.66 Hl • • 4319 .083 21.a 

PAGE 

AVERAGE CALCULATOR INPUT VALUES PRIOR TO COA HNG· FOR LOli HUMBER 114 

AVE OPEH AVE CELL AVE MAX AVE FILL AVE SER AVE SHUNT AVE PMAX AVE PMAX AVE AVE BASE 
CIR VOLT CURRENT' PO:O::OR FACTOR RE~.IS RE5IS CUsREHf VOLTAGE EFF HMP -------- -------- ------- -------- ------- ---------· -------· -------- --------

.571 9J8. 8.40 .667 • 626 . 217. II &15. ,I.,Jl .085 27.6 



TABLE 53. COST ANALYSIS WITH POC13 GETTERING STEP, 13% EFFICIENCY CELL 

C~ST ANALYSIS:SEQUENCE 131Bl:3• WAFERI13X CELLI30MWIAG FRONTIAG 8ACK. 10/19/79 16:39:59 PAGE 

ASSUMPTIONS: .. ..O.a6.2.l... WA US .. PER SOLAR 
CELL THICKNESS: 1Go0 ~ILS. CELL ETC~ 

STEP YIELD PROCESS 

PROCESS COST CVERVIEW-$/WATT 
CELL ANC 7oS CM l~"l DIAMETER WAFER 
LOSS: 3.0 MILS. CELL K~RF LOSS:1•.~ ~ILS. 

1 99.51 MEGASONIC CLEANING 
2 99.01 POCL3 DEPOSITION AND DIFFUSION 
3 95oOX SODIUM HYDRC•XIDE ETCH: 3 I'ILS 

I Bl 
IBl 
lA l 

'+ 99o51.MEGASON1C. C.LEANUIG.II.2 
5 99.0X ION IMPLANTATION:Bt2oE+15t10 
6 99.0X ION IMPLANTATION:Pt2oE+15t30 
7 99.!:1 MEG4SONIC CLEANING 13 

IBl 
KEVIBl 
KEV IB l 

CB l 
8 98.01 900Co OEG. DIFFUSION:112 HR. 
9 99o5X MEGASONIC CLEANING •'+ 

10 99 o.D.l_f.O.SLJU.fBJSlJlN._lNSP..EC.T I.o.N.:t.D.X 
11 98.01. THICK AG METAL :~31 BACK & DRY 
12 98.01 THICK AG METAL:9l FRONT & FIRE 
13 99oOX HF OIP 
1'+ 99oOI AR COATING:SPRAY-ON 
15 90oOX TEST 
16 98.01 RE.f.L.ll.lLs.DL..O..ER l.NTERCON.tiECT 1. 
17 99.51 GLASS/PVB/CELL ARRAY ASSEMBLY 
18 100o01 ARRAY MODULE P.~CKAGING 

72o'+l TOTALS 

IB l 
IBl 
IB l 
IB l 
IBl 
< Bl 
<Bl 
<B l 
IBl 
<Bl 
<Al 

MAT'L• Do Lo EXPo Po OHo 
o.o o.oo7 o.oo~ o.oo2 
OoO ~.~03 Oo015 n.OO'+ 
o.o 0.055 P.OG1 o.oo8 
OoD Oo~07 Co003 0.002 
o.o 0."62 ~.027- 0.057 
OoO Oo061 Oo027 ~.0~6 
o.o ~.no6 n.003 n.oo2 
OoO Oo011 Oo003 Oo003 
o.o o.o~6 o.no3 o.oo2 

.o.o o.,~o o.~oo o.ooo 
n.os~ o.oo6. o.oos o.oo7 
0.025 Oo006 Oo007 Oo008 
OoO o.nn2 Oo001 o.noo 
0.001 Oo006 ~.ooo Oo003 
OoO o.nos OoOOO OoQO'+ 
Oo002 Oo011 r,.n OoOO'+ 
0.168 0.028 o.o n.oos 
o.oo6 o.no2 o.o o.ooo 
Oo256 Oo?82 a.098 Oo169 
20o33 22o38 7o77 13o37 

INT • 
n.oo1 
(• o003 
0 .OQl 
Oo001 
Oo090 
r. os 8 
Oo001 
0 o002 
0.001 
c .ou 
~.003 

0.004 
t.ooo 
Co001 
o.oos 
OoOO'+ 
Co003 
o.ooo 
Oo207 
16o42 

FACTORY .FIRST CQSTt$IW~Tt: 
LAND COSTtSIWATT: 

Oo?'+ 
0 .o 

DEPRECIATICNtS/WATT: 0.01 I~TERESTo1/WATT: 
11\TE RES T,S/WA TT: 

DEPR • 
0. )0 1 
o. ~c s 
Ool01 
o. <)0 1 
0. 10 7 
o. 1~5 
Oo DO 1 
o.c~o~ 

OoCCl 
o.~o1 
0. co 3 
~.cos 

~. c 0 0 
OoC02 
0.1)06 
C • DO'+ 
0.004 
o. ac o 
o. 249 
19. -:'3 

o .• 03 
o.o 

SUB TOT 
o. 014 
Oo030 
Oo066 
~.~1'+ 
0.344 
Oo336 
Oo012 
Oo021 
!lo012 
&.002 
0.078 
Oo055 
Oo004 
0 o013 
0.020 
Do026 
0.208 
0.009 
lo261 

100.00 

NllTE: <Al=EXISTING TECHNOLOGY! CBl=NEAR FUTUP.EI <Cl:FUTIJRE ANNUAL PRODUCTION: 3~o!l ME:;AWATTS. 

SALVG. TOTALS 
OoO Oo014 
~.o OoG30 
OoO Oo066 
o.o ~.014 

OoO Oo34'+ 
OoO Oo33& 
OoO Oo012 
OoO Oo021 
OoO Oo012 
DoC Oo0C2 
o.o 0.078 
o.o o.oss 
OoO OoOO'+ 
OoO Oo013 
OoO Oo020 
OoO Qo02E 
o.o "·208 
c. 0 0. 009 
OoO lo261 

I INVEST 
OoCG7 
Oo023 
0. 006 
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Oo733 
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Oo013 
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o.oos 
Oo02'+ 

lo1 
2.~ 

5.2 
lo1 

27.2 
26.6 
~.c; 

1o7 
0.9 
0.2 
6.2 

1o0 
1o6 
2o0 

16o5 
0.7 

100.0 

0. 0~5 
Oo003 
0. 012 
Oo041 
Oo029 
o.a21 
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1o726 

3'+5 DAYS OF FACTORY PRODUCTION PER YEAR. 8.00 HOU~S PER SHIFT. NO. CF SHlFTS PE~ DAY VARIES BY PROCESS STEP 
EQUIPMENT "OT SHARED. FULL ALLOCATION TO PROCESS. 

X 
Oo'+ 
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Oo'+ 
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o.7 
o.~ 

Oo3 
1o4 
~.o 
Oo2 
Oo7 
2o4 
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TABLE 54. COST ANALYSIS WITHOUT POC1
3 

GETTERING STEP, 11.~·% EFFICIENCY CELL 

ASSU~PTIONS: Oo5~9 ~ATTS PER SOLAF 
CELL THICKNESS: lOoO MILS. CELL ETCt. 

PROCESS COST ~VERV!EW-S/WATT 
CELL AND 7,e CM (J•J D!A"ETER WAFER 
LOSS: 3.0 MILS. CELL. "ERF LC.SS:tn.o ~ILS, 

STEP YIELD PROCESS . 
1 99o5X MEGASO~IC CLEANING CB l 
2 95oOX SODIUM HYDROXIDE ETCH:3 MILS IAJ 
;\ 99,5:· MEGA·SONIC CLEANING 12 18) 
~ 99o0% ION IMPL~NlATION:Bo2oE+:5olO K[VIB) 
5 99.01 ION IMPLANTATION:Po2oE+:5o30 K[V(B) 
6 99.5% MEGASON·IC-CLEANING ~3 <1.0 
7 98oOl 900Co DEGo DIFFUSION:l"/::! HR. <el 
8 99.5:1: ME6ASONIC CLEANING ·~ 18) 
9 99o0l POST DIFFUSION INSPECTI~N:lOX C8l 

10 98oOX THICK AG METAL:33X !lACK & DRY 18) 
11 98o01 THICK AG 11ETAL:9X FRONT & FIRE IRl 
12 99o0~ IIF DIP' CBl 
13 99.01 AR COATING:SPRAY-ON· 
1~ 90o01 TEST 
15 98oOX REFLOW SCLDER INTERCONNECT 1 
16 99·.5: GLASS/PVBlCELL ARRAY ASSEMBLY 
17 100.01 ARRAY MODULE PACKAGING 

73oU TOTALS 

(8)' 

(8 l 
18) 
<Bl 
(A) 

X 

MAT 1 Lo Do Lo EXPo o, OHo 
o.o 9.Wo7 o.oo~ o.oo2 
n.o a~•~t OoOOl Oo009 
OoO o.oa7 ~.003 Oo002 
OoO ~.r69 "•"30 Oo063 
OoO Oo069 1o038 Oo063 
o.o n.nc7 n.,o3 o.nc2 
OoO ~.ntl Oo003 Oo003 
OoO ~.~G7 Oo003 Oo9~2 
o.o o.oot o.noo a.~ot 
Oo06~ o.no7 n.006 Oo009 
o.o2a o.r.o7 o.oa8 o.oo9 
o.o ~.no3 o.not o.o~o 

OoOOl Oo,C6 C.OOO Oo9C3 
o.o o.ro6 n.coo o.oo5 
Oo002 o.nt5 6.~ Oo005 
n.191 o.n~~ n.o o.nc6 
o.oo1 o.na2 o.o o.9oo 
Oo291) O·o~14 Oo"93 Ool85 
20o80 22o55 6o70 13o30 

IN r o 

0 .o ll 
'· 9 )1 
n.oH 
c.IQO 
OolDO 
OoODl 
Oo0D2 
Co\101 
c.oot 
0.003 
~.oo~ 
~ .Oi)O 
c .c OJ 
~.coe 

?.1!05 
c .c. 06 
o.c.oc 
~-~3:! 
]6.10 

FACTORY FIRST COSToS/W'ATT: ~.?6 DEPR!ECIATION.oS/WATT: 
n.o 

0 .o 1 I ~TERESToS/~.l TT: 
LAND COSToS/WATT: Y.~TER f.ST oS/WoiTT ~ 

DEPR. SlBrOT SALV;. TOTALS 
~. 001 
o. ro 1 
OoOOl 
Ool19 
Ooll9 
OoOC! 
o. 00 3 
OoOOl 
0 o DOt 
o.ro4 
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~.ooo 

0. 00 2 
Oo001 
Oo006 
o.r.o7 
o.ooo 
c. ;1 e 
19o9~ 

OoC3 
o.o 

O..H~ 

Oo072 
c.~~~ 

P.o382 
Go382 
GoDH 
c .;()21 
c ..014 
l'o003 
( oll88 
l.063 
~...OC5 

loC13 
1.023 
Bo033 
0.2~2 

IJo"lO 
1.394 

lUoDO 

loO 
e.c 
o.o 
~.o 

o.o 
0 .o 
o.a 
0 .o 
o.n 
o.o 
o.c 
':r. a 
o.a 
o.o 
o.r 
o.o 
c.c 
~-· 

Oo014 
~ .072 
n.ot~ 

0 o3&2 
0.382 
0 o014 
0.021 
0. 01 ~ 
0.003 
o.os8 
~. 063 
n.oo5 
Oo013 
Oo023 
Oo033 
Oo242 
CoOlO 
1.394 

I\IOTE: CAl=EXISTING TECHNOLOGH IBl=Nf.AR Fl!.TUREI <Cl=FUTURF: ANNU~L PP.ODUCTION: 3~.0 MEG'-WAII'TS, 

o.~ 

loO 
lo6 
2·~ 

17.~ 
o·. 1 

lOOoO 

X INVEST 
~.007 

o. 007 
0. 007 
Oo833 
Oo833 
o.no1 
Oo013 
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o.oos 
Oo027 
o.:4o 
Oo003 
OoC12 
o.o~7 
o .o~o 
o.ost 
o.aot 
1.939 

loO 
5o2 
loO 

27.~ 

27.~ 
1 .o 
loS 
t.o 
Oo2 
6o3 
~.5 

345 DAYS OF FACTORY PRODUCtiON PE~ YEAR. 8o00 HOU~S PER S~IFT, NO. OF SMIFTS PER OA~ VARIES 8! PROCESS STEP 
EQUIPMEPIT NOT SHARED. FIJLL ALLOCAli·:fj fO PROCESS. 

• 

X 
9.3 
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~3.0 
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o.:! 
0.7 
0.3 
0.3 
1.~ 

2ol 
Dol 
Oo6 
2.4 
2·1 
2o6 
o.o 
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In the processing of sequence III cells, problems similar to those in 

sequences I and II were experienced. The 11B implant dose for the junction 

layer had to be doubled to 4 x 1015 em - 2 in o.rder to obtain consistent sheet 

resistance values of ~so 0/D. Even at this dose level, problems were encountered 

in obtaining low-resistance screen-printed contacts, and dilute HF rinsing for 

30 to 60 s was required to obtain marginally acceptable fill factors approaching 

70%. In addition, instability and degradation of the fill factors after spray­

on AR coating were not~d about as freq~ently as with sequence I and II process­

ing. 

The importance of back-surface-field (BSF) effects and gettering can also 

be seen in a comparison of the performance of sequence I and II solar cells. 

The major difference is in the processing associated with the doping or con­

tacting of the back surface of the cells. In sequence II, a boron-glass de­

position·and high-temperature drive-in are used both to diffuse boron into the r 
1,, 

back of the wafer and to anneal the phosphorus implant in the front-junction 

layer. We have shown in previous work [20] that the boron-glass, high-tempera­

ture anneal performs an effective gettering treatment resulting in an increase 

in diffusion length or preservation of long diffusion length in the starting 

silicon. In sequence I, an aluminum alloying process [20] is used to form the 

p+ BSF and back contact, and no intentional gettering processes are employed. 

A comparison of the" performance data for sequence I' and II solar cells 

given in Table 50 shows that the average cell efficiency for sequence II cells 

:ls h{gher than that of the cells produced by sequence I. Furthermore, the 

lower fill factor of sequence II cells is more than compensated for by con­

~id~rably higher short-circuit curr~n~ and open-Circuit voltage, factors which 

are known to be affected by gettering and BSF effects. 

F. RECOMMENDED PROCESS SEQUENCE 

1. Major Results and Coriciusions for Sequences I, II, and III. 

The major results and conclusions concerning manufacturing sequences 

I, II, and III are sQmmarized as follows: 

• Ion-implantation/screen printing/spray-on AR compatibility problems 

were evident in all three sequences, preventing high yield at high 

efficiency. 
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• G~ttering (sequences II and III) is required and was shown to be 

successful and cost effective. 

• Some high efficiencies (~~13%) were achieved despite problems. 
+ + 

o Sequence III P /N/N structures had the highest cell efficiency. 

Process compatibility problems prevent an affirmative recommendation of 

these sequences from a technical standpoint. However, in the absence of these 

problems, the SAMICS analysis presented in Section VI shows that with the use 

of lower cost or larger (>3 in. diam) area silicon sheet, these sequences can 

come close to meeting the 1986 price goal. 

2. Recommended Manufacturing Sequence 

The problems encountered with sequences I, 11, and 111 are directly 

related to the use of ion-implantation in conjunction with screen-printed 

silver thick-film metallization. These sequences are otherwise technically 

sound and cost effective. The selection of an alternative junction-furmaLiou 

process (POC1
3 

diffusion) has been shown to remove the compatibility problems 

and to re3ult in a high-performance, cost-effective sequence. The changed and 

recommended process' sequence is shown in Fig. 90. · This process clos~ly resembles 

sequence I with the changes indicated. The rationale for these c~anges and the 

development which was conducted to fill in the new process steps and test this 

sequence are described below. 

The change to junction formation by POC1
3 

gaseous diffusion was prompted 

by the good performance (see Section V.E Table 50) experienced when this process 

was used in conjunction with screen-printed contacts and the spray-on AR coat-
+ ing process. When ~as·eous diffusion is used to form the junction, an n -

type layer forms over the entire surtace of the ~ater wh1ch i*ises ~he need to 
+ cleanly, reproducibly, and economically separate the n /p junction at the pe-

riphery. For this purpose, we developed a plasma etch process described below. 

The plasma etcher used was an I.P.C. 2000 tunnel etcher. This machine 

has two cylindrical etch-chambers which may be operated simultaneously. Im­

mediately after the POC1
3 

diffusion, the wafers are "coin-stacked" in a 

specially constructed aluminum holder and placed in the tunnel. The stack 

can contain 400 to 600 wafers per run per tunnel. The etching was done with 

96:4 CF4 :o
2 

gaseous ambient at a starting temperature of 50°C. Since the 
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.. 

ADVANCED CZ WAFER 
or 

(3"Dia. SOLAR GRADE)+ WAFERS 

c 

c 

Conformal flexible back now preferred for high yield. 
C Indicates changes from previous sequences. 
+ Used 3·in.·diam solar grade wafers in the experimental verification. 

Figure 90. Recommended process sequence. 

c 

wafers are "coin-stacked," only the edges which are exposed to the plasma are 

etched. Measurements on specially prepared wafers with radial photoresist 

stripes indicated that -2-~m depth of silicon is removed in 30 min of etching. 

The average electrical characteristics of a 100-wafer lot of cells etched 

for 30 min compared with control samples which received no etching are shown 

in Table 55. As ex~ected, the edge-leakage current of the etched cells is 

greatly reduced, resulting in higher open-circuit voltage and fill-factor. 

The reduced (-5.8%) short-circuit current in the etched cells is due to the 

excess surface area removed at the periphery. This was due to the taper at 

the wafer edges which exp.oses about a 1-rnm annulus to the plasma resulting 

in a removal of -6% of the surface area. 

