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INTRODUCTION 

Solar Cells, Inc. (SCI) was foun ded in 1 9 87 with a dual business o bje ctive : 1 )  to 
develop, build and operate c ontinuous, automated ma nufacturing systems capa ble of 
producing photovoltaic modules at a cost sufficie ntly low to generate hi gh sales volume 
and 2) to install these modules into grid-connected solar fields. Initially, SCI inten ded to 
utilize thin -film amorphous silicon to meet these o bjectives. H owever, after additional 
research of other thin-film technologies, CdS /CdTe was selected due to its superior 
deposition rate, sta bil ity, and p rocess flexi bility. 

In late 1 990, a systematic evaluation of CdS /CdTe deposition techniques by SCI 
resulted in th e sele ction of the close-spaced su blimation p rocess. This technique 
demonstrated ve ry high deposition rates ( >5 J.Lm /min). This deposition rate results in total 
deposition cycles which are five to ten times faster than t hose demonst rated by typical 
thin -film a -Si by plasma enhanced vapor deposition. In 1 991 , Solar Cells, Inc. (SCI) began 
a P V  module manufacturing development program to demonstrate the technol ogy 's many 
advantages on large areas. S CI designed and bu ilt a deposition system for 60cm x 1 20cm 
modules. By mid-1 992 this system along with other line equipment had produced a 6.5% 
60cm x 1 20cm su bmodule. This system has produced over 1 50 0  CdS /CdTe su bstrates as 
part of the module optimization process. 

Due to the success of these efforts SCI began a manufacturing initiative in late 1 993 
in conjunction w ith support f rom The Department of Energy 's P VMaT program. Phase I 
program activities included pr oduct definition, pr ocess definition, equipment engineering 
and support programs development . This program will result in high -volume manufacturi ng 
of thin-film CdTe modules capa ble of achieving installed costs (including ba .lance of 
systems co mponents and la bor) of less than $3.00 /Watt. 
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EXECUTIVE SUMMARY 

Cadm ium t ellu ri de (CdTe) is rec ogniz ed as on e of t h e  leadin g m at eri als for low- cost 
phot ov olt aic m odu les. Solar Cells , I n c. h as dev eloped t his t echn ology an d is prep arin g t o  
s cale its pi lot p roducti on c apabi liti es t o  a mu lti -m egawatt lev el. T h e  t h ree p h as e  P VMaT 
su bcont ract sup ports t h es e  efforts . 

P h as e  I of t h e  su bcont ract consist ed of nin e t asks relat ed t o  p rodu ct definiti on ,  
process definiti on ,  equi pm ent en gin eerin g, an d supp ort p rograms dev elopm ent. T h e
followin g p rovi des a bri ef summ ary of t h e  resu lts of eac h t ask . 

Task 1 Product Definition and Demonstration 

Tw o p roducts h av e  been s peci fi ed an d dem onst rat ed. T h e  gri d-conn ect ed h igh 
v olt age product is fram eless an d inc orp orat es a pi gt ai l  p ottin g  desi gn .  T h e  rem ot e low 
v olt age product m ay be fram ed an d m ay in corporat e a juncti on box i f  m ark et c on dit ions 
w arrant . T h es e  p roducts hav e been dem onst rat ed in s ev eral arrays . 

SCI h as p rodu ced a 60. 3 w att t hin -fi lm CdT e  m odu le wit h t ot al area effici en cy of 
8.4%. T h e  av erage t ot al area efficiency of 60cm x 120cm m odu les m anu factu red on a 
dev elopm ent al pi lot lin e  has been dem onst rat ed at great er t h an 7. 0% whi le t h e  relativ e 
st an dard devi ati on h as decreas ed t o  less t h an 1 0%. 

Modu les routin ely pass extensiv e st ress t estin g. SCI has im prov ed its I QT p ass rat e 
from less t h an 20% t o  great er t han 80% as a resu lt of w ork relat ed t o  t h e  su bcont ract .  

Task2 Modification/Elimination of CdC� Treatment

An alt ern ativ e CdCI2 t reatm ent h as been dem onst rat ed on 60cm x 120cm m odu les .  
This t reatm ent redu ces p rocess tim e by 50%, elimin at es fou r of si x p roc ess st eps , an d 
s igni ficant ly m iti gat es t he env ironm ent al imp act of t h e  p roc ess . 

Task3 Encapsulant and Pottant Evaluation 

Sev eral enc apsu lati on an d p ott ant m at eri als w ere ev alu at ed. EVA/Glass 
en capsu lati on an d a u ret h an e  m olded pi gt ai l  dem onst rat ed sup eri or p erform anc e  du rin g
st ress t estin g. T h e  fin al desi gn reduc ed m odu le fin aliz ati on c osts by m ore t h an 40% 
comp ared t o  p revi ous desi gns. 

Task4 Manufacturing Process Definition 

T he 20MW m anu factu rin g  proc ess w as c omp let ely defin ed an d dem onst rat ed. T h e
process w as refin ed an d prov en on a 1 OOk W  pi lot lin e. 
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TaskS 20MW Manufacturing Line Conceptual Design Review 

SCI completed a conceptual layout of the 20MW line. The layout was used to model 
the manufacturing line and predict manufacturing costs including raw materials, direct 
la bor and factory overhead. An optimized capacity (two shift/day operation) of greater than 

1J 
20MW at a manufacturing cost of below $1 .00 /W was projected. �'"" 

TaskS 20MW Manufacturing Line Equipment Design 

Design ac tivities foc used on the semiconductor deposition system , laser scri bing 
sy stems, and mis cellaneous custom equipment. The de position system was designed, 
procured and ins talled . Laser systems were specified with the assistance of several 
vendors. The p ost deposition process equipment was also identified. 

Task7 20MW Manufacturing Line Utilities Design 

General util ities were sized for the plant. Utility requirements are within normal 
expectations. 

TaskS Quality Assurance Development 

SCI initiated a q uality assurance program. This program is tested and refined daily on 
the pilot pro duction line as well as the general plant. The program is concentrated on j 
process control. Effor ts resulted in significant improvement in average module efficie ncy to 
greater than 6.5% a nd decreased variation to less than 1 0%. 

Task9 ES&H Program Development 

Several compliance programs we re upd at ed and implemented. External 
independent program auditors were utilize d to delineate needed adjustments. An EHS 
Committee including the President of SCI met regularly to formulate company policy and to 
supe rvise implementation of recommen ded changes. An EHS hand book was provided to 
all personnel as guidance on the complia nce programs. Biological cadmium testin g 
showed n ormal levels for all personnel as compared to the general po pulation. 
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PVMaT SUBCONTRACT OBJECTIVE 

The o bjective of this su bcontract over its three year duration is to advance SCI 's P V
manufacturing technologies , reduce module production costs , increase module 
performance, and provide the groundwork for SCI to expand it 's commercial production 
capacities. SCI shall meet these o bjectives by designing , de bugging , and operating a 
20MW /year automated , continuous P V  manufacturing l ine that pr oduces 60cm x 1 20cm 
thin-film CdTe P V  modules. 

The Statement of Work for the duration of the contra ct is outlined below. Effor ts 
commenced on Novem ber 1 6 ,  1 993. 

Phase I 

Phase I I  

Phase I l l  

• Product Definition and Demonstration
• Manufacturing Process Definition
• 20MW Line Design
• Quality Assurance and ES&H Programs

• 20MW Line Design and Test
• Efficiency Improvement
• Qual ity Assurance and ES&H Programs

• 20MW Line Demonstration
• Efficiency Improvement
• Quality Assurance and ES&H Programs

5 
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TASK PROGRESS 

Task 1 Product Definition And Demonstration 

Objective 
• Define a 60cm x 1 20cm mo dule to be pro duce d on a 20MW manufacturing line
• Demonstrate 7% efficient 60cm x 1 20cm mo dules

Progress 
• Product definition finalize d
• Demonstrate d 1 7V an d 65 V pro ducts
• Demonstrate d 55.3 watt , 8. 1 %  efficient mo dules

Product Definition 

SCI mo dules are 60cm wi de by 1 20cm long. The construction consists of 
glass /E V  Nglass an d is approximately 0.9cm thick. The su bstrates are 5mm s oda l ime float 
glass coate d with a transparent con ducting o xi de (TCO). The TCO is comprise d of two 
main layers , Si0 2 an d Sn0 2 : F. Active layers are comprise d of the TCO, 0.3 J.Lm of C dS ,  4.0 
J.Lm of CdTe, 0.02 J.Lm of n ickel an d 0.3 J.Lm of alu minum (see Fi g. 1 ) . SCI util izes a three ­
scri be interconnect to complete a monolithic m qdule with 1 16 series-conne cte d  cells. The 
result of this design is a mo dule which pro duces nominally 50 watts at 65 V. The power is 
collecte d at each en d of the mo dule through a bus bar an d a ri bbon con ductor. The ri bbon -
con ductors are thre ade d  through a hole in a 3mm cover glass. The cover g lass is 
laminate d to the mo dule with ethylene vinyl acetate (E VA) to prot ect the mo dule -from 
weathering. An insulate d wire is attache d to each ri bbon a nd potte d with two-part ure thane 
in a pigtail mol d. The urethane is also use d to mol d four mounting pa ds onto the ba ck of 
the mo dule. The mounting pa ds inclu de a threa de d  insert for easy panelization of 
in divi dual mo dule installation (see Fig. 2). 

Utilizing this design, SCI has develope d pro ducts to a ddress gri d-connecte d an d off ­
gri d appl ications. Ta ble 1 descri bes the attri butes of these two pro ducts. Alternative 
potting an d mounting de �igns are offere d to a ddress market installation requirements. The 
gri d-connecte d pro duct util izes t he mol de d  pigtail an d mounting pa ds to re duce mo dule 
an d panelization costs. The remote pro duct provi des more installation flexi bility by offering 
a junction box an d framing. The remote pro duct will also be availa ble in a half-size {30 
watts ) if market con ditions warrant. 
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Table 1. Product characteristics for grid-connected and remote applications. 