· A cost analysis of this process was conducted assuming a throughput rate 

of 800, 3-in.-diam wafers/hour and using the machine and material parameters 

experienced in our tests along with an initial-cost for the I.P.C. 2000'ot 

$30K. The result for 500 MW/yr production rate was $0.017/W. 
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The r~commended change from a double-glass panel construction to a flex­

ible or conformal-back design results from the uncertain yield of the double­

~lass lamination processes which we examined. The difficulties experienced in 
attempting to find a high-yield, high-throughput lamination process for the 

double-glass structure were described in Section IV. We have examined several 

commercially available flexible-back laminated panels ~nd have· conducted small­

scale experiments to fabricate such structures and assess their manufactur­

ability. We found, for example, that a glass*/PVB/cell-array/PVB/Tedlar struc­

ture was relatively easy to laminate, with the conformal nature of the Tedlar 

backing removing the major causes of cell and/or glass breakage associated 

with a ri&id &lA55 back. 

These observations ~ave led us to conclude that flexible-hac~ panel d~­

signs should be manufacturable at high-yield and with reasonably high through­

put. However, the question of which backing material is best from a cost/ 

performance viewpoint is still open. All known polymer-based extrusible 

sheet materials will allow the transmission of water vapor and gases to the 

interior of the panel in times much shorter than the desired 20-year life. 

The resulting long-term.degradation effects will have to be assessed and 

weighed against the cost savings afforded by such structures. 

TABLE 55. RECOMMENDED SEQUENCE PERFORMANCE 
PLASMA ETCH, JUNCTION EDGE 

J' v fF 11 
GC oc 

·Plasma Etch <AVE> 29.2 598 0.753 13.1 <FF> ± 1~ 

No Plasma Etch TYP. 30.9 579 0.555 10.0 <FF> ± 2% 

"•Tempe . .ced glass. 
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SECTION VI 

COST ANALYSIS AND RECOMMENDATIONS 

A. INTRODUCTION 

The overall objective of this work was to specify one or more process 

sequences which, when automated, would have the potential of meeting the 1986 

price goals set forth by DOE/JPL. In the previous sections, the development 

of low-cost process steps were described, and the technical performance of 

solar cells made by assembling these processes to form manufacturing sequences 

was given in detail. In this section, the manufacturing cost associated with 

each of the sequences studied under this program is estimated with the aid 

of the SAMICS cost analysis method as implemented by the SAMIS III computer 

program. 

Subsection VI.B gives the results of applying SAMICS to analyze the four 

manufacturing sequences described in Section V. These analyses show that if 

the starting silicon is 3-in.-diameter CZ wafer obtained at $0.31/W, none of 

these sequences will meet the $0.70/W goal. However, a further analysis is 

described which shows that if an equivalent 6-in.-diameter starting wafer is 

used, a price of $0.689/W can be achieved. 

Subsection VI.C describes the effect of the yield of individual process 

steps on the overall cost of a given manufacturing sequence. A simple analyt­

ical expression is given which can be used tG estimate the change in the over­

all cost due to a change in the yield associated with a given process step. 

B. SAMICS ANALYSIS 

The SAMICS III computer program was used to obtain price projections for 

five manufacturing sequences. These sequences are listed below along with 

their distinguishing features and the major assumptions which went into the 

analysis. SAMICS input process specification data are contained in Appendix A. 

A 14% cell efficiency is assumed for the POC1
3 

diffused-junction cases. 

Only a small number (~100 cells) of solar cells were fabricated with this se­

quence~ however, an average efficiency of 12.7% and a peak efficiency of 13.3% 

(see Table 50) were obtained. For 1986 cost projections, it is reasonable to 

assume that this process can be further optimized so that the average efficiency 

can be increased to 14%. 
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For sequences I, II, and III, the compatibility problems described in 

Section V caused wide variations in ~ell efficiency so that the use of average 

values is not meaningful. Instead, in order to minimize these effects on our 

cost projections, the value of cell efficiency was assumed equal to the average 

of the best 50 cells produced with each sequence. 

Needless to say, the 90% test yield assumed for sequences I, II, and III 

is considerably higher than was obtained in our experimental production studies 

with these processes. It was assumed here for comparative purposes and to indi­

cate a lower-limit price for these sequences which might be attained in the 

absence of the problems experiences here. In contrast, the 90% test yield 

assumed for the RCA3 diffused-junction sequence is a conservative estimate. 

(1) RCA3: POC11 diffused-junction process 

Wafer diameter= 3.07 in. (7.8 em) 

Cell efficiency, ~ = 14% 

225 cells/panel 

150.43 W/panel 

10 panels/package 

(2) RCA6: Same process as RCA3 but scaled-up to 6-in.-(15.1 em) 

diameter wafers. 

Cell efficiency, ~ = 14% 

65 cells/panel 

161.28 W/panel 

10 panels/package 

(3) Sequence I: Ion-implanted (31P) junction, Al screen-printed 

back contact ... 

Wafer diameter= 3.07 in. (7.8 em) 

Cell efficiency, ~ = 10.7% 

225 cells/panel 

114.97 W/panel 

10 panels/package 

(4) Sequence II: Ion-implanted (31P) junction, deposited and diffused 

boron doping on back. 

Wafer diameter= 3.07 in. (7.8 em) 

Cell efficiency, ~ = 11.9% 

225 cells/panel 

127.93 W/panel 

10 panels/package 
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(5) Sequence III: P+/N/N+ cell structure with ion-implanted ( 11B) junction 

and back (31P) surface field (BSF) contact. 

Wafer diameter= 3.07 in. (7.8 em) 

Cell efficiency, ~ = 13% 

225 cells/panel 

139.69 W/panel 

10 panels/package 

For all simulations, we used the SAMIS "DEFAULT" run control and standard 

at a production level of 500 MW/year. All costs are given in 1980 dollars. 

Tables 56 through 59 summarize the assumed step-yields and throughput/min 

and give the resulting cumulative and step costs for each of the five sequences. 

C. YIELD SENSITIVITY ANALYSIS 

Although there are many parameters against which one might want to check 

process cost sensitivity, a change in process yield has one of the greatest 

impacts. While a change in yield primarily leaves the individual process and 

the production sequence unchanged, it does affect the useable output of the 

process whose yield was changed, and the workload of that process and all 

other processes that precede it in the sequence. 

We chose to test the sensitivity of the RCA6 process sequence for four 

different yield changes. This analysis assumes that there are no provisions 

for reworking cells at any stage in the production sequence. Although the 

lack of rework facilities may not be a real condition in a production ~n­

virorunent, it highlights the costliness of "downstream" yield losses on "up­

stream" processes. 

After investigating the data produced by actually running the simulations 

for each sensitivity test, it was .observed that the same results could have 

been arrived at by an anqlytical technique. 

In brief, if we let K = ~ , where ~~ is the new yield andy is the 
y 

original yield, then the new cumulative cost at any process step can be 

calculated as follows. C* = f , where C* is the new cumulative cost and 
K 

C is the original cumulative cost. Furthermore, the same K factor can 

be applied to any process step preceding the one where the yield had been 

changed in order to observe the effect at that other process step. 
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TABLE 56. RCA3 AND RCA6 RESULTS 

RCA3 ($/W) RCA6 ($/W) 
Process Yield Throughput Cum Cost Process Cum Cost Process 

RWAFER 1.00 60 Slice 0.3142 0.3142 0.3035 0.3035 

ETCHWAFER 0.99 60 Slice 0.3294 0.0152 0.3086 0.0051 

MSCLN-1 0.995 41.7 Slice 0.3513 0.0219 0.3176 0.0090 

POCL3DEP 0.995 70 Slice 0.3628 0.0112 0.3245 0.0069 

PD1:10% 0.995 240 Slice 0.3694 0.0066 o.~lt>2 0.0017 

JUNCliPE 0.99 20 Sl ir.P. 0.3846 u.0152 0.3302 0.0040 

MSCLN-2 U.9!:J!:> 41.1 Slice 0.4061 0.0215 0.3391 O.UUH!.J 

SPALBACK 0.98 60 Slice 0.4277 0.0166 0.3489 0.0098 

MSCLN-3 0.995 41.7 Slice 0.4437 0.0210 0.3575 0.0086 

SPAGPAD 0.995 60 Slice 0.4644 O.U:l07 0.3716 0.0141 

SPAGFRONT 0.99 60 Slice 0.5072 0.0428 0.4128 0.0412 

HFDIP 0.99 100 Slice 0.5209 0.0137 0.4189 0.0061 

SPRAYAR 0.99 75 Slice 0.5376 0.0167 0.4237 . 0.0049 

TEST 0.98 60 Cells 0.5420 0.0044 0.4250 '1.0013 

RSINTERCN 0.98 0.22 Layup 0.5926 0.0506 0.4708 0.0458 

ARRAYASSM 0.98 1.20 Layup 0.8094 0.2168 0.6676 0. i968 

FRAMEASSM 0.995 1.33 Module U.8132 0.0038 0.6697 0.0021 

PACKAGING 1.000 0.6 Module 1 o.833o 1* 0.0198 1 o.6879 1 * 0.0181 

l\let Yield 0.842 

*Net price 
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TABLE 57. SEQUENCE. I RESULTS 

Process Yield Throughput Cum Step 

($/W) 

RWAFER 1.000 60 0.3222 0.3222 

ETCHWAFER 0.99 60 0.3418 0.0196 

IONIMPLPJ 0.99 150 0.3838 0.0420 

MSCLN-1 0.995 41.7 0.4122 0.0284 

4HRANNEAL 0.99 150 0.4293 0.0170 

SPALBACK 0.98 60 0.4510 0.0217 

MSCLN-2 0.995 41.7 0.4784 0.0274 

SPAGPAD 0.995 60 0.5057 0.0273 

SPAGFRONT 0.99 60 0.5670 0.0614 

HFDIP 0.99 100 0.5796 0.0126 

SPRAYAR 0.99 75 0.6017 0.0221 

TEST 0.98 60 Q.6074 0.0057 

RSINTERCN 0.98 0.22 0.6138 0.0664 

ARRAYASSM 0.98 1.20 0.9581 0.2843 

FRAMEASSM 0.995 1.33 0.9628 0.0047 

PACKAGING 1.000 0.60 I o.~8861~ 0.0258 

Net Yield 1 o.~51J 

*Net price 
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TABLE 58. SEQUENCE II RESULTS 

Process Yield Throughput Cum Step 

($/W) 

RWAFER 1.000 60 0.3f25 0.3125 

ETCHWAFER 0.99 60 0.3301 0.0176 

IONIMPLPJ 0.99 150 0.3672 0.0371 

MSCLN-1 0.995 41.7 0.3926 0.0254 

BORONDEP 0.990 273 0.4101 0.0175 

900DEGDIF 0.995 70 0.4203 0.0102 

GLASSREM 0.99 100 0.4305 0.0101 

CONGRD 0.99 60 0.4874 0.0569 

SPAGFRONT 0.99 60 0.6426 0.0662 

HFDIP 0.99 100 0.5538 0.0113 

SPRAYAR 0.99 75 0.5734 0.0196 

TEST 0.98 60 0.5785 0.0051 

RSINTERCN 0.98 0.22 0.6378 0.0592 

ARRAYASSM 0.98 1.20 0.8923 0.2545 

FRAMEASSM 0.995 1.33 0.8965 0.0042 

PACKAGING 1.000 0.60 I o.91961* 0.0231 

Net Yield l.o.85!] 

Net prir.A 
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TABLE 59. SEQUENCE III RESULTS 

Process Yield Throughput Cum Step 

($/W) 
RWAFER 1.000 60 0.3104 0.3104 

MSCLN-1 0.995 41.7 0.3341 0.0237 

PDCL3DEP 0.995 70 0.3462 0.0121 

ETCHWAFER 0.99 60 0.3621 0.0159 

IONIMPLPJ 0.99 150 0.3962 0.0340 

IONIMJlLBB 0.99 150 0.4298 0.0336 

MSCLN-2 0.995 41.7 0.4526 0.0229 

900DEGDIF 0.995 70 0.4618 0.0092 

CONGRD 0.99 60 . 0.5129 0.0510 

SPAGFRONT 0.99 60 0.5634 0.0505 

HFDIP 0.99 100 0.5737 0.0103 

SPRAYAR 0.99 75 0.5917 0.0180 

TEST 0.98 60 0.5964 0.0047 

RSINTERCN 0.98 0.22 0.6507 0.0543 

ARRAYASSM 0.98 1.20 0.8840 0.2333 . 

FRAMEASSM 0.995 1.33 0.8879 0.0039 

PACKAGING 1.000 0.60 I o.9o921 * 0.0212 

Net Yield I o.855 

*Net price 
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This analytical approach assumes a continuously smooth cost as a function 

of yield while, because one cannot purchase a fraction of a machin.e, the cost 

of capital equipment is a step function with yield. However, the calculated 

result differs from the simulated value by less than 1%. The benefit of the 

analytical technique is in the time and cost savings for not having to run 

the simulation. See Table 60 for comparison of results. 

TABLE 60. YIELD SENSITIVITY ANALYSIS 

Simulated 
Cumulative New New Cumulative Cumulative Cost 

Process Yield Cost ($/W) Yield Cost ($/W) ($/W) 

E'l'l:HWAFEH U.CJCJ U.3UHb 0.94 0.3244 U.::3l~U 

ETCHWAFER 0.99 0.3086 0.79 0.3840 0.3866 

ARRAYASSM 0.98 0.6676 0.93 0.7027 0. 7035 

ARRAYASSM 0.98 0.6676 0. 78 0.8350 0.8387 

D. DISCUSSION · 

The essential points which emerge from the preceding cost analyses are 

detailed below. 

• In order to achieve the 1986 goal of $0.70/W with the recommended 

process sequence, 6-in.-diameter wafers (or equivalent area) must be used at 

the same throughput rate and yield assumed for the 3-in.-diameter case. The 

key advantage of using a 6-in.-diameter starting wafer is the effective quad­

rupling of the throughput which reduces the cost of most steps to close to the 

limiting materials cost. Obviously, wafers smaller than 6-in.-diameter could 

be used if the throughput rate in the critical steps could be increased beyond 

those assumed here for t4e 3-in.-diameter case, or if the costs associated with 

the panel fabrication and/or metallization (see below) could be further reduced. 

The throughput rates used in this analysis were arrived at by carefully con­

sidered extrapolations of either those rates observed in our process sequence 

studie:; or of estimates provided by vendors for future machines similar to those 

used in our work, so that substantial increases beyond those values will require 

new machine development. 
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• The SAMICS price estimates for sequences I, II, and III are all above 

the $0.70/W goal. Because of the higher cell-efficiency (13%) obtained in the 

case of sequence III, it has the lowest co~t of these three sequences, and on 

an equal efficiency basis would compare favorably with the RCA3 diffused-junction 

sequence. In similar fashion then, it could be argued that sequence III process­

ing scaled-up to use 6-in.-diameter wafers would result in a price close to the 

$0.70/W goal. Similar arguments could be made for sequence I and II, if higher 

efficiencies could be obtained for these cases. If these improvements in 

efficiency could be achieved, and if then compatibility problems which we ex­

perienced in working with these processes were removed, then these sequences 

would be viable candidates for achieving the cost goal. However, it should 

be stressed that the compatibility problem relating to the screen-printed 

contact on ion-implanted layers was experienced with all three sequences 

and no method to obviate the problem was found. To achieve the high yields 

assumed for these sequences either an alternative metallization process should 

be explored and/or additional research be directed toward an understanding 

of the problem. 

• A major cost-driver in all cases is the array assembly step. For the 

double-glass PVB laminate used here, a cost of $0.196/W was arrived at in the 

most optimistic case. Of that total, $0.152/W was required for .direct materi­

als and supplies, so that to achieve a lower cost for panel fabrication, less 

expensive substitute materials (i.e., EVA* in place of PVB) or a different 

panel configuration (soft-back) will he required. The double-glass design 

was selected because of the excellent environmental protection and structural 

strength it provides. These virtues are not reflected in the SAMICS cost 

analysis, but would be of considerable importance in other methods of esti­

mating the cost of PV systems over projected lifetimes such as the life-

cycle cost method [21]. 

• A second important cost-driver is metallization. Even in the most 

optimistic case the total cost of the process steps associated with front 

and back metallization is over $0.07/W of a total of $0.688/W. This co~t 

*EVA ethylene-vinyl acetate 

21. R. G. Ross, Jr., presentation at 13th' IEEE Photovoltaic Specialists 
Conference, Washington, D.C., June S-8, 1979. 
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is dominated by the cost of .the silver metal in the ink used for the front­

grid and for a solderable (Ag) back-pad. The recent work of Bernd Ross [22] 

in which a screen-on copper-based ink was successfully used for back con­

tacting indicates that the full advantages of low-cost screen-printed contacts 

may be achievable. 

22. Bernd Ross Associates, "Development of Economical, Improved Thick-Film 
Solar-Cell Contact," Contract No. DOE/JPL 955164. 
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SECTION VII 

CONCLUSIONS 

The major conclusion of importance to the LSA project is that we were 

able to identify a manufacturing sequence which can produce solar cells with 

the desired performance and which when fully automated can be projected to 

meet the 1986 price goal of $0.70/W. That sequence was described in Section V 

and is repeated here as Fig. 91 along with the prices arrived at in the cost 

analysis of Seeton VI. This sequence was arrived at after considerable research, 

development, and evaluation of many processe·s, and the experimental study of 

three related manufacturing sequences. The successes and problem areas iden­

tified in that work form a body of experience which can be drawn upon as 

the need arises. Those processes have been documented here and in our other 

contract reports covering the period October 1977 through December 1979. The 

highlights of that work along with the major conclusions drawn follow. 

A. JUNCTION FORMATION - ION-IMPLANTATJON AND POC1
3 

DIFFUSION 

A comprehensive study of the use of ion implantation for junction for­

mation and BSF formation was undertaken and completed. As a result of that 

study, optimized implant parameters and furnace-annealing condition were 

found which allow for the fabrication of 14 to 15% (AM-1) efficient solar 

cells when metallized with conventiona·l evaporated Ti/Ag contacts. In this 

work, the furnace-annealing process provided to JPL by Spire (1] was verified, 

and in addition, an alternate and equally effective annealing process was 

developed and provided to JPL. The details of this work can best be found 

in the Interim Report, DOE/JPL-954868-79/1, Jan. 1979 and in reference 23. 

In the study of the integration of the above ion-implantation techniques 

into manufacturing seque~ces, an incompatibility was identified relating to 

screen-printed contacts on the implanted layers. The details of this problem 

were described in Section V.D of this report. It was found that junction for­

mation by POC1
3 

diffusion is compatible with the screen-printing process and 

resulted in a compatible and cost/performance effective sequence. 

23. E. C. Douglas and R. V. D'Aiello, IEEE Trans. Electron. Devices ED-27, 
792 (1980). --
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ADyANCED CZ WAFER AT $0.31/W r--------------, 

c 

c 

· • Conformal flexible back now preferred -for high yield. 
C Indicate~ c:h1111ges from previous sequences. 

c 

SAM ICE !'RICE CGTIMATE 

$0.833/W for 3-in.-diam wafers 

$0.688/W for 6-in.-diam wafers 

Figure 91. Recommended manufacturing sequence. 

B. SCREEN-PR~NTED THICK~FILM METALLIZATION 

A thick-film, screen-printed metallization process was successfully de­

veloped f.or both the front and back contact. A screen-printabie lead boro­

silicate-doped silver-based ink was synthesized at RCA specifically for 

application to soia·r-ceil metailization. Material constituents and the elec­

trical conductivity, solderability, and adhesion were measureo as a function 

uf ink composit16n and tiring conditions. As a result. of these evaluat~o·ns, 

optimum material and process parameters were estabiished for screen-printing 

and firing the ink on solar cells. 

Commercially available silver inks were also exploreq, and one such ink 

TFS* 3347 was found to be suitable for the formation· of the front-grid pattern. 

Production-type screen printers were survey~d and it was found that many 

commercially available models can. be readily modifie9 for screen printing on 

round or rectangular silicon wafer.s with linear dimensions up to 6 inc;hes. 

·!.·Thick Film Systems, Santa Barbara, CA. 

190 

• 



Machines exist which are almost totally automated and have throughputs in 

excess of 3000 wafers/hour. A model CP-885* was purchased and used through­

out the process assessment phase of this program. This machine was found 

to be highly suitable in terms of reliabiiity and yield, and with the use of 

standard screens, an acceptable line definition (5 mil) for collector-grid· 

patterns was readily achieved. 

Infrared lamps arranged in sYmffiettical horizontal pairs were adapted for 

use ih firing th~ front and bac~ contacts simultaneously. This method ~as 

found to provide a rapid and controllable firing process with reasonably wide 

tole~ance in firing temperature and time. 

As part of our process sequence development (Sequence I) it was necessary 

to verify an aluminum, p +, BSF back-contact process .-ld~ We verified the alu­

minum ink synthesis, printing and firing of the ink to form an effective ohmic 

back contact. Air-firing of the aluminum ink resulted in the formation of an 

adherent oxide film which was somewhat difficult to remove. To allow for cur­

rent collection, and solder bonding to the back of the cell, a small-area 

· grid/pad of silver or copper can be pririted and fired over the remaining 

Si-Al eutectic. 

C. SPRAY-ON AR COATING PROCESS 

A cost-effective spray-on process· was developed for application of anti­

reflective (AR) film coatings. An organometallic (Ti02) liquid solution was 

synthesized specifically for application by a spray-on process and made ada,pt­

able to commerci<H spray machines. A model 9000 Zicon"'(*i( autocoater was u~ed 

to verify this process as part of our process sequence studies. SAMICS cost 

analyses show a projected cost for the spray-on AR process of.about $0.02/W 

for 3-in.-diameter wafers and $0.01/W for 6-iri.-diameter wafers. We have 

verified this process for the case of POC13 junction cells with screen-printed 

metallization and conside'r it ready for implementation in large-scale solar-cell 

production. 

*Manufactured by AMI-PRESCO, North Branch, NJ. 
*""Process developed by Spectrolab, Inc., Sylmar, CA and process specifica~ion 

provided to RCA by JPL. 
***Zicon Corp., Mt. Vernon, NY. 
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D. ELECTRICAL TESTING 

Rapid and accurate methods of testing and the acquisition of cell perfor­

mance data has always been an important part of our.research and development 

programs. During the course of this work, two solar simulators along with the 

associated electronics were developed. The first system, whose initial develop­

ment predates this contract, is relatively simple and inexpensive, but useful 

for laboratory testing of a small number of cells. This system is shown in 

Fig. 92. The simulator consists of an array of three ELH lamps mounted 

horizontally over a thermoelectrically cooled cell-stage. The output of the 

solar cell under test is fed into an electronic sweeper (arrow in Fig. 92) 

which allows for the semiautomatic plotting of the illuminated I-V and power 

curve on. an x-y recorger. The rlesien ;mel rnnstrnt:"ti.on of the electronic 

sweeper was not part of the present contract; however, a duplicate model was 

provided to PP&E at JPL for evaluation. This simulator system provinPn n 

simple, reliable, and accurate means of cell testing in a laboratory environ­

ment. We have also provided a similar system along with instructions in its 

use to Kulicke and Soffa as an aid in their contract work with JPL [24]. 

A computer-aided simulator measurement system capable uf providing rapid 

test and data acquisition was designed, built, and used to analyze cell perfor­

mance during our production sequence studies. This system is described in 

Section V.B. 

E. PANEL ASSEMBLY 

The major objective of our panel assembly work was to develop a produc­

tion process for the lamination of double-glass PVB panels~ Although we have 

identified process procedures and parameters which can be successfully used 

to fabricate such a panel design, the yield and throughput of this process 

are not sufficiently higq to be cost-effective within the limits set by 

the L~A cost goals. We therefore cannot recommend the double-glass PVB 

lamination process for panel fabrication because a low-yield or low­

throughput in the panel assembly step would place a severe cost penalty 

on the overall manufacturing price. 

24. Kulicke and Soffa Industries, Inc., Automated Solar Module Assembly Line, 
Quarterly Technical Report No. 4, DOE/JPL-955287-79/4, December 1979. 

192 



FigLre 92. I-V measLring apparatus. 



Our o_riginal assessment of the superior enviro'nmental protection afforded 

by double-glass designs remains as a major advantage of this structure. If 

life-cycle costs become a major consideration or if a cost-effective method 

of manufacture for double-glass becomes available, this structure should be 

reconsidered. 

F. rROCESS SPECIFICATION 

During the course of this contract, seven process specifications were 

submitted to the PP&E Task at JPL. The specificat·ions in the form of process 

recipes available from JPL upon request are: 

(i ,2) 

(3) 

(4) 

(5) 

(6) 

(7) 

Ion-implantation wit.h twn fnrn.:~rP-annP.:~ling tPrhniqHPS. 

POCl3 junctio~ formation by gaseous diffusion. 

Screen-printed thick-film metallization. 

Spray-on AR coating process. 

Reflow-solder interconnect process. 

Double-glass panel lamination process. 
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APPENDIX A 

SAMICS DATA 

The items listed below were used in our SAMICS analysis but were not in 

the SAMICS cost catalog. 

RWAFER 

ETCHWAFER 

MSCLN-1,2,3 

POCL3DEP 

PDI: 10% 

JUNCEPE 

SPALBACK 

SPAGPAD 

SPAGFRONT 

HFDIP 

SPRAYAR 

TEST 

RSINTERCN 

ARRAYASSM 

FRAMEASSM 

PACKAGING 

IONIMPLPJ 

4HRANNEAL 

BORONDEP 

900DEGDIF 

GLASSREM 

CONGRD 

IONIMPLBB 

Process Referent Descriptive Name 

Receive purchased wafer 

Sodium hydroxide wafer etch, 1.5 mil/side 

Megasonic cleaning: advanced system 

Phosphorous oxychloride deposition and diffusion 

Post diffusion inspection, 10% sample rate 

Junction edge plasma etch 

Screen print Al on back of wafer & fire (100% coverage) 

Screen print Ag pad on back of wafer (2% coverage) 

Screen print Ag grid on front of wafer (9% coverage) 

Glass removal 

Spray-on antireflection coating 

Test cell 

Reflow solder interconnection 

Glass/PVB/cell array assembly 

Frame assembly 

Array module packaging 

I~n implantation:phosphorous, 2x10 15 , 10 keV, junction side 

. 4-hour furnace anneal 

Boron deposition back of wafer 

900°C degree diffusion for half-hour 

Glass removal· 

Contact grid on back of wafer 

Ion implantation:Boron, 2x1015 , 10 keV, backside 
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Cost items not in catalog: 

Referent DescriEtive Name $(1980) Unit 

EWRCA Wafer, cz, 75 mm, 14 mil 0.14+ Slice 

EG1548D PVB sheet 0.30 Sq ft 

EPSET Panel connector set 1.42 Connector 

EG1165D Bus bars 0.12 Bus bar 

ERTRD Transducer sets 413. 19 Set 

EG1116D AR coating 0.004 cm3 

E1072R Solder-coated cu strap 0.04 Ft 

F.FRRCA Freon llt 1. 53 Lh 

EWRCA6 Wafer, CZ, 150 11011, 14 mi.l O.:il rilice 

EG15910 Boron nitride source wafers 11.41 Wafer 

+Price specified by JPL at $0.31/W. 
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APPENDIX B 

FORMAT A SHEETS 

SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

JS'T raOP't'LSIOS LABO&A.TOaT 
CJd,_.. I•"""'• ol r., •• .,,.,n 
41ftWJ 0.-j c ..... ~-If~-··-· C.J./. 9110J 

FORMAT A 

PROcESS DESCRIPTION 

Note: N1mes given In brackets I ) 
11'8 the names of process anributes 
r.quested by the SAMIS Ill 
computer program. 

A 1 Process [Referent J-R~. _l!!l!!.a=.f.=e..!o.r _____ _ 

A:J. (Descriptive N1mel f\eceiye Purcb"jed "afer 

PART 1 -PRODUCT DESCRIPTION 

A3 [Product Referent I _ _,p'-"\i!J; aa.f~o..e5.r~.._ ____ _ 

Purcha:;eu l~af~r 
Descriptive Name [Product Namel----------------------------

AS 
Slices 

Unit Of Measure [P·oduct Uniul-----------------------------

PART 2- PROCESS CHARACTEFIISTICS 

A6 [Output Rate I (Not Thruput) ___ 6_0 _____ _ 

A7 .02 

A8 

Average Time at Station 
[Procasing Time) 
Machine ··up·•. Time Fraction ___ 1_·_0_0 ___ ;_ __ 
[Usage Fraction) 

PART 3- EQUIPMENT COST "FACTORS (Machine Description) 

A9 Component [Refer•ntl 
RI!AF 

Units (given on line AS) Per Operating Minute 

C:.lendar Minutes (Used only to comp..:e 
in·proceu inventory) 

Operating Minute1 Per Minute 

A9l Component (De•criptive N.•mel lO:ltional) !teceived 
wafer 

A10 Bue Year For Equipment Prices (Price Year) 1980 

All Purd"l,.., Price($ Per Component) (Pu:-c:hase Con) 0 

A12 Antici~ted U"'ful Life !Years) (Usef\11 Life) 0 

A13 (S.Iwal)e Value) ($ Per Component) 0 

A14 [Remov1l •nd Installation Coot I CS/Comoo<>entl 0 

Note: The SAM IS Ill computer pr•)C}f•m 1Jao promPtS for ltle (payment fl~t interval I. the [inf!~tion rate ~!lle),the 
(equipment U• depreciotion mettl~"CC). and 1t>e (equipmor\t book d<preciation method}. In tne LSA SAM ICS corotext, 
VM 0.0, (1975. 6.0), ODB. and!;:... 
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Fonn.t A: l'foceu Oescriptlon (Continued) 

A15 Proc:ea Referent (From Page 1 Line A II_.:.:R:.....:.:l~"'a"'f~e"'r'------

PART 4- DIRECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHIFT (Penonnel) 
· (Fecilities and Penonnel Requiremenu] 

A16 AlB A19 A17 
CaUIIog Number 

(Expenlo Item 
Referent] 

Amount Required 
Per Machine (Per S"ifll 
(Amount. per Machine) 

Units 

PART 5- DIRECT REQUIREMENTS PER MACHINE PER MINUTE 
(Byproduct Outpuu) and (Ut•lities anc Commoditi05 Requirementsl 

or 

A20 A22 A23 . 
c.talog Number 
(Expense Item 

""'"'""'] 
EWRCA 
El?RCA 6 

Amount Required 
Per Machine Per Minute 
[Arnuulll per Cy•le) 

60 
60 

Units 

l·lafer/•tin 

PART 6- INTRA-INDUSTRY PRODUCT lSI REQUIRED (Requirlld Prooiu~t<l 

A26 A27 

Requimn.,.l Oeseription 

AZ1 

Requir~ment Description 

l~aft:1' 

A25 A24 
(Product 
Reference I 

A28 
[Yield]* 

1%1 
!Ideal f\atio)"'* Of 

Units Out/Units In Units Of A26 "*~ Product Name 

I 

0•~--------------

"" ·• 100% minus percentage of required product lost. 
**Assume 100% yield here. 
***Examples: Module<JCell or Cells/Wafer. 
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SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

FORMAT A 

PROCESS DESCRIPTION 

SPAGFRONT 

Note: N1mes glwen In brackets [ ·I 
are the n1mes of process •nributes 
,.quested by the SAMIS Ill 
computer program. 

A1 Process (Referent!----------

.Screen print AG Grid on :ront of Wafer (94 Coverage) 
ID~iptiveNimel----------------------------~~-----

PART I- PHOUUI.:I UESCRIPTION 

Cellnoar (Product Referent) _________ _ A3 

A4 
Cell, 1~ithout Anti-Reflection Coating Descriptive Name (Product Name) ___ _;_ _______________ __::.._ ______ _ 

AS Unit Of Measure (Product Unit<) _S;)..L.l.1.1o~:,rc.r_. ________________________ _ 

PART 2- PROCESS CHARACTERISTICS 

A& 

A7 

A8 

(OutPut Hat1!) (Not Thruput) --=~------

.433 
Average Time at Station 
(Processing Time I 
Macl'une "Up" Time Fraction __ ._9_6 ______ _ 
[lhage Fraction) 

Units (given on line AS) Per Operating Minut1! 

C.lendar ~.linutes \Used only to comr::ute 
in·process inventory) 

Operating Minutes Per Minute 

. PART 3- EQUIPMENT COST FACTORS [Mochine Oe;cflption) 

A9 Component (Referent) S?· . .;G 

A9a Component (De<eriptive Name) (Optional) Scret:n 
t r ~nt 
!:.dver 

A10 Bue Year For Equipment Prices (Price Year) 1979 

A11 Purdlase ?rice (S Per Component! !Purchase Ccxt) 62600 

A12 Antici~ted Useful Life (Years) [Useful Life) 7 

All [S.Ivaqe Value)($ Per Component) 12520 

A14 [Removal and Installation Cost) ($/Component) 2500 

Note: The SAM IS in computer program al•o prompu fOJ the [payment float interval). the (inflation rate uble), tht 
[equipment tax depreciation method), and the [equipment book depreci1tion method). In the LSA SAMICS contut, 
UM 0.0, (1975, 6.0). 008, 1nd SL . 
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forTNt A: Proceu Description (Continued) 

A15 Process Referent (From P1~ 1 Line A 1) __ ..:Sc:P..:.A:.:G:o.:F'-'R"'O"'N"'T._ __ _ 

PART 4- DIRECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHIFT (Personnel) 
[FICilities and Penonnel Requirement!} 

A16 A18 

AJ'r".:·"··"•l R~ulred 
Per Machine (Per Shif1) 
[Amount per Machine} 

5 E + 2 

A19 

Units 

SQ. Ft. 

A17 

Requirement Description 

Manuf. Space (Type A) 

C*ulog Number 
[Expense llem 

Referent} 
A20640 
B363Bll 2.5 £ - 2 Prsn. Yrs Elec. xaior Vqn 

830640 " 837360 i1.3int, \fech II 

PART 5- DIRECT REQUIREMENTS PER MACHINE PER MINUTE 
[Byproduct Outpurs) and iUtilities and Commodoties Requoremenul 

A20 A22 A23 

Cat1log Number Amount Required 
}Expense Item Per Machine Per Minute Uniis 

Referent} }Amount per Cvclel 
Cl032B l. 94 E - 2 
EI524o 4.<:! E - 2 

q.J HR 

Er:II30D 3.67 E - 4 Cu t"t 
£.[0951'5 4.37 E - 2 Dol Jars 

.J:.l.().Ml)___ .15 

El516D 3. E - 3 
Grams 
Screens 

A21 

Elec. 
Squeeges 
Toluene ink sclvcn:: 
Ther:;,o couole 

-raste:: Sil~er 80:'; 

PAH I' 6- II\! I AA-INDUSTRY PROOUCT(S) REQUI REO [R.(Iuired Productl) 

A24 A28 A26 A27 A25 
[Product [Yield}• {Ideal R.atoo)•• Of 
Reference} (%) Units Out/Units In Units Of A26~** Product Name 

DWM'E~~~ ')'J 1.0 Sli~:~: I Sl jc;:e 

7 
Back ~L & AG Pad 

Preperod by __ _,R,. • ..,E"".,__.O.,a'-~nJ..i~e .. l.._ __________________ Dot.--------

* 100% minus percentage of required product lost. 
*'*Assume 100% yield here. 

**• Eumples: Mod~lesJCell or Cells/Wafer. 
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SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

FORMAT A 

• 
PROCESS DESCRIPTION 

A 1 Process [Referent 1 __,S~P~A~L~B!.!A~C~K:.._ ___ _ 

Note: Namn gJ·1en In brac:l<ets [ I 
ere !he namn of proceu anributes 
r.ques ted by lhe SAM IS II I 
computer program. 

A2 (Descriptive Name) SCreen print AL gO bnc;k of •.rafer fire 000"! co\'erage) 

PART 1 -PRODUCT DESCRIPTION 

A3 [Product Referent I _....!D~t~!JA:L>._E"'SBOl.!!.:u.l_. ___ _ 

A4 Descriptive Name i Product Name) __ .JPil.liJ' fufu•J..' ss.e~d~»!o!•aa.Lf.e.e.tr_:.•.•:..Ji.J:t...;:b~....J:hl<aLCc:..::<L-!TC..ei!.Jtt..oa3..1LlL..i.{ z.z aa .t.t ..!.'o:~o.an _____ _ 

AS Unit Of MeasuN! [Product Units) __ .....::u..Ju:..IL------------------------

PART 2- PROCESS CHARACTERISTICS 

A6 !OutPut Rnel (Not Thruput) --=L-------

A7 
.433 

A8 

Average Time at Station 
[Proceuing lime I 
Machine "Up" Time Frac:iO'I __ ._9_6 ______ _ 
[Unge Frac<.ion} 

PART 3- EQUIPMENT COST FACTORS [Mach one De.cription} 

A9 ComPO<"ent {Re!erentl SPAL 

Screen 

Units (given on line A.S) Per Operating Minute 

Cilendar Minute> (Used only to comoute 
in-proceu inventory) 

Operating Minute> Per Minute 

A9a ComPO<"ent {Descroptive Name! (Optional) 
Pr ~nt .\L 

A10 Sue Year For Eql.lipment Price~ [Price Year} 1979 

A11 l'l.lrctlase Price ($ Per Component! [Purchase Cost} 62650 

A12 Anticip.ited Uoeful L•fe (Years! (Useful Life) 7 

A13 [S.IY19f! Value}($ Per ComPO<"ent) 12520 

A14 [Removal and Installation Cost) ($/Component) 2500 

Not•: Th• SAM IS Ill computer program alao prompu for lhe (p1yment flo.n interv•ll, lhe [inflation rate Ublel, the 
(equipment t.ax depreciation method} .and lhe (equipment book depreciation method}. In the LSA SAM ICS contellt, 
,_ 0.0.11975, 6.0), DDB, and SL. 
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Format A: Proem Dete<iption (Continued) 

SPALBACK 
A15 Pr(!Cea Referent (From Page 1 Line A 11 __ _,._.....,... ____ _ 

PART 4- OI.RECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHif::T (Penonnell 
(F~e:ilities and Personnel Requirements! 

A16 AlB A19 A17 

Cl.alog Numbar Amount Required 
(Expense Item Per Machine (Per Shift) Unitl Requirement 0!!SCI'iPtion 

Referent) [Amount per Machine! 

A2064D 5 E + 2 !;0. !"t. Hanuf. Space (Tvpe \ l 
B3064D 7 E - 1 !'rsn. Yrs Gen. Assemb. (Elecl 
836880 2.5 E - 2 Elec. ~taint. !l~.n 
837360 5.0 F. - 2 " 'faint ~1ec;, rr 

PART 5- DIRECT REQUIREMENTS PER MACHINE PER MINUTE 
(Byproduct Outpu:•l and (Utilities and Commodities Requirements! 

A20 .a.h 47.3 471 

Clt81og Number Amount Required 
(Expense item ,er Macnine i'er Milli.i!6 UIII!J Hfc1Utremellt Ut'l:rtllliOII 

Referent) (Amount per Cyolej 

~uma 1.94 E - 2 KH. H!L 

El ~ZfiD J 0 F - J .,creens 

ElfiHil {! 6 E - 2 Squeeges 

Elec. 
Screen 
Sque.eg~s 

EGllJQD 3 !l{!!! E - {! Cu t't 

Elfi!lflD 4 'Jfl!! E - ? Dalljlr"' 

EE2ZD {! a E - 2 IB<" Paste, ."\...!. 

PART&- INTRA·INOUSTAY PAOOUCT(Sl REQUIRED [Required ?r-;v; oc:·.: 

A21i A27 A25 A24 
(Product 
Reference) 

A28 
[Y~ttdl" 

I%) 
(Ideal fiatoold Of 

Units Out/Units In Units Of A2&••" Product, Name· 

GLNW"-2 Cl ,-. .... "'". ••.,.~ h.·r 

P'Npered by __ !'_ •• _E_._o_a_n_i_e_l ______________ ..;.__..-.._ Daa.....,.....,.........,........,........,...__.......,... 

* 100% minus percentage of required product lost. 
**Assume 100% yield here. 

*** Exampt.s: MOduln/CtU or Cells/Wafer. 
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• 

At 

A2 

A3 

AS 

SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

FORMAT A 

PROCESS DESCRIPTION 
'IT P&OPl"LSIOH LA&Oa.,TO&'Y 

· CJ,f~ , • .,;,,;,. of Tnlt•~l~n 
4~ O.t G.-o•• Or. 1 '~~-.. C.Uf. 9110J 

Process [ Referenti--Fr~am~.5'e.ea,as.as:ll!m!.-__ _ 

Note: !'limes given In brackets [ I 
are the names of process attributes 
requested by ltle SAMIS Ill 
computer program .. 

ID~iptiveNamei--~F~r~a~m~e~A~s~~~P~m~h~l~yy_ ______________________________ __ 

I Product Referent I _ __.,Aro:..!.r.sauvc_ ____ _ 

Descriptive Name (Produci Name} ___ Ar_r_a..:.y_~_lo_d_u_1_e_F_r_am __ e_A_s_s_em_b_l.:.Y ____________ _ 

Frame 
Unit Of Measure [Product Unitsl...,.--------------------------'-------

PART 2- PROCESS CHARACTERISTICS 

A6 

A7 

AS 

I OutPUt Rate! (Not Thruput) ____ ...... .._...._ ___ _ 

1.0 
Ann91: Time at. S!4tion 
[Processlng Time! 
Machine "Up" Time FractiOtl ______ ._9_5 _____ _ 
[Uoage Fr~onl 

Units (given on line AS) Per Operating Minute 

Calendar Minutes (Used only to compute 
ill.process lnven tur y I 

Operating Minutes Per Minute 

PART 3- EQUIPMENT COST FACTORS [Machine Oescrip\i.onl 

('.9 ·Component (Referent! Framer 

A9a Component (Descriptive Name! (Optional) Frame 
Assembly 
Equ1.p 

A10 e- Year For Equipnient Price> [Price Year) 1976 

A11 Purchase Price ($ Per Component) [Purchae Cost! 45000 

A12 Antic:ip.~ted Useful Life (Yean) [Useful Life)- 7 

A13 [Salvage Value}($ Per Component) 9000 

A14 [Removal and Installation Cost! (S/C"ornpone"nt) 1000 

Note: The SAM IS Ill computer prO\I(am allo promPtS for ltle [payment fl~t Interval I. tile [inflation rite table!, the 
(equiPment ta• depreciation method}, and th~ [equipment book deP"eciation method}. In the LSA SAMICS context, 
u. 0.0, (19H, 6.0), ODB. and SL. 
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Fonmt A: Process Description (Continued) 

A15 Proceu Referent (From Page 1 Line A 1) _.....:.!'r=a-"'m'-=ea2..:s,_,s"-'m'-----

PART 4- DIRECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHIFT (Personnel) 
[Facilities and Penonnel Requiremenu) 

411; 1\18 A1!1 A17 

Catalog Number Amount Required 

[Expense Item Per Machine (Per Shift) Units 
Referent) (Amount per Machine) 

B3688D 2.5 E - 2 Prsn. Yrs 

A.2 Q6(! ll 
2.2.) E + 2 sg. Ft. 

BJ06'1 D 6.5 E: - 1. Prsn. Yrs 
837360 !.Q E - 2 E!I:SD Y:t:s 

PART 5- DIRECT REQUIREMENTS PER MACHINE PER MINUTE 
(Byproduct OurpunJ ~nd \tJ1i!itic, and C:.-ll"'nm,·.dil•~\ RvQvi,9monuJ 

A20 A22 A23 
Catalog Numoer 
[l:xpense Item 

Referent) 

Cl032B 
EllOOD 

Amount Required 
Per Macnine Per Minute 
(Amount per Cycle! 

8.0 E-3 
2.13E+l 

Units 

PART 6- INTRA·INDUSTRY PRODUCTISl REQUIRED I Rec;uired Product.) 

A24 AiB A26 A27 
[Product [Yield)• (Ideal R,atiol .. Of 

Requirement OescriP1ion 

Elec. Maint. Han 
:'t:l:nu~. Space ( T>·pe 

Gen Assemh (Ele<:) 

\fa jn t ~Q>:'II, II 

A21 

Requirement Description 

Elec. 
Channel, Aluminum 

A25 

Reference) l%1 Units Out{Units In Vniu Of A26•u Pro;w:ho:t N amt 

Module 99.5 l.l) "-;-·.:I '~:~:ar 
I 

~·~by __________________________________________ ~ 

* 100% minus percentage of required product lou. 
-Assume 100% yield here. 

-Examples: Modules/Cell or Cells/Wafer. 
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SOLAR ARRAY MANUFACrURING INDUSTRY COSTING STANDARDS 

FORMAT A 

• 
PROCESS DESCRIPTION 

A1 Process (Raferent] ~SCLN-1 (l1SCL'l-2 or MSCU:-3) 

Note: Names ~ven In bracken I I 
a"' !he names of process attributes 
reques~ by tne SAMIS Ill 
oomputer program. 

A2 (Descriptive Name] ~!ega sonic Clean irig; A~.,.e:.~d_...S'-"'y~sc.~.t.s;e:;o;;;,l-. _____ -'-_______ _ 

PART 1 -PRODUCT DESCRIPTION 

A3 (Product Referent] CL~i~F-1 (CWI.':'-2 .:>r CL:.."../r-3) 

Descriptive Name [Product Name] __ ..),C:..!l..Ee'-"a"'n'-"\·"';auf..,e..,ro.......;Cur-..,· to..Jc._· ...... ,e,.~....._) ----------------

AS Unit Of Measure [Product Unitsi-~..!.£S..-------------------------

PART 2- PROCESS CHARACTERISTICS 

A6 

A7 

A8 

(Output Rate] (Not Thruput! ----'i.I....L-----

Average Time It Sution 
(Processing Time! 

M .9 
achine ··up" Time Fraction ----------

1 Usage Fraction I 

PART 3- EQUIPMENT COST FACTORS [Machine Description] 

A9 Component [RefeM!ntl 
MSYS 

Units (given on line A 51 Per Operating Minute 

t;aleiiclar Minute< (U;eo oniy to compt.:te 
in·proceu inventory! 

Operating Minutes Per Minute 

!>Sa Component [Oescroptive Name] (Optional! !·lega sonic 
Cleanl.ng 
:.ystem 

A10 Base Year F«· Equipment Prices (Pric:e Year! 1979 

A11 P\.orcnae Price ($Per Component! [Purc:hae Cost! 
46500 

A12 Antic:ip.ned Useful Life (Yearsl (Useful LileJ 
7 

A13 (Salvage Value]($ Per Component! 0 

A14 (Removal and Installation Cost! ($/Component] 0 

Note: The SAM IS Ill cumputer program alao prompts for tne (payment float Interval], the (inflation rate table]. the 
(equipment tax depreciation method]. anc:l the (equipment book depreciation mnhod]. In the LSA SAM ICS contut, 
..- 0.0. (1975, 6.01. ODB, anc:l SL 

209 



Format A: Process Description (Continued) 

A 15 Proc:ea Referent (From Page 1 Line A 1) 
MSCLN-1 (~ISCLN-2 or :ISCLN-3) 

PART 4- DIRECT REQUIREMENTS PER MACHINE (Ficilitiesl OR PER MACHINE_PER SHIFT (Penonnel) 
[Fac:ilitiH 1nd Penonnel Requiremenu) 

A16 AlB A19 A17 

Cltllog Number 
[Expense Item 

Referent) 
A2080D 

Amount Required 
Per Machine (Per St>ift) 
(Amount per Machine) 
5.0 E + 1 

1.8 E - 1 

Units 

SQ. Ft. 
Prsn. Yrs 
Prsn. Yrs 

ReQuirement DescriPtion 

Hanuf. Space (Type B) 
S~icon~. Assemo. (Elec) 

Elec 'taint ~faq 

PART 5- DIRECT REQUIREMENTS PER MACHINE PER MINUTE 
·(Byproduct Outputs: >nd (Utilities and C~modities Requirements) 

A20 A22 A23 A21. 
Catalog Number Amount Required 
[Expense Item Per M1chine Per Minute. Uniu · Requirement Description 

Referent) ~Amount per Cycle) 

Cl032B 8 .. :.; [ - 2 ~:'.J HR 
ElilOD 6 .1.:+ ~~- .. 4 Cp ~t 
El336D 4.25 E - 2 I BS 
En~20 3.~ E - 3 Dnliars 
cii4!.o 1.1 E - 1 ·C·r "t 
ERTRD 2.22 E - 5 C:ets 

Elec. 
.\rnmonium Hydroxide 
Hydrogen Pero:-:ide 
Filters 
t.;ater Deionized 
Transducer Sets 

PART 6 -INTRA-INDUSTRY PRODUCT IS) REQUIRED [Rdquired Products) 

CPLErwr 

A24 
(Product 
Reference) 

E ~!a:cr 

or DIIAFERB~·I) ------

A28 
(Yield)• 

i%1 

.;; . 5 

A26 
[Ideal Ratio)•• Of 

Units O~t/Uniu In 

1.0 

A27 

Units Of A26u• 

Slice / Sl j ce 
I 

A25 

Product N1me 

Etched 1/af er 

C!dge etc~~d wq•er ar 
Diffused ;.·pfcr :dth 
back met.} 

R.E. Daniel 
PN~r~bY----------------~--------~----~---- 0•~-------~---

* 100% minus percentage of required product lost. 
** Auume 100% yield he;e. 
*** Ex.mples: Modules/Cell or Cells/Wafer. 
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SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

FORMAT A 

• 
PROCESS DESCRIPTION 

A 1 Process ( Ret.erentl RS I:ITERCN 

Nota: Names given In bnockeU I I 
are the names of process attributes 
nquested by the SAM IS Ill 
computer program. 

. A:J. (Oe=iptive Name I Re£ low Solder Interconnect jgn 

PART 1 -PRODUCT DESCRIPTION 

A3 (Product Referent) Cell-set 

M Descriptive Name (Product Name) Set of 2? 5 Tnt er·capnect ed cells 

with bus bars 

A5 Unit Of Measure [Product Units)_.....r.ilo.J'~-------------------------

PART 2- PROCESS CHARACTERISTICS 

A6 

A7 

(OutPUt Rate) (Not Thruput) -~......_ ______ _ 

Average Time at Sutlon 
[Proceuing Time) 
Machine ""Up" Time Fraction __ ,.__ ______ _ 
(Usage Fraction I 

Units (given on line ASI Per- Operating Minute 

C.leo·odor Minutes (Uw:d onl•( to oomputo 
in·proceu inventory) 

Operating Minutes Per Minute 

PART 3- EQUIPMENT COST FACTORS [Machine Oe.cription) 

A9 Component (Referent) RSlH 

A9a Component (Descriptive Name) (Optional) Reflo;.; 
Soiaer 
InEt:!rconnf.!CC0r 

A10 Sue Yur For·Equipmmt Prices (Price Year) 1977 

A11 Purchase Price IS Per Component) (Purchase Cou) 44100 

A12 Anticipated Useful Life (Years) (Useful Life) 7 

A13 (S.IYige Value)($ Per Component) 0 

A14 (Removal a"nd Installation Cost) ($/Component) 0 

Note: The SAM IS Ill computer program also prompu for the (payment float interval). the [inflation rate Ublel. the 
(equipment tu depreciation method), and U\e (equipment book depreciation method). In the LSA SAM ICS con teat. 
u. 0.0. 11!175. 6.0). ODB. and SL. . 
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FOtmlt A: Proceu Dncription (Continued} 

A16 Procea Referent (From Page 1 Line A 11 __ R_S_I_N_T_E_R_C_ll ___ _ 

PART 4- DIRECT REQUIREMENTS PER MACHINE (Facilities} OR PER MACHINE PER SHIFT (Penonnel} 
· (F.cilities 1nd Penonnel Requirements) 

A16 AlB A19 A17 

Catalog Number 
(Expense Item 

Referent) 
A2080D 
830960 
836880 

Amount Required 

Per Machine !Per Shift} 
[Amount per Machine) 
2 .5 E + 2 

6·0 E 

Unib 

SQ. Ft. 
Prsn. Yrs 
Prsn. 'l'rs 

PART 5- DIRECT REQUIREMENTS PER MACHINE PER MINUTE 
(Byproduct Out.,ut•l •nd [UIIIIti'.< ""~ C'>'T1mod•l••• Heq~iromenul 

A20 A22 All 

Cftt(oq Number Amount Rl!f111irf'<i 
(Expense Item Per Ma~ine Per Minute Units 

Referent) (Amount per Cyclej 

Cl032B 1.7 E - 1 Kt·!. HR. 
El072R 4.5 Ft. 
EG1165D 4.4 E - 1 Units 

PART 6- INTRA-INDUSTRY PRODUCT(S) REQUIRED [Required Productll 

A24 A28 A26 A27 
(Product .. (Yield)* (Ideal R,•tiol .. Of 

Requinement Description 

~!anuf. Space (Type B) 
Semicond. Assember (Elec) 
Elect. lla int. ~\an 

A21 

Re!luireme~t Description 

E:~~-:~·~----------
So~c-:;~ Coated Cu. Strap 
Bus o:srs 

A25 

R1ference] 1%1 Units Out/Units In Units Of A26••• Product Name 

p Cells 98 .0044. {..,\'U:l f !:.:ll 
I 

R.E. Daniel Pr·~·~b, ________________________ __ 

* 100% minus percentage of required product lost. 
**Assume 100% yield here. 

-Examples: Modulu{Cell or Cells/Wafer. 
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SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

FQRMATA 

• 
PROCESS DESCRIPTION 

JIT PaOPl'LSION' LABO&.ATO&Y 
CJrlo..W l•url•,. o' T11b•o:IJI"'1 
411f'lfl 0.-1 Cr-o•• ~.I I'M.Jt-. CaM. 91 IOJ 

A 1 Proc:eu ( Referent)......:P:..:D;.:I:...::..:l:..:O::..:%::..._ ____ _ 

Note: Name> given In brackets ( I 
ere the nameo of proces.s anributn 
requested by the SAMIS Ill 
computer program. 

A2 (OesaiptiveName) Pest Diffusion Inspection, 10% sample rate 

PART 1 -PRODUCT DESCRIPTION 

AJ (Product Referent) _ _:D:.::Sc:L:..:I'--------

A4 Descriptive Name[Product Name) Diffused slice after edge oolish, glass r~oval 

and inspect ion. 

AS Unit Of Measure (Product Unlts]....:!.S~l.:i~c.=e'---------------------------

PART 2- PROCESS CHARACTERISTICS 

A6 

A7 

A8 

(Out;>ut Rate) (Not Thruput) _ _:2.::4~0 ______ _ 

Average Time at Station 
[i'roce ... mg T1me] 

21 

Machine ''Up" Time Fraction __ ..&..!l8"------­
[lha9f' Fraction] 

PART 3- EQUIPMENT COST FACTORS [Machine Description] 

A9 Component (Referent) 
Probe 

A9a Component [Descr~ptive Name] (Optional) 
Glass 

Units (given on line AS) Per O;:>erating Minute 

Calendar Minutes (Used only to compute 
in·proceos inventory) 

Operating Minutes Per Minute 

Removal and 
Ie:;t 

AID Base Year FOr Equipment Price1 [Price Year] l2ZZ 

All Purchas<! Price (S Per Comoonentl (Purchase Cost] l 50000 

Al2 Amici~ted U~ful L1!e (YeJrs) [Uw.ful ufej 

A13 (Salvage Volue) ($.Per Component) 

Al4 [Removal and Installation Coet) ($/Component) 
0 

Note: The SAM IS Ill cpmputer PTOJI'am aJ•o prpmpU for the (payment !loot interval), the (inflation rate table). the 
(equipment tu dtprec:iotion method), and the (equipment book depreciation method). In the LSA SAM ICS context, 
u. 0.0. (19.75, 6.0), ODS, and SL. 
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Fonn.t A: Proceu Description (Continued) 

A15 Proceu Referent (From P•ge 1 Line A1) __;P:..D:..I:....:..:.=l.=O.:.:% _____ _ 

PART 4- DIRECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHIFT (Personnel) 
[Facilities tnd Pe"onnel Requirements] 

l\11i /\111 

Catalog Number 
[Expense Item 

Refe.rent] 

A2080D 

Amount Required 

Per Machine (Per Shift) 
(Amount per Machine) 

2.0 E + 2 

S.8 E - 2 

1\111 

Unitl 

SQ. Ft. 
Prsn. Yrs 
Prsn. Yrs 

PART 6- DIRECT REQUIREMENTS PER MACHINE PER MINUTE 

A17 

Requirement Description 

!-!anuf. Space (Type B) 
Semicond. nSS~"o. (tlcc) 
f.lec.t. ~·~1i.nt. :-tan 

(Byproduct Outpuuj and (Utilities and Commodities Requirements] 
A20 A22 . A23 

"'116g NuM!Ief 
(Expense Item 

Refe;entl 

Cl032B 

Aiiii>unt Hequored 
Per Machine Per Minute 
(Amount per Cycle] 

8.33 E - 2 

Uni!J 

KH. H~. 

A21 

Requirement Description 

r:lect. 

PART 6- INTRA·INDUSTRY PROOUCT(S) REQUIRED (Rec;uir..: ?: ;<!-c:•: 

A24 A28 A26 A27 
[Product (Yield]* (Ideal Ratio]~* Of 
Reference] 1%1 Units O~t/Uniu In Units Of A26"'·· 

Wafer POCL 99.5 1.0 Slice I s' :cc 
I 

~.E. 0dulel ~tpertdby ________________________ ___ 

· * 100 '4 minus percent•ge of required product lost. 
*"* Astume 100~:. yutld her~. 

_. Eumples: Modui.,/Cell or Cells/W•fer. 
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Product II: >me 
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• 

SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

liT P&Ort"L!IOH LA.BO&ATO&Y 
CJtl,_;. hu~•f• ol T,h•olon 
4lllltl O..,j Crou 0.. I ,M..J•-· C.Jr!. 9IIOJ 

FORMAT A 

PROCESS DESCRIPTION 

r 

Note: Names given In brackets ( ] 
ere the names of proceu anributes 
requested by the SAMIS Ill 
computer program. 

A 1 Prooesa (ReferentJ-~H._."..=D~I..o;P _____ _ 

A1. [Oesaiptive Name) _:w.CJ.lw..:l.o;s.o;s.....cR..r;:e.m:~~:wnLJovt.iiaul~-------------------------

PART 1- PROOUCT DESCRIPTlON 

A3 (Product Referen~) ~D"-~"'·:,.._, ... ;,.e.._r ______ _ 

A4 Descriptive Narr.e I Product Na me)_.-J.ID~i.t.f.LflJtJ.SS.ee~du..JJt.aallf~e!.Jr:.._ __________________ ~ 

AS Unit Of Measure [Product Units)_....::...UJ::..c.. ________________________ _ 

PART 2- PROCESS CHARACTERISTICS 

A6 

A7 

AS 

[OutPut Rate) (Not Thruput) __ ...J.J.ll.L------

Averaqe Time 11 Sution 
[Pu .... ;aoiuy Time) 

30 

Machir>e "Up" Time Fraction ___ ._8_5 ______ _ 
[Us,>ge Fraction) 

Unia (given on line AS) Per Operating Minute 

Calendar Minutes IV•ed onlv to compute 
in·proceu inv..,torvl 

Operating Minutes Per Minute 

PART 3- EQUIPMENT f:OST FACTORS [Machine Deocription) 

A9 Component :Referent) Oxstrip 

A9l Component [Descriptive Name) ;Optional) Oxide 
Str 1.p 
StatJ.on 

A10 Base Year F6r Eq4ipment Prices (Price Year! 1977 

A11 1'\lrcha>e Price (S Per Component) (Purchase Coni 80000 

A12 ,Antici~tcd Uoelul life (Years) [Uoeful Life) 7 

Aq !S.Ivage Value)($ Per Component) 0 

A14 (Removal and Installation Cost) ($/Component) 0 

Nate: The SAM IS Ill comPI.It•r program also prompu for the (payment flo.Jt interval). the (inflation rate table). the 
(equipment tax depreciuion method). and the [equipment book depreciation method). In the i..SA SAMICS contut. 
uta 0.0, 11975. 6.Cll. ODB. and SL . 

215 



Format A: Proceu Ducription (Continued) 

A15 Proceu Roferent (From Paqe 1 Uno All _.:.;H~F.=.D.=.I.=.P ______ _ 

PART 4- DIRECT REQUIREMENTS PER MACHINE (F•cilities) OR PER MACHINE PER SHIFT (Personnoll 
[Facilities and Pellonnel Requirements) 

A16 AlB 

Catalog NumbGr 
[Expense Item 

Referent) 

A2080D 
B3096D 
83688 D 

Amount Required 

Per Machine (Per Shift) 
(Amount per Machono) 

·9.6 E + l 

A19 

Units 

SQ. Ft. 
Prsn. Yrs 
Prsn. 'lrs 

PART 5- DIRECT REQUIREMENTS PER MACHINE: PER MINUfE 
(Byproduct Outputs) and (Utolitoes and Commodities ReQuirement>) 

A21.1 A.22 A23 
Catalog Number Amount Required 
[E•pense Item Per Machine Per Minute Units 

Referont) (Amount per Cycle) 

Cl03?.11 5.0 E - l Kl-1. HE 
l;:IJ28D 2.2 E - 2 LBS 
CII44Ei 5.9 E - l Cu, ft 

PART 6- INTRt..-INDUSTRY PRODUCT(S) REQUIRED [Roquired Products) 

A26 

A17 

Requiromont Description 

~~nuf. Space (Type B) 
Se:nicond. -\sss-h ( El ec) 
Elec. :-!aint v:la 

Requirement Descnption 

!:..tee e. 

t.:arcr, De·ion j-Q'il 

A24 
[Product · 
Reference)· 

A28 
(Yield)* 

(%) 
[Ideal Ratio)** Of 

Units O~t/Unots In Units Of A26*** Product Namo 

Cellnoar 99 1.0 Slice I Sl 'cc 
I 

Pnperod by _ __,R-'-'.,_,E.., . ....__,D,a"'n~i~e~l-... _______________ _ 

* 100% minus percentage of required product lou. 
-Assume 100% yield here. 

- Examples: Modules/Cell or Cells/W•fer. 
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Daa ______ _ 



SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

FORMAT A 

• 
PROCESS DESCRIPTION 

lilT raOPt'LSIO!tf LABOa.ATOtY' 
CJ•I~ l•uu•'" o/ T,,lt•olo~ 
,.1MNl 0..6 G'•o•- ~I 'aJ.J,.-. C.Jaf, 91/0J 

A1 Proccsa [Referent! POCL3DEP 

Note: Namn given In brackets ( ] 
are the namn of proceu anributes 
requested by the SAM IS Ill 

. computer program. 

A2 (0MCtiptive Name] PbosQborous Oxychlgrjde Deposit jan and Qjffnsion 

PART 1- PRODUCT DESCRIPTION 

A3 (Product Referent]~u0Jo..CTL.... ___ _ 

M De.criptive Name I Product Name! Pa fer aft e·r POCL:J~-DUl.ift..t.f•u•.s.s~ioann _____________ _ 

AS 
Slice 

Unit Of Measure (Product Uni~<l-----------------------------

PART 2- PROCESS CHARACTERISTICS 

AS (Outpvt Rate( (Not Thruput) 70 

A7 Average Time 11 Sution 60 
(Procn1in~ Tirntl 

A8 Machine ""Up" Time Fraction .94 
I Usage FrAction I 

Units (given on line A 51 Per Oporating Minute 

Calendar Minutes (Used only to compute 
ln'IJruce .. Inventory) 

Operating Minutes·Per Minute 

PART 3- EQUIPMENT COST FACTORS (Machine Description] 

A9 Component [Refe~ntl Fursys Coil in 

A9a Componont !Descriptive Name) (Optional) Furnace Coils 
System Liners 

A10 Bue Year For Equipment Price1 (Price Yoarl 1977 1977 

A11 Purd>ase Price ($ Per Component) (Purchase C01tl 92600 13600 

A12 Anticipated Useful life (Years) (Useful Life) 7 7 

A13 (S.Iva90 Value]($ Per Component) 0 0 

A14 (Removal and Installation Cost) ($/Component) 0 0 

Note:· The SAM IS Ill cO<T>puter pr09nm aha prompt.s for the (payment ll~t Interval], the (infl•tian rate uble], the 
(equipment tu depreciuion method),and the (equipment book depreciation method(. In the LSA SAMICS context. 
1a1 0.0, (1975, 6.0), DDB, and SL. 
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Fann1t A: Proceu Description (Continued) 

POCL3DEP 
A15 Process Referent (From Page 1 Line AU----------

PART 4- DIRECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHIFT (Personnel) 
[FICiliti"' and Pel'>onnel Requiremenu) 

A16 A18 A19 A17 
Cltllog Number 

IE•pen•e Item 
Referent) 

A2080D 
BJ096D 
11:!0880 

51064 0 

Amoum Required 
Per Machine (Per Shift) 
)Amount per Machine) 
4.5 E + 2 

r.o E - 1 

Unia 

SQ. Ft. 
Prsn. Yrs 

PART 5- DIRECT REQUIREMENTS PER MACHINE PER MINUTE 

Requirement o .. criptlon 

Hanuf. Space (Type B) 
SemitOnd. Assemb. (Elec) 

Elect 'fa jot 'fan 
Gen Assem? (ilea) 

(Byproduct OutpuuJ and (Utilitiu and Commodit•es Requirements) 
A20 A22 A23 

Cltllog Number Amount Reoulred 
[E•pense Item Per Machine Per Minute Uniu 

nt~~ot;l!J (A{•-•Uu•il ...,;.· Grclc) 

Cl032B 1.402 E - 1 K"'l H~ 
E1)04D 4. 54 E - J I 'IS 
EI416D 4.69 Cq t't 

£I44!!o 1.158 E - 1 Cq ':'t 

PART 6 -INTRA-INDUSTRY PROOUCTISl REQUIRED [Required ProducB[ 

A24 A28 A26 A27 
IProd11~. IYiell!l* !Ideal A.~tiol** Of 

A21 

Requirement o .. criptioo 

POCLJ, Phosphorous O:"·chlor ide 
.•itrogen Gas, i:e; 
Pre-Purified 
Oxygen Gas 

A25 

Referenco) (%) Unin Out/Units In Units Of A26*** Product Nome 

CLNl~F,-1 -..1.2.:2... 1.0 Sl lee I Slice 
I 

~paredby __ ~Ru·~Eu-~P~aun~iue~l~-----------------

* 100% minus percentage of required product lost. 
-Assume 100% yield here. 
**"* EX1mples: Modules/Cell or Cells/Wafer. 
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Clean l~afer 

Detll _______ _ 



SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

FORMAT A 

PROCESS DESCRIPTION 

A1 Process [Referenti=E.=.t~c.!.lh~W""a.J.f.s;e'-'r ____ _ 

Note: Names given In brackets [ I 
.,. the names of proceu.attributes 
requested by the SAMIS 11.1. 
computer program. 

A2 [OHCriptive Name( S'odjpm hydroxide wafer etch 5 mjl slside 

PART 1- PRODUCT DESCRIPTIO>~ 

A3 (Product Referent(......JE"--'~~'a"-f"-e!;;J..r _____ _ 

AS· Unit Of. Measure (Product Unitsi_...:..J~:.e..-------------------------

PART 2- PROCESS CHARACTERISTICS 

A6 

A7 

AS 

(Output Rate! (Not Thruput) _......Jil.IJ. ______ _ 

Average nme u Station 
[Proc:eWng Tome) 
Machine "Up" Time Fraction __ ·.:.9.:.5 _______ _ 
(Usage Fraction; 

PART 3- EQUIPMENT COST FACTORS (Machine Desctipuon) 

A9 Component·( Referent( E\·L\F 

A9a Component (Descriptive Name) (Optional! ~:AOH 

t\aL er 

Units (given on line AS) Per Operating Minute 

Calendar Minutes (Used only to corr.:>ute 
in-process inventory! 

Operating Minutes Per Minute 

c. tel. 
~ystt.::!m 

A10 Bue Year For Equipment Pri~ [Price Year) 1978 

A11 Purchase Price ($ Per CJmponent) [Purc:l'lase Ce>t) 10000 

A12 Antici~ted Useful Life (Years) [Useful Life] 

A13 (SAlvage Value)($ Per Component) 2000 

A14 (Removal and lns.tallation Cost( ($/Component( 300 

Note: The SAM IS Ill computer program allo promPts for the (payment flo.ot interval), the [inflation rate table!. the 
(equipment t,. d•preciation method), and the [equipment book depreciation method). In the LSA SAMICS context, 
...,. 0.0. (1975, 6.0), 008, and SL. 
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Format A: Proceu Description (Continued) 

A15 Proau Referent (From Page 1 Line .All Etch IJafer 

PART 4- DIRECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHIFT (Personnel) 
(Facilities and Penonnel Requirements) 

A16 A18 

C.t<~IO\j Number 
[Expense Item 

Referent) 
A2064D 

B3064D 
537360 

Amount Required 
Per Machine (Per Shift) 
(Amount per Machine) 

1.0 E + 2 

E - 1 

A19 

Uniu 

SQ. Ft. 
Prsn. Yrs 

PART 5- DIRECT REOUIRE~.IENTS PER MACHII;E PER MINUTE 

A17 

Requirement Description 

'ianqf 5"'3CP 

Gen. Asc:exb (Flee) 
'!a lpt ''ecb IT 

(Byproduct Outpu"l and [UtilitieS and Commodotoes ReQ;Jirementsl 

A20 .4,22 1\23 A21 
Catalog Number Amount Required 
itxpen!e lte~ l'el ~lachme Per Monute Units Requirement De>eroption 

Referent) [Amount per Cycle) 

Cl032B 8.35 E - -1 KH uo Flee. 
Cll44D 3.5 E - 4 .. ~·ia ter-De ionized 
El6UOD 2. 05 E - 2 ISS Sodium Hydroxide 

PART 6- IIITRA·INOU5TRY PRODUCT IS) REOU:RED (C'equired P,od,ct<) 

A24 AZ!l A2G A27 
(Product [Yield)* [Ideal f\atool'' Of 
Reference) (%) Units Out/Unots In Units Of A26*** 

J>l~af "r 99 1.0 S1 icc I Sl j .- ..... 
I 

he~r~bY----~R~E~~D~a~n~i~e~1-----------------------------------

• 100% minus percentage of required product lost. 
-Assume 100% yield here . 

....., Eumples: Modules/Cell or Cells/Wafer. 
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A25 

Product Name 

Purch.:l5cd I< at er 

Daa ______________ __ 



• 

A1 

SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

FORMAT A 

PROCESS DESCRIPTION 

Ionimplpj 
Proc:eu (Referent)------'-----

Note: NamM given In brackets ( J 
are the names of proceu anributes 
,.quested by the SAM I 5 Ill 
computer program. 

Ion Implantation: Phosphorous, 2E 15, 10 Kev, 
(Descriptive Name)-----'---------=------'--'-''---'-----------------

Junction side 

PART 1 -PRODUCT DESCRIPTION 

A3 (Product Referent) ~·~-~a_f_e_r ____ _ 

A4 Ion It:~planted l{afer Descriptive Name (Product NameJ ___ __:. _______________________ _ 

.A5 Slice 
Unit Of Mc;osure (Product Units)-----------------------------

PART 2- PROCESS CHARACTERISTICS 

A6 

A7 

AS 

IOutWt Rate) (Not Thruput) ___ 1_5_0 ___ --.,-__ 

Average Time at Station 
(Processing Time I 

45 

Machine ''Up" Time Fraction ___ ._s_s ______ _ 
(Usage Fraction! 

Units (given on line AS) Per Opera:ing Minute 

~lendar Minute< (Used only to compute 
in-process inventory) 

Operating Minute< Per Minute 

PART 3- EQUIPMENT COST FACTORS (Machine Oe.cription) 

A9 Component (Referent! EXIliPL_l' __ 

A9a Component [D•scriptive Name) (Optional) Extr ion 
Ion 
Iiiipianter 

A10 Base Year Fci<' Equipment Prices (Price Year! 1980 

A11 Purdlase Price ($Per Component) (Purch- Co.t) 200000 

A12 Antici~ted Us.eful Life (Years) (Useful Life! 7 

A13 (S.Ivaf7- Value!($ Per Component) 40000 

A14 (Remon! and Installation Cost I ($/Component) 6000 

Note: The SAM IS Ill computer proqram aloo promPtS for the (payment float interval), the (inflation rate table), the· 
(equipment tax depreciation method), and the (equipment book depreciation method). In the LSA SAM ICS context, 
..,_ 0.0. 11975, 6.01, ;)DB, and SL. 
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Fonn.t A: Prcxeu Description (Continued) 

Ionimplpj 
A 15 Process Referent (From Page 1 Line A 1) ------,-----

PART 4- DIRECT REQUIREMENTS PER MACHINE (Ficiiities) OR PER MACHINE PER SHIFT (Penonnell 
(F.cilities and Personnel Aequiremenu) 

A16 All 

Cltalog Number 
(Expense Item 

Referent I 

A2064D 
B3672D 
B3688!l 

Amourn Required 
Per Machine (Per Shift) 
(Amount per MachineJ 

450 
1.0. 

1 

Ali 

Units 

SQ. Ft. 
Prsn; Yrs 
Pr~n. Yrs 

PART 5- DIRECT REQUIREMENTS PER MACHINE PEA MINUTE 

A17 

Requirement Description 

~tinuf. Space (Type .\) 
Chern. Op •. II 
Elect. :Ia int, !San 

·(Byproduct Outputs) and (Utilities and Commod1ties R~uirementsJ 
A20 A22 A23 A21 

Catalog Number Arii6unt Hequ~red 
(Expense Item Per Machine Per Minute. Units Requirement DHCription 

Referent! (Amount per Cycle) 
Cl0~2S 5.0 E - 1 KW. HR. Elec. 

~IOiHHl 2.2S E - z Cu <'t ~itrogen. Liquid 

~~H~So Cu '='t. 
I.SS E - 5 Cu Et, 

1-:ater. Cooling 
· P ho s ph in ~__,C::;;a:..:.s:.._ ___ ...... 

PARTS- INTRA-INDUSTRY PRODUCT(S) ~EOUIAED (Required Product•l 

A24 A28 A26 A27 A25 
(PrOduct [YielcW [Ideal f\atiol,... Of 
Re!erenceJ (%) Units Out/Units In Units 01 A26""" Product Name 

Etched Hafer 
E il'a.: e;c 

99 1.0 Slice I Slice 

I 

R.lL Daniel 
~r~bY----------------------------~-- Data _________ ~ 

* 100% minus percentage of required prod11ct lost. 
- Aasuma 100% yield hera . 
.-Examples: Modules/Cell .or Cells/Wafer. 
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AI 

SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

FORMAT A 

PROCESS DESCRIPTION 

Procea I RelerentJ_4_H_r;...· _. _An_n_ea_l __ _ 

Note: Names given In bracken I I 
are the name> of proceu anributet 

:. requeued by tt>e. SAM IS Ill 
computer program. 

Al !Descriptive Name) 4· .Hour furnace anneal 

PART 1 -PRODUCT DESCRIPTiON 

A3 (Product Referent) __ D_h_'a_f_e_r ____ _ 

Descriptive Name (Product N•me) __ D_i_f_f_u_s_e_d_W_a_f e_r ___________________ _ 

A5 Slice 
Unit Of Meaoure (Product Unitsl-----------------------------

PART 2- PROCESS CHARACTERISTICS 

A6 

A7 

A8 

(OutpUt Rate) (Not Thruput) ___ l_S_o _____ _ 

Aver1t911 Time at Sution 
(Processing Time) 

240 

Machine "Up" Time Fraction _;_____;•:...;9:..;5;.._ ____ _ 
I Usage Fraction I 

Units (given on line ASI Per Operating Minute 

Calendar Minute! IU1e<l onlv to ~omP\Jte 
in"l)rocO'SI inventory l 

Operating Minutes Per Minute 

PART 3- EQUIPMENT COST FACTORS [Machine Description) 

A9 Component (Referent) Furnace 

A9a Component (Descriptive Name) (Optional) Anneal 
Furnace 

A10 s- Year For Equipment Prices [Price Year) l9SO 

A11 Purdlaoe Price ($ Per Component I [Purchase Cost) 150000 

A12 Anticip.lled Useful Life (Yearsl [Useful Life) "7 

A13 (Sal-fage Value)($ Per Component! 30000 

A14 (Removal and lnsullation Cost I ($/Component! 4500 

Note: The SAM IS Ill computer program &110 prompU lor tt>e (payment float interval), tt>e (inflation rate U!lle], the· 
(equipment ux depreciation method) .• and the (equipment book depreci•tion method). In the LSA SAMICS context, 
~ 0.0, (1975, 6.01, DDB. and SL. 
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Fonnat A: Proceu Description (Continued) 

A15 Process Referent (From Page 1 Line A 1) __ 4_n_r_._An_n_ea_l __ _ 

PART 4- DIRECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHIFT (Penonnel) 
[F~eilities arld Penonnel Requiremenu) 

A16 A18 

C.tllog Number 
[Expense llem 

Referent) 

A2064D 
830640 
B3?36D 

Amount Required 

Per Machine (Per Shifl) 
(Amount per Machine) 

?400 

- ? 

A19 

Unitl 

SQ Ft 

Prsn Yrs 
Or so Vr s 

PART 5- DIRECT REQUIREMENTS PER MACHINE PER MINUTE 
(Byproduct OutputS) •nci (Litilotoes and Commodotoes Hequorementsl 

A20 A22 A2J 
c.talog Nu"'b.r 
(E~pense Item 

Referent) 

Cl0323 
E14ldl -rrmo __ _ 

Amount Required 
Per Machine Per Minute 
(Amount per Cycle) 

3.33 E - 1 

Units 

K'..l. liR. 
Cu. Ft. 
Cu. Ft. 

PART 6- INTRA-INDUSTRY PRODUCT(S) REQUIRED (Required Product<) 

A24 A2B A26 A27 
(Product (Yield)* (Ideal R.atio).-. Of 

A17 

Requirement D .. criPtion 

Manuf. Space(Type A) 
Gen. Asst::;nb. 
.ioi.lJ.nC. :t~c.n. 1 

A21 

Requirement Description 

Elec. 
~itr0:;en Gas 
Cvol in~ -t·.".J.ter 

A25 

Rtfwrenc.) (%) Units 0Yt/Uniu In Unill Of A26*** PrQd~Name 

cr.:: ~<? ·1 99 1.0 Slice I Slice 

I 

~~by ___ R_._E~._D_a_n_i_e_l ________________________________ __ 

• 100'4 minus percentage of required product lost. 
-Assume 100% yield here. 

***Examples: Modules/Cell· or Cells/Wafer. 
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Clean Wafer 

0·~--------------



• 

A1 

A2 

SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

FORMAT A 

PROCESS DESCRIPTION 

Process (Referent 1-D.Ri.lo..cr.on.on.od.t:e:.j:pL-___ _ 

Note: Nemes given In brackets ( ) 
are the nemeo of proceu attributes 
..-quested by the SAM IS Ill 
computer program. 

Boron Deposition Back of Hafer 
!Descriptive NameJ _____ .:_ ___ __.:..=..::..:..:..----------------------

PART 1- PRODUCT DESCRIP"!"ION 

A3 
l<afer BD 

(Product Referentl----------

Oesc:riptive Name (Product NameJ_~_·a_f_e_r..;., _B_o_r_o_n_G_1_a_s_s_D-'e...:pc_o_s_it_ed_o_n_B_a_c_:t ________ _ 

A5 511ce 
Unit Of Me~ure (Product Unitsl-----------------------------

PART 2- PROCESS CHARACTERISTICS 

A6 

A7 

AS 

(OutpUt Rate! (Not Thruput) ___ 2_7_3 _____ _ 

Average Time It Station 
(Processing Time! 

30 

Machine ··up·· :rime Fraction __ ._9_5 ______ _ 

[Uuge Fraction! 

Units (given on line AS) Per Operating Minute 

C:.l~ndar Minutes (Used only to compute 
in-process inventory; 

Operating Minute> Per Minute 

PART J- EQUIPMENT COST FACTORS (Machine Descrop!onnl 

A9 Component iReferentl !h,nid 

A9a Component (Descriptive Name! (Optional) Boron 
i\itr ide 
System 

A10 s- Year For Equipment Prices (Price Year! 1980 

A11 Purchase Price ($ Per Component) (Purchase Cost! 330000 

A12 Anticipated u .. ful Life. (Years) [ Userul Life) 7 

A13 (S.I•69" Value!($ Per Component) 66000 

A14 (Removal ond lnrtallotion Cost I ($/Component) 10000 

Note: The SAM IS Ill computer program &lao prompu for the (payment flc.t interval). the (inflation rate Uble). the· 
[equipment tax depreciation method I . and the (equipment book depreciotion method). In the LSA SAM ICS context. 
uie 0.0, (197S, 6.0), ODS. and SL. . 
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ForTNt A: Proceu Description (Continued) 

A15 Prooea Referent (From Page 1 Line A1l _B_o __ ro_n..;,;;cd.:.e;:.p ____ _ 

PART 4- DIRECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHIFT (Penonnel) 
(Facilities and Penonnel Requirements} 

A16 A18 

Caalog Number 
(Expense Item 

Referent} 
A2080D 
ti)OMD 

Amourft RcquiM 
Per Machine (Per Shift) 
[Amount per Machine} 
1560 

A19 

Units 

SQ. Ft. 
Prsn. 'l'rs 
Prsn. irs 

------· --.... 

PART 5- DIRECT REQUIREMENTS PER MACHINE PER MINUTE 
(Byproduct Outputs} and [Utilities and Commodities Requirements} 

A20 A22 A23 
Catilog Number Amount Required 
(Expense item Per Machine Per Minute Ul'lots 

Referent} [Amount per Cycle} 
Cl032B 2.1 E - 1 Y.W. HR. 
EIH!iri 29.3 Cu. Ft. 
EC:II44!i ,.JO E - 2 Cu. Ft. 
El::II2IIl I. E - 2 Boat. 
£Cl59lD E - 2 t;af er 

PART 6 -INTRA-INDUSTRY PROOUCT(3) RECUIRCD if1equirod Product>} 

A24 A28 A2C ~7 
[Produc:t [Yield!* [Ideal ~atiolu Of 

A17 

Requirement·D.,crip!lon 

Hanuf. Space (Type B) 
t,en. Assemo. 
them. Op u 

A21 

H6(1Uirement OescriiJtloo 

Elec. 

i1·;c!r0g en C..:~ s 
Bo<~ t;; r;<i!:: a::1 ic 

Boron ::.:.dride Scur~e 
Hafers· 

Reference} (%) Units Out/Units In Units Of A2&••* Produc:t Name 

Clnw!-1 CJ9 1.0 !:lli.:.~ 1 f. lice 
I 

~~r~by __ ~R~·~E~·~D~AN~I~E~L-------------------------

• 100% minus percentage of required product lost. 
-Assume 100% yield here. 
***Examples: Modulet/Cell or Cells/Wafer. 
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Clean H.:1fcr 

Oea ___________ _ 



AI 

A2 

SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

FORMAT A 

PROCESS DESCRIPTION. 

Procea (Referent] 
900 Degdif 

. Note: Names given In brackets I I 
are !he name> of proceu attributes 
reques~ by the SAMIS Ill 
computer program. 

.900 C Degree Diffusion For Half-Hour 
(Descriptive Name) _____ _:~-----------~:..:..~-----------

PART 1- PRODUCT DESCF;t;'TI0:\1 

A3 I Product Referent J _ _.,J)"'w..,A.._fE,._• ~R.'l~C..__ ___ _ 

A4 Descriptive Name [Product Name) __ D~i_f_f_u_s_e_d_l~_a_f_e_r__:_, _N_·o_t_C_l..,e.::.a.::.n:.:e_d ____________ _ 

AS 
slices 

Unit Of Measu~ (Product Unitsl-----------------------------

PART 2- PROCESS CHARACTERISTICS 

A& 

A7 

A8 

(Output Rare) (Not Thruput) ___ 7_0 _____ _ 

Average Time at Station 
(Pr~ng Time) 

MachiM "l_lp" Tim• Frartinn 
(Usage Fraction) 

30 

.94 

Unitl (given on line ASJ Per Operating Minute 

C.lendar Minutes (Used only to compute 
in-proceu inventory) 

OP<lr•ting Minutes Per Minute 

PART 3- EQUIPMENT COST FACTORS [M•chine Description) 

A9 Component [Referent) Furs~s Coil in 

A9a Component [Oescroptive Name) (Optionil) !'urn ace Coils 
System Liners 

A10 Base Year For Equipment Prices (Price Year) 1977 1977 

A11 Purchase Price ($ Per Component) (Purchase Con) 92600 13600 

A12 Anticipated Useful Life (Years) (Useful Life) 7 4 

All (S.Inge Value)($ Per Component) 18500 0 

A14 (RemOYal and lnsullation Cost I IS/Component) 3000 500 

Note: The SAM IS Ill computer proc¥•m also prompu for the (payment float inter. all. the (inflation rite ta~le). the 
(equipment tu depreciation method I . •nd the (equipment bouk deprecinion mnhod]. In the LSA SAM ICS context. 
u. 0.0, (1975. 6.0), 008, and SL. 
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Fonnu A: Procen Description (Continued) 

A16 Proceu Ref~rent (From Page 1 Line A 1) __ .:.9.:.0.:.0-=D.:.e:cg..::dc::i:::f __ _ 

PART 4- DIRECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHIFT (Personnel) 
(Facilitiet and Penonnel Requireme:'lts) 

A16 A18 

C.Uiog Number 
(Expense Item 

Referent) 
A2030D 
11309!10 

B3688p 
BJ064D 

Amount Required 

Per Machine (Per Shift) 
(Amount per Machine) 
450 

£ - 1 

A19 

Units 

SQ. Ft. 
Prsn. Yrs·-

~ART 5- DIRECT REQUIREMENTS PER MACHINE PER MINUTE 
(Byproduct Outputs) and (Ut•lit••• and Commodities Requirements! 

A20 A~'J. A23 
Catalog Number 
(Expense Item 

Referent) 

ClOJ28 
t1416o 

Amount Required 
Per Machine Per M:nute 
(Amount per CycteJ 

1. 4 E --=----
4.69 

Units 

Kl-1 ll'l 
Cy. "L 

PART 6- I~TAA·I~;QUSTRY PROOU:T~:; RECU!REO ine~uired Prtr."~H) 

A24 A28 A26 A27 
(Product (Yield)* (Ideal R.otioJ•• Of 

A17 

Requirement Detcription 

~-2nuf. Space (Irpe B) 
Semicond. -\ssemb 
Elec. '!aint 
Gen. Assemb (Flee) 

A21 

Requirement Description 

Elec. 

A25 

llelererouj (o/ol Units Out/Units In Units Of A26 .. * Product Name 

l~afer !10 99.5 l. JJ 

._ R.E. Daniel 
,......pered by · 

" 100% minus percentage of required product lost. 
-Assume 100% yield here. 
,_Examples: Modules/Cell or Cells/Wafer. 
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S!is:s: I SJ j(i' 
I 

'.Ja~ er, Bore g. 

r:Jass Deposited 
go Rae k 

Date ______ _ 



• 

SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

JIT raort·LSIO~ LAIIOL\TOaY 
CJolo~W '•""•:• of T~e~ .. ,J,n 
.;AM O.t G'ro•• ~I ,~.Jr-. c..;.t 91ZOJ 

FORMAT A 

PROCESS DESCRIPTION 

Note: Namet given In brackets ( I 
,,. d'oe namet of proceu anributes 
requested by ltle SAM IS Ill 
computer program. 

At Process (Rrlerent) Glass Rem 
Glass Removal 

A2 (Descriptive Name)----------------------------------

PART 1- PRODUCT DESCR•?T:(lN 

A3 I Product Referent 1 --"'D~. -'-'l.'..,a..,.f_,e"'r ____ _ 

A4 
Diffused l~afer 

Descriptive II; a me [Product N•mel----------------------------

AS 
Slices 

Unit Of Me~ure (Product Unitsl-----------------------------

PART 2- PROCESS CHARACTERISTICS 

A6 

/11..7 

(Output Rate) (Not Thn.oputl __ 10_0 ______ _ 

Awer;t~l)& Tim• •t ~~~~ifVl 
(Proceuing Time) 

30 

Machine .. Up .. Time Fraction __ . B_S _______ _ 

I Usage Fraction I 
PART 3- EQUIPMENT COST FACTORS (M•chine Description) 

Units (given on line AS! Per Operating Minute 

f'"'.alllrvtar MinutP.' (lh.PC1 nnly tn r.nmnutP. 
in·procHS inventory) 

Operating Minute> Per Minute 

A9 Com~nt !Referent( Oxstr ip 

A9l Component (Descriptive Name)(Optionall Oxide 
Stn.p 
Stat 1.on 

A 10 Base Year Foi Equipment Pricet (Price Year! 1977 

A11 l'llrchase Price ($ Per Component) (Purc:h~e Cost) 80000 

A12 Anticipoted Useful Life (Years) (Useful Life! 7 

A13 (Salvage Value)($ Per Component) 16000 

A14 (Removal and lnsullation Cost) IS/Component! 2400 

Note: The SAM IS Ill computer program also prompu for ltle (payment float interval], the (inflation rite t.::~le], the 
(equ~t tax depreciation method), and the (equipment book depreciation matnod). In d'oe LSA SAM ICS context, 
u. 0.0, (1S75, 6.0), 008, and SL. 
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Format A: Proceu Oe~cription (Continued) 

A15 Procea Referent (From Pa~ 1 Line A1) Glass Rem 

PART 4- DIRECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHIFT (Porsonnel) 
[Focilities and Penonnel ReQuirements) 

A16 AlB 

Catalog Number 
[Expen•e Item 

Referent) 
A2080D 

B3096P 
B3688D 

Amount Re<;ulred 

Per Machine (Per Shift) 
[Amount per Machine) 

96 

A19 

UnitJ 

SQ. Ft. 
Prsn. Yrs 

PART 5- DIRECT REQUIREMEtiTS PER MACHINE PER MINUTE 
(Byproduct OutpuuJ •n<J !U:oli tie• and Commoditie• Requirements) 

A20 A22 A23 
Catalog Number Amount Required 
(Fxr>on•• llr.m PP.r M.:.rhinP PPr Minut• linin 

Referent) (Amcunt per Cycle) 

Cl032B .5 !::.J H~ 
EI328!l 2.2 £ LBS 
!:II44D .59 Cu. "t 

PART 6- INTRA·INDUSTRY PROOUCT(Sl REQUIRED [ReQuired Products) 

A26. A27 

A17 

Requirement o .. c:ription 

~~nuf. Space (Type B) 
Semicond. Assemh 
Elec. "iaiot Han 

A21 

c l. livdrof luric 

tJa t er, De ioQ iz gQ 

A25 A24 
(Product 
Re!erenc.2~ 

A28 
(v;.:nl" 

1;(.1 

(l<:teal R,atioj•• Of 
Units Out/Uniu In Uniu Of A26*** Product Name 

[l\-1,\FER::r. l.O 

~peredby ____ ~R~·~E~·~D·~3n~ie~l------------------------~~----

* 100% minus percentage of required product lo•t. 
,.. Assume 100% yield here . 

....,. Examples: Modlii~•/Cell or Cells/Wafer. 
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SOLAR ARRAY MANUFACTURING I~DUSTRY COSTING STANDARDS 

FORMAT A 

P.ROCESS DESCRIPTION 

( 
A 1 Process (Referent!.....;.· Co=n:.:.g ... r=-d=-----'-----

Note: Names given In brackets I I 
,,. the nan1es of procei.s attributes 
rwquested by the SAMIS Ill 
computor program. 

Al (Descriptive Name! Contact Grid on Back of Hafer 

PART 1- PRODUCT DESCRIPT•O~l 

A3 I Product Referent} D \·!afer ll:w 

A4 Descriptive Name(Product ~~ame} Diffused Hafer (11th Back Contact 

AS Unit Of Measure (Product Unit.f__,.S_,.l_.i_,c_,e~-------------------------

PART 2- PROCESS CHAfiACTERISTICS 

A6 

A7 

AB 

[Output Rate! (Not Thruput) -----'=-----

Average Time ot Station 
[Prooeuing Timo! 

Machine "Up" Time Fraction __ __,_. ~9~"-----­
(U.age Fraction! 

PART 3- EQUIPMENT COST FACTORS IM•chine Description! 

A9 Component !Referent} Spag 

A9a Component IDe.criptive Name} (Optional) Screen 
Pr l.l1ter 

A10 Bue Year For E~uipment Prices [Price Year) 1979 

A11 Purchine Price ($Per Ccmpon<nt) IP\'rchase Cost) 62000 

A12 Anticipated U>eful L.!e (Years) [U>elul Life) 7 

A13 [~lvage Value}($ Per Component) 12520 

A14 [Removal and Installation Cost} IS/Component) 2500 

Units (given on line AS) Per Operating Minute 

Calendar Minut~s (Used only to compute 
in.f1rnt:l'<S inv•ntnryl 

Operating Minutes Per Minute 

Note: The SAM IS Ill computer program aho prompu f01 the (payment float intervll). lhe [inflation rate Ublel. the 
(equipment tn deprecoation method(, and the (oquipment book depreciation method}. In the LSA SAMICS context, 
uoe 0.0. (1975, 6.01, DDB, and SL 
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Form1t A:.Proceu Description (Continued) 

A15 Proceu Referent (From Paqe 1 Line A 1) _.;:C.::o.:..;n:cg.:.r.;::d'-------

PART 4- DIRECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHIFT (Penonnell 
(Facilities and Personnel P.eQuiremenul 

A16 A18 
Cal.llog Number 

(Expense Item 
Referent) 

A2064D 

fl3688D 
B3064D 
537360 

Amount Required 
Per Machine (Per Snif1) 
[Amount per Machine) 
500 

A19 

Unitt 

SQ. Ft. 
Prsn. Yrs 

. PART 5- DIRECT REQUIREMENTS PER MACHit~;E PER MINUTE 

A17 

l!anuf. Space (Type B) 

Elec ~.fa jn t ••a a 
Gee Assemh ("h•£) 
~ta 10 t Vpct1 I 

(Byproduct OutpuB) and (Utilit•es and CCYnmodities Requirements! 
11.20 i\ii A2J A21 

Catalog Number Amount Required 
[Expe"'e Item Per Machine Per Minute UniU Requirement Descrip:ioro 

R~fer~n•l I Amount no>r l.ycloj 
CI032B 1. 94 E - 2 Kl.J IIR 
EHi~4o 4.8 E - 2 Sgueeoes 
~cinoo J.u72 E 4 

Elec. 
Squeeges 
Tuluene In;.; Sol·:ent 

El696o I;, 37 E - 2 Do ll<lrs Thermo couple 
--nnti4o 2. 1.5 Grams 

EI576!i 3 E - 3 s~--z::eec s 

Paste, Silver SO% 
Screen 

PART 6- INTRA·INDUSTRY PRODUCT($) REQUIRED [Required Product.) 

A24 A28 A26 A27 A25 
!Product (Yield)• (Ideal R,ar iol** Of 
ileference) (~) Units Out/Units In Units 01 A26**" Product Neme 

D Waf~r 99 1.0 Slice I Sl j ce 
I 
I 

~~r~by __ ~R~·~E~,~Da~n~i~e~l ___________________ _ 

* 100~. minu1 percentage of required product lost. 

*'* Alsume 100 o/, yield here. 
_..Examples: Module~/Cell or Cells/Wafer. 
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SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

FORMAT A 

• 
PROCESS DESCRIPTION 

A1 
Ionimplbb 

Proceu [Referent)----------

Nott: Names gl•en in brac~ets ( ) 
11'1 the nam~ of oroceu anribute1 
requested by the SAM IS Ill 
computer program. 

A2 (Oeocripti•eNome) Ion Implantation: Boron, 2E 15, 10 Kev, !lack: side 

PART 1- PRODUCT DESCRIPTION 

A3 (Product Referent) _H_a_f_e_r_I_B _____ _ 

A4 
Wafer, Implanted Back 

De.cripti•e Name I Product Namel-------"----------------------

AS Slice 
Unit Of Mea<ure {Product U"its] -----------------------------

PART 2- PROCESS CHARACTERISTICS 

A6 (Output Rate] (Not Thruput) ___ 1_5_0 _____ _ 

A7 A•erage Time at Sution 
[f'r~nglunei 

45 

AB Machine .. Up .. Time Fraction ___ ._s_s ______ _ 
(lkage Fraction] 

PART 3- EQUIPMENT COST FACTORS (Machine Oe•cription] 

A9 ComPQnent {Referent] Eximpld 

A9a Component !De•cripti•e Name](Optional) Extrion 
Ion 

Units (gi•en on line AS) Per Operating Minute 

Calendar Minut .. (Use<;! Qnly \0 ~QmPYte 
in-prOC"e"SS inventory) 

Operating Minutes Per Minute 

Implanter 

A 10 Base Year For Equipment Price> (Price Year) 1980 

A 11 Purchase Price ($ Per Component) {Purchase C:O.tl 2:..;0:.;0:.;0:..;0:.;0 ___ _ 

A12 Antici~ted Useful Lofe (Years) [Useful U~l 

A13 (S.Ivage Value(($ Per Component) 40000 

A14 (RemOYal and lnsullation CostiiS/Companentl 6000 

Note: The SAM IS Ill computer program o!so orompu for tt>c (paym•nt float intental]. the [inflation rate uble). the 
(equipment tn depreciation method). and the [equiQr.leolt book depreciation method). In the LSA SAMICS context. 
uw 0.0. (1975. 6.0). 008. ond SL.. 
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fCHmlt A: Proceu Description (Continued) 

A15 Process Referent (From Page 1 line A1) __ I"'"o'-'n-"i"'-m""p-=1'-=b-=b'-----

P~RT 4- DIRECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHIFT (Personnel) 
(facilities and Personnel Requirements) 

A16 A18 

Cltalog Number 
[Expense Item 

Referent) 

A201;4 D 
B3672p 
a16asn 

Amount Required 

Per Machine (Per Skiftl 
[Amount per Machine) 

450 

A19 

Units 

SQ. Ft. 
Prsn. Yrs 

PART 5- DIRECT REQUIREMENTS PER MACHINE PER MINUTE 

A17 

Requirement Detcriptloil 

~nuf. Space (Type A) 

Chem Op~~----------
Elec 'faint Nag 

[Byproduct Outputs) and (Utilities and Commodities Requirements) 

A20 A22 A23 A21 
Catalog Number Amount Required 
llixpense Item l'er Machine Per Minute Units Require:-nent Description 

Referent) (Amount per Cycle) 

Cl032B 5 E - 1 m HR Elec. 
--~:ltro~en, [iquio ----C1080D 2.25 E - 2 Cn r.c 

Cll28D 2-67 C11 t't .\at er-(.:o 01. ir.;; 
EH1124D 1.55 E - 6 Cu r.t iloron Triflouride r.~ 

PART 6 -INTRA-INDUSTRY PRODUCT(S) REQUIRED [Rec~ired Product<) 

A24 
[Product 
Reference) 

IF Wa.C"r 

~0 

[Yield)* 
(%) 

99 

A2G 
[Ideal Ratio)** Of 

Units O~t/Units In 

LO 

Units Of A26 * ** 

Slice I SJ ire 
I 

Prtp.red by------------------------

• 100% minus percentage of required product lost. 
**Assume 100% yield here. 

***Examples: Modules/Cell or Cells/Wafer. 

234 

Product Name 

Dot.------------



A1 

A2 

SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

FORMAT A 

PROCESS DESCRIPTION 

Test 
PtOCIISI (Referent I----------

Note: Names gl'il!n In brackets ( I 
U'l the nam«< of process anributes 

. requested by the SAMIS Ill 
computer program. 

ID~iptiveName) ___ T_e_s_t~C_e_1_1 __________________________________________________ ___ 

PART 1- PRODUCT UtSl;HIPYiON 

A3 I Product Referent]_P_c_e_1_1_s ______ _ 

M Descriptive N•me [Product Name)_...;T:...;e:...;s:...;t:...;e::;d:_C::.e::.1::.1::.._ ____________________ _ 

AS Unit Of Measure [Product Units) -~C...;e_1:...;1:._ _______________________ _ 

PART 2- PROCESS CHARACTERISTICS 

A6 (Output Rate) (Not Thruput) 60 

A7 Average Time 11 Station .017 
[Processing Time I 

A8 Machine "Up'' f1me Frac:ricn .9'i 
I Usage F r act.i on I 

PART 3- EQUIPMENT COST FACTORS [Machine Oescriplion) 

A9 Component'[ Referent) Tester 

A9a Component [De«:riptive Name) (Optional) S iltec 
l~af er 
Sorter 

A10 Base Yeor For Equipment Prien (Price Year) 1976 

A11 Purchase Price ($Per Compenent) (Purcnase Cost) 80000 

A12 Antici~ted Useful Life (Years) (Useful Life] 7 

A13 (S.Ivage Value)($ Per Component) 16000 

A14 (Removal 1nd Installation Cost) ($/Component) 2400 

Units (given on line AS) Per Operating IAinute 

Calendar Minutes (Used only to compute 
in1>roceu inventory) 

Operating Minu!P< PP.r Minute 

Note: The SAM IS Ill computer program &lao prompu for the (payment float interv•l]. the [inflation rate table], the 
(equipment tax depreciation method). •net the [,;quipmont book depreciation mnhod). In the LSA SAM ICS context. 
u. 0.0, (1975, 6.0), 008, and SL. 
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/ 

Fonn.t A: PToceu Description (Continued) 

Test 
A 15 PToceu Referent (From Page 1 Line A 1) ----------

PART 4- DIRECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHIFT (Perwnnel) 
[Facilities and Per1onnel Requirements) 

A16 A18 A19 

C.alog Number 
(Expense_ Hem 

Referent) 
B368SD 

Amoom Required 

Per Machine (Per Shift} Units 
(Amount per Machine! 
2.5 E- 2 Prsn. Yrs 

A17 

Requirement DescriPtion 

Elect. ~!a int. llan 

A2 0 64 I)'----­
B3064Q 

l.O E + 2 ~~Q--~E~t"------
olanuf. Space (Type A) 
""C'erl: Ass6li. (Elect.) 2 5 E - --I~r'ifl Yrs 

PART 5- DIRECT REQUIREMENTS PER MACH!NE PEfl MINUTE 
{Byproduct OurpaJtt) ~nd (Utilities and Cuwmoditi~S Requir~menul 

A20 A:l"l. A23 A21 
c.talog Numcer Amount Ae<;;uired 

[Expe"'e Item Per Machine PPr Mim.He UnitJ R~quirement D~scription 

Referent) !Amount pc~ C·;C'.lcl 
Cl032B 2.5 E - 1 ~.~ HR. Elect. 

--------

PART 6- INTRA-INDUSTRY PRODUCT IS) fiEQUiilED [R•uuired Prr.1,.r.t•J 

A24 A2B A26 A27 
[Product (Yield)• (Ideal ~c~tio!·-- Of 
Reference) ('l',i Units Out/Unots In Units Of A26*** 

Cellar 98 1.0 Cell I Slice 

I 

R.E. Daniel 
Ptepered by-----------------------------

* 100% minus percentage of required product lost. 

*'*Assume 100% vield here. 

**'*Example~: Modules/Cell or Cells/Wafer. 
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SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

FORMAT A 

• 
PROCESS DESCRIPTION 

A1 
Arrayassm Process (Referent J __ _.;:__ _____ _ 

A2 [Oescripti•e Name) Glass/P\'B/Cell Array Assembly 

PART 1- PRODUCT DESCRIPTION 

A3 [Product Referent I __ ~!o_d_u_l_e _____ _ 

Note: Names gl•en In brackets [ ) 
•ra the names of proces.s anribuies 
requested by the SAMIS Ill 
computer program. 

AC Oescripti•e Name(Product Name) Array ~odule Consisting of 1 layuo of 225 cells. 

(needs frame) 

AS Unit Of Measure (Product Units) ___ llr_r_a-'-y------------------------

PART 2- PROCESS CHARACTERISTICS 

A6 

A7 

AS 

(OutPUt Rate) (Not Thruput) ___ 1_._2 ______ _ 

Average Time ot Station 
(Proc:euing Time) 

GO 

Machine .. Up .. Time Fraction __ _:.·..:.9...:.4 _____ _ 
[ IJ>age Fraction J 

Units (gi•en on line A 51 Per Operating Minute 

· l:alendar M1nutes (Used only tu cu,.•vutc 
in·proc= in•entorvl 

Operating Minutes Per Minute 

PART 3- EQUIPMENT COST FACTORS (Machine Description) 

A!J Component (Referent) Asscmb. 

AS. Component (Descripti•e Name) !Optional) Array 
Assembler 

A10 Bue Year F()( Equipment Pria-t [Price Year) ...:1::..:9:...:7..::8:..._ __ _ 

A11 Purchase PriCe ($Per Component) [Purcnase Cost) 200000 

A12 Anticipated Ur.elul Life (Years) [Usei1JI Life) 7 

A13 (S.IYilge Value)($ Per Component) 20000 

A14 [Removal and Installation Cast I ($/Component) 6000 

Note: The SAM IS Ill computer prOOJflm alao prompu lor the [payment fla.t interval). the [inflation rate table), the 
(equipment tax depreciation method), and the [equipment book depreciation mnhod). In the LSA SAMICS context, 
u. 0.0, (1975, 6.0), DOS, and SL. 
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format A: Process D~ription (Continued I 

A15 Process Referent (From Page 1 Line A 11 Arrayassm 

PART 4- DIRECT REQUIREMENTS PER MACHINE (Facilities! OR PER MACHINE PER SHIFT (Personnel! 
(Faciliti"' and Personnel Requiremenu) 

A16 A18 A19 A17 
Catalog Number 

[Expense nem 
Referent I 

B3688D 

A2064D 
B3064D 

Amount Required 
Per Machine (Per Shiftl 
[Amount per Machine) 
1.5 E - 2 

75 E ± 3 
? 

Units 

Prsn. Yrs 
SQ. H. 

prsg \'rs 

PART 5- DIRECT REQUIREMENTS PER MACHINE PER MINUTE 

Requiremer.t DescriptiOn 

Elec. !Ia int. ~lan 

&nut. Space (Type A) 
Gen. Assemb (Elec) 

[Byproduct Outputs] and (Utilities and Cc.mmodities Requirements! 
.A?O A22 A'3 

Clulog Number 
(Expense Item 

Relerent) 

ClQ32B 
EG154bD · 
E18i2D 

EPSET 

Amount R"'luired. 
Per Machine Per Minu;e 
!Amount per CvcleJ 

4.63 E - l 
4. 074 E ± 1 
4.074 E ± l 

.J...-2.._, ____ _ 

Uni:s 

SQ. Ft. 
SQ. Ft. 

St.T 

PAin 6- INTRA·INOUSTRY PRODUCo(SI REQUIRED iR•quired Producl\j 

A24 A28 A26 A27 
(l'r.:.dU.:l (Yieidt (Ideal f\aitol • • Of 

A21 

Rtquiromonl OoseriptiO<'I 

Elect. 
PVB Sheet 
Glass·, Float l/8 inc~c 

Soda Lime 
?~nel Connector Set 

Reference! (%1 Units Out/Units In Units Of A26*** Product Na,.,e 

Cell-Set 98 1.0 A;crav I l..:l~·up 

I 

~rodby~~R~·~E~·~D~a~n~i~e~l~-------------------------------

• 100% minuo percentage of required product lost. 
- Auume 100% yield here. 
- Eumpleo: Modules/Cell or Cells/Wafer. 
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• 

Al 

A2 

SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

FORMAT A 

PROCESs DESCRIPTION 

CJ,tor•W I•"''"'' ot r •. ,•ol.Jn 
411/)('1 n~ Crou V.. / f~.4·-· CM•/. 91 I OJ. 

Procou (Referent! SPAGPAD · 

Note: NamH given In brackets ( ] 
11'8 the namH of process attribute• 
r,quested by the SAM IS Ill 
computer program. 

Screen print AG Pad on Back of 1-lafer (2% Coverage) 
(Descriptive Namel----~--------------_; ____ ___:::.....;;.__..;_ ___ _ 

PART 1- PRODUCT DESCRIPTION 

AJ 
D\,AFERB~ID (Product Referent) _________ _ 

A4 
Diffused t-laf er, back AL + AG Pad 

Detcriptive Name !Product Namel--------...,--..;_------------------

AS 
Slice 

Unit Of Measure(Product Unit<l-----------------------------

PART 2- PROCESS CHARACTERISTICS 

A6 

A7 

A8 

(Output Rate) (Not Thruput) ____ 6_0 _____ _ 

Average Time at Station 
(f'roct-Ulng Time I 

.433 

Machine '"Up"' Time fraction ____ • 9_6 _____ _ 
(Usage Fraction) 

PART 3- EQUIPMENT COST FACTORS (Machine Description) 

A!il Component iR•ferent) SPAG 

Uniu (given on line AS) Per Operating Minute 

Calendar M,inutes (Used only to com;>ute 
in-proc~ inventor·/) 

Operating Minutet Per Minute 

A!il1 Component (Descriptive Name) (Optional) Screen 
Prwt 
s~Iver 

AlO Base Year for Equipment Pricet (Price Year) 1978 

All Purch~ Price ($Per Component) (Purchase Con! 62600 

A12 Antici~ted Useful Life (Years) (Useful Life] 7 

All (Salvage V1lue) ($Per Component) 12520 

At4 .(Removal and lniullation Cottl 1$/Comp<)nentl 2500 

Note: The SAM IS Ill computer program also promPU for the (payment float interval], the (inflation rate uble], :he 
(equipment tax depreciation method!. and the (equipment book depreciation method]. In the LSA SAM ICS context, 
.,. 0.0, (1975, 6.01, DDB, and SL. 
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Fonnot A: Procus Description (Continued) 

AIS Process Referent (From Page 1 Line AI) __ S_P_A_C_P_AD _____ _ 

PART 4- DIRECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHIFT (Perlonnel) 
(Facllltlet and Pe,.onnel Requiremenuj 

A16 A18 A19 A17 

Catllog Number 
(Expense Item 

Referent) 
836880 

A2064U 

830640 
837360 

Amount Required 

Per Machine (Per Shift) 
(Amount per Machine) 
2.5 E-2· 

Units 

Prsn. Yrs 
SQ. Ft. 
Prsn. Yrs 

PART 5- DIRECT REOUIREMHHS PER MACHINE PER MINUTE 

Requirement D~cription 

Elec. ~a in t. }lao 
~fanuf. Suac~ (Typt: .\) 

Cen. Asse.b I cl er) 
?!a int, 'lee h II 

(Byproduct Outputs) and [Utilities and Commodities Requirements) 

A20 A22 A2J A21 
Catalog Number Amount Required 
(Expense Item Per Machine Per Minute Units Requirement Description 

Referent) [Amount per Cycle) 

Cl0328 1. 94 E - 2 Kb' HR Elec 

E:I024D 4,8 E - 2 Squeeges 
ECIIJllD 3.048 E - 4 Cu. "'t 
E:I6965 4.368. E - 2 Dollars 
EI5760 3 J:: - J Screens 
EHJ54IJ 4. 78 J:: - 1 G~;ams 

Tolqppe ink aol"d'Rt 
Therca caupl2 

_ ___;S;,r"-r=.ee.enc._ __________ ..,~··-~-"·"' 

PART 6- INTRA-INDUSTRY PRODUCT($) REQUIRED [Required Producul 

A24 A28 A26 A25 
[Prorlo..:t (Yi•lrll* fltf•al f\atiol** Of 
Reference) ('l',) Units Out/Units In Units Of A26*** ProdUC1 Name 

CL~'WF-3 99.5 1.0 Slice I Sl jce 
I 

R.E. Daniel 
Ptepered by------------------------

* 100 '4 minus percentage of required prOduct lou. 
-Assume 100~~ yield here. 

_. bamples: Modules/Cell or Cells/Wafer. 
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• 

A1 

SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

lET raOPl"LSIO!"f LABOa.ATOaY 
CJit,_;.. l•u•,.,. ol T#tb•ulon 
_,.,., O.t Cro•- 0.. I r~.Jr-. c.M. 9110J 

FORMAT A 

PROCESS DESCRIPTION 

Process (Referent ) __ s_p:..r_a....:..ya_r _____ _ 

Note: Names given In brackets [ I 
an the nomes of proC1!u anributH 
,..quested by the SAMIS Ill 
computer program. 

lO~iptiveNa~l---S~p_r_a~y:.._o_n_,_~_t_i_-_R:..e:..f~l~e~c~t~i~o~n~c~·o~a~t~1~·n~g~----------------

PART 1 -PRODUCT DESCRIPTION 

A3 l Product Referent) _c_e_l_l_a_r ______ __ 

Descriptive Name (Product Name) ___ c_e_l_l_w_1:... t_h_AR:..:.._C.;;.o::..a=t~i'-'n-"'~----------------

AS Unit Of Measure (Product Units) ___ S_l_i_c_e _______________________ _ 

PART 2- PROCESS CHARACTERISTICS 

A7 

AS 

[Output Rate I (Not Thruput) ___ ;;.7.:.5 _____ _ 

Average Time It Station 
(Processing Time) 

1,5 

Machine ··up" Time-Fraction __ _.:.•.:;.9..:.0 _____ __ 
l Usage Fraction I 

Units (given on line AS) Per Operating Minute 

C..lenLI•• Mio1UtCJ (UJod only to ~Qmf'lor• 
in-process inventory) 

Operating MinutH Per Minute 

PART 3- EQUIPMENT COST FACTORS (Machine Description) 

/IS Component !Referent) .\rcoa ter 

liSa Component (Descriptive Name) (Optional) Zicon 
!-!odcl 
11000 

A10 Bue Year For Eq\Mpment Priuo [Price Year) 1977 

A11 Purchase Price ($Per Component) [Purdlase Cost)· 85000 

A12 Anticipoted u .. tullife (Years) (Useful life) 7 

A13 [Salvage Value)($ Per Component) 
0 

A14 [RemoYII and Installation Cost I IS/Component) 
0 

Note: The SAM IS Ill computor program also prompts for the [poyment float interval), the [inflation rate table), the 
[equipment_ tu depreciation method), and the [equipment book depreciation mt'thod). In the LSA SAMICS context, 
u. 0.0, (1975, 6.0), DDB, and SL 
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F01m1t A: Proceu Description (Continued) 

A15 . Process Referent (From Page 1 Line A 1) __ s..:.p_r_a..:y_a_r ____ _ 

PART 4- DIR.ECT REQUIREMENTS PER MACHiNE (Facilities) OR PER MACHINE PER SHIFT (Pert.Onnell 
(F~eilities and Penonnel Requiremenu) 

A16 A18 A19 
Cltllog Number Amount Required 

(EJ<pense Item Per M.ac:hine (Per Shift) Unia 
Referent) [Amount per Machine! 

A2080D ~ Q E ± 2 SQ fT 
B3096D 
§J§§8Q l 0 " - l Prsn ·~rs 

ll:lZZ"I.l ? 'i E - Prsn Yrs 

PART 5- DIRECT REOI.liREMENTS PER MACHINE PF.A MINUTE 

A17 

Requirement Description 

Manuf. Space (Type B) 
!..eaac •• \sse::~ bier ( Elec) 
t:ree. :tal.nc. ~·tap •J 
lndust. Eilgr 

[f!yproduct Outputs) and [Utiloties and CommodotiP.s Requirements! 
A20 A22 A23 

Catalog Number Amount Required 
IE•11eoue Item l'er Machine Per Minuto Uniu 

Referent! [Amount per Cycle) 
Cl032B 5.0 E - 2 Kw. !ir. 
EIH6D :>.u E - I Cu. FT. 
£l.III6D · 7 • :> E - 3 Cu. Cm 

A21 

Requirement Deocription 

Electric itv 
Nitrogen G3s, R~~. ?re-?cri::~ 
AR Coatin·> 

PART 6- INTRA-INOUCTRY I'ROOUCT(S) KtUUIREO [Required Products! 

A7A A20 A26 A27 
[Prod~ [Yield)* [Ideal R.atiol•* Of. 
Reference) (%) Units Out/Units In Units Of A26*** 

DWIIfPr. ?'LO l.U Slice f Slice 
I 

R.E. Daniel 
~~r~bY---------------------------------------------

* 100% minus percentage of required product lost.· 
-Assume 100% yield here. 
*- Eumples: Modules/Cell or Cells/WJ!tr. 
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A25 

Prod.uct Name 

Diffused :~af er 

Oat.--------



• 

A1 

SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

liT P&OP't'L.SIOH LABO&ATO&Y 
CJil.,.... , • .,.,.,. ol Tnb•ohn 
4.-wl O..t G,..., ~. I,..,_.,..., c;J..J. 91IOJ 

FORMAT A 

PROCESS DESCRIPTION 

Packaging PrOCIISI (Referent) _____ _;:c._ ___ _ 

Note: Names given In brackets [ I 
ant d\e names of proces.s attributes 
requested by ltle SAMIS Ill 
computer program. 

Array llodule Packaging 
[O~iptiveNarnel---~-----------~'--~------------------------------------

PART 1 -I'ROOUCT OESCRII'TION 

PSH 
[Product Referent)-------------------A3 

Descriptive Name ) Product Name) ___ P_a_c_kac..._g:..e_d ___ A_r_r_a..:.y __ ~l_O_d_u_l_e ______________________________ _ 

AS Unit Of Measu"' [Product Units) __ P_S_~_I ---------------------'-

PART 2- PROCESS CHARACTERISTICS 

A6 [OutpUt Rate) (Not Thruput) ____ ._6 ______ _ 

A7 Average 11111e 1t Su lion 
[Processing Time)· 

1.0 

A8 Machine ''Up'' Time Fraction _ _.....:1:..:·:..:0 ___________ _ 
[Usage Fraction I 

PART 3- EQUIPMENT COST FACTORS [Machine Oescriptioni 

AS Component [Referent) M0DPKR 

Units (given on line AS) Per Operating Minute 

C..lcndor Minutol (U'CKI onl•t tc comr.vJt~ 
in~roc.,.. inventory) 

Operating Minutes Per Minute 

AlAI Component [De.criptive Name) (Optionol) 
PacKag in;; 

A10 a- Yeor For Equipment Pricet [Price Year) 1977 

A11 Pl.irdlase Price ($ Per Component) (Purchase Con) 25000 

A12 Anticip.oted Useful Life [Yearsi [Useful Life) 7 

A13 (~tvage Volue) ($ Por Component) 0 

A14 [Removal ond Installation Cost) ($/Component) 0 

Note: The SAM IS Ill computer program also promptS lor ltle (payment !loot intervol). the (inflation rate table), the 
(equipment U• deoreci•tion method), and ltle (equipment book depreciation method). In ltle LSA SAMICS contut, 
..- 0.0, (1975, 6.0), ODB, and SL. 
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Fom\lt A: Prcxoss Oncription (Continu~) 

A15 Proau Referent (From Page 1 Line AI) __ P_a_c_ka_::g_i_n..;;g ___ _ 

PART 4- DIRECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHIFT (Personnel) 
[F..:ilities and Penonnel Requirements) 

A16 AlB 

C.alog Num~r 
(Expense llem 

Referent) 
830640 

A20640 

Amount Required 

Per Machine (Per Shift) 
(Amount per Machine) 
1.0 

1 0 E t 2 

A19 

Units 

Prsn. Yrs 

SQ FT 

PART 5- DIRECT REQUIREMENTS PER MACHINE PER MINUTE 

A17 

Requirement Description 

Gen .. Asse:nb. (Elec) 
~llinuf. Space (lype X) 

(Byproduct Outputs) and (Utilitic• and C""wou<Jities R•~,_.;, .. '"ents) 

A20 /\22 A23 

Amount Required 
Per Machine Per Minuto, 
(Amount per Cycle) 

Uniu 

A2i 
C.talog Number 
(Expense itern 

Referent) 

Ell BOD 2 .0 E ± 1 Cu. Ft. Crates \.:ooC en 

rAnT 6 =INTRA-INDUSTRY PAUOUCT(S) REQUIRED [Required Product•) 

A24 A28 A26 A27 
(Product (Vi•ld)" (Ideal R_>tooi*" Of 
Reference) (%) Units Out/Units In Units Of A2su• 

.\rr:ay 100 .1 PSI! / ~rame 
I 

~PWtdby ___ R_._E_. __ Da~n..;;i..;;e..;;l ________________________________ ___ 

• 100 'llo minus percentage of requir~ product lost. 
-Assume 100 Y. yoeld here . 

.... Examples: Modules/Cell or Cells/Wafer. 
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A25 

Product Name 

Array ~lodule 
:rarne Asse::>o. 

0·~--------------



SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

FORMAT A 

• 
PROCESS DESCRIPTION 

AI 

JET P&OPl'LSION LABO&ATO&Y 
CJ·f~ f•uil•l• ol Trfl,.olon 
4WVJ 0~ Cr•u 0.. I ,~.J,.-. C.J•/. 9110J 

Pr001111 [Referent) __ J_u_n_c_e.;.p_e ____ --.,.-

Note: N1mes given In br1ckeu I I 
.,.. the nom"' of proceu attributes 
,.queued by the SAMIS Ill. 
computer program. 

IO~iptiveNime) ___ J_u_n_c_t __ io~n--~E~d~g~e~P~l~a~s~m~a~E~t~c~h~--------------------------.,.-

PART 1 -PRODUCT DESCRIPTION 

A3 I Product Referent I ......:P...;L:..;E:..;T::..;'~_;!':..;· ---------

A4 Descriptive Name I Product Na me) __ __;E;:.;d:..!g:l..e::.._;E::.t::.c::.h=e::.d_.:.:~·:::.a.:.f..::e..::r __________________________________ _ 

A5 Unit 01 Measure (Product Uni tsl ___ ...;S~l:..;i;:.;c:..;e:__ __________________________________________ _ 

PART 2- PROCESS CHARACTERISTICS 

A& [Output Rate) (Not Thruput) ___ ::.2::.0.:... 0:._ ____ _ 

A7 Average Time It Sution 
(Processing Time I 

75 

A8 Machine ""Up"' Time Fraction ______ ..:·..::8..::5;...... ______ _ 
( l)yge Fraction I 

PAAT 3- EQUIPMENT COST FACTORS [Machine D"'cription) 

AS Component (Referent) Pletch 

ASia Component (Descriptive Name) (Optionll) Plasma 
Etcher 

A10 a- Year FC... Equipment Pricet (Price You) 1980 

Units (given on line AS) Per Operuing Minute 

Calendar Minutes (Used only to compute 
in1"r~ invl[tntory) 

Operating Minutes Per Minute 

,\lboat 

Al. Boat 
Holder 

1980 

A 11 Purchase Price ($ Per Compgnent) [Purcnase Cost] ""'3~0~0~0~0~--- 20 

A12 Anticipated Useful Life (Years) (Useful Life) _7~-----

A13 (Salvage Value)($ Per Component) 

A14 [Removll and Installation Cost I IS/Compgnent) 

Nate: Th• SAM IS Ill computer prO<Jram also prompts lor the (payment llou interval]. the [infl1tion rue uble). the 
(equipment tu depreciltion method l . and the (equipment book depreci1tion method). In the LSA SAM ICS context. 
u. 0.0,(1975, 6.0), ODB. 1nd SL. 
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Format A: Process Dncription (Continued) 

A15 Process Referent (From Page 1 Line A 1) __ J_u_n_c_e..:.p_e _____ _ 

PART 4- DIRECT REQUIREMENTS PER MACHINE (Facilities) OR PER MACHINE PER SHIFT (Personnel) 
[Fec:ilitie-s and Penonnel Requirement$) 

A16 A18 

Catalog Number 
[Exoente Item 

Referent) 

A20800 
830960 
836880 

Amount Required 

Per Machine (Per Snilt) 
(Amount per Machine) 

6 E + 
? 5 " 
J F -

A19 

Units 

SQ. Ft. 

Prsp Yrs 
Prsp Vrs. 

PART 5- DIRECT REQUIREMENTS PER MACHINE PER MINUTE 

A17 

Requirement DescriPtion 

~nuf. Space (Type B) 
Sem1con. Assemb, (Elec) 
dec. :!a1nt. :tan 

(Byprod...:t Outputs) and (Utilities and Commodities Requirements) 

A20 A22 A23 

~ogNumQ.r 

(Expense Item 
Referent) 

<.:lOJ:lB 
£14160 

£14480 
EfRRCA 

AlllQUnt Rccuired 
Per Machine Per Min"t~ 
(Amount per (.;ycle) 

1. 67 E - 2 
--o.8J E - 3 

7.06 ~- 5 
4.lt E- 4 

Units 

Kl-1 HR. 
Cu. ft. 

Cu. Ft. 
LBS 

A21 

Requirement De~cription 

Elec. 
:;itrogen Gas, Reg. Pre-
Purified 
Oxvgen Gas 
Freon 14 

PART 6- INTRA-INDUSTRY P~ODUCT(S) REQUIRED [Required Products) 

A24 A28- A26 
IPrnduct (Yieldi' (ld••' ~.lfoO) .. Of 
Reference) C%1 Units Out/Units In 

OSLI 99 1.0 

A27 

Units Of A26**"' 

Slice I Slice 
I 

A25 

Product Name 
Diffused Slice 
After Edge 

~pu~by __ ~R~·~E~·~O~a~n~i~e~l---------------- Do Ill---'----'---

* 100"4 minus percimtage of requored product lost. 

** AJSumo 100% yield here . 
....., E><•mples: Modui~></Coll or Coils/Wafer. 
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