Market 
Nominal Power (8.0%) 
Nominal Voltage ( Vmax) 
Electrical Connection 
Encapsulation 
Panelization 
Size 

Baseline Product 
Grid-Connected 

58W 
65 V 

Pigtail 
EVA /Glass /EVA 
Mounting Pads 
60cm x 1 20cm 

Seconda ry Product 
Off-Grid /Remote 

58W 
17V 

Pigtai VJ -Box 
E VA /Glass /E VA 

Mounting Pads or Frame 
60cm x 1 20cm or 

60cm x 60cm 

The long -term baseline SCI product is the 60 em x 1 20 em high-voltage module 
targeted at grid -connected applications . The majority of these reductions resulted from the 
elimination of module framing and the su bstitution of pig tails for the junction box. SCI 
projects that this baseline product along with a patented support structure will reduce the 
cost of photovoltaic installations to below $3.00 per watt by the year 2001 . 

SCI has improved the best demonstrated and average module efficiencies during 
the first phase of the contract by 1 4% and 30%, respectively (see Fig. 3) . SCI has 
demonstrated a 60.3 watt module with total area efficiency of 8. 4%.  The average total area 
efficiency of 60cm x 120cm modules manufactured on a developmental pilot line has 
increased to greater than 6.5% (see Fig. 4). 
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Figure 3 .  History of best-demonstrated aperture area efficiency on production 
modules. 
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Task 2 Modification/Elimination of CdCI2 Treatment 

Objective 
• Eliminate post-deposition wet CdCI 2 treatment
• Sustain module performance
• Reduce manufacturing steps
• Mitigate environmental impact of the process

Progress 
• Eliminated wet treatment
• Optimized /demonstrated "dry '' treatment
• Demons trated compara ble performa nce

Two approaches were used in developing alternative processes to the wet CdCI 2 
treatment : 1 )  elimination and 2) modification . Investigations of eliminating the treatment 
focused on the gro wth of the CdS /CdTe films. Specifically, semiconductor d eposition 
process changes included various am bient gro wth conditions and deposition rates. The 
goal of these effo rts is to produce CdS /CdTe films with the correct structure as to eliminate 
the treatment. Even though SCI was a ble to demonstrate devices with efficiencies a bove 
5% with this approach , none of the devices performed within 20% of the baseline wet 
treatment. 

The modification approach focused on changing the wet treatment to a process with 
reduced process time , reduced materials cost , and better uniformity. SCI has developed a 
post deposition vapor treatment which eliminates the traditional wet dip CdCI 2 treatment. 
The process uses HCI in moderate vacuum with a su bstrate tem perature a bove 350 
degrees Celsius. This process significantly increases material uti lization and process 
control. In addition , SCI feels that this process has the potential to eliminate post treatment 
rinses , there by ,  mitigating the environmental impacts of the traditional process and 
providing a more efficient process for manufacturing implementation [1 ]. Ta ble 2 compares 
the vapor process to the wet dip process. 

Table 2 .  Comparison of the wet dip CdCI2 treatment to an alternative vapor process. 

Device Efficiency 
Module Efficiency 
High Voc (m V) 
Process Time (min) 
Process Steps 
Materials 
Material Utilization 
Post Processing 

Wet Treatment 
1 1 .9% 
8. 1 %
820 
>60 
6 

Solvents 
Low 

Rinse 

Va por Tr eatment 
1 0.7% 
7.0% 
800 
<30 

2 
No Solvents 

High 
No Rinse 
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Task3 Encapsulant and Pottant Evaluation 

Objective 
• Finalize module packaging
• Redu ce package cost
• Maintain relia bility and manufactura bil ity 

Progress 
• De monstrated E V A/glass encapsulation
• Demonstrated molded potting and panelization
• Reduced Panel costs by 41 %
• Sig ni fic ant advances on IQT performance
• Catalogued many future encapsulation options

SCI investigated four groups of materials in the Phase I efforts. The materials were 
judged on the basis of cost, manufact ura bility, and d ura bil ity. E V A/glass was used as the 
benchmark. Ta ble 3 outlines the main advantages and dis advantages of the materials 
under investigation. 

Table 3 .  Encapsulation overview. 

E V A/glass 

Laminated Films 

U. V .  Cura ble 

Coatings 

Advantages 

Proven 
Relia ble 

Manufacturing 

Very Low Cost 
Fast Process Time 

Manufacturing 
Lo w Cost 

Disadvantages 

Weight 
Cost 
Manufacturing 

Cost 

Dura bil ity 
Toughness 

Early Stages of Development 
·Multi-functiona l limitations 

The three material groups other than E V A/glass were put through various tests 
similar in nature to those of the IQT. None of the materials were found to be promi sing. 
F urther development of t he E V A/glass package resulted in a design which greatly reduced 
the overal l  finalization costs and m ore specifically sig nificantly reduced panelization and 
potting costs. De velop ment efforts on this product have resulted in greater than a 40 % 
reduction in product finalization costs including encapsulation, potting, connections a nd 
paneliz ation (see Fig. 5). 
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Figure 5. Product finalization cost reductions. 

Even though the alternative materia ls had significantly reduced materials costs 
(70% reduction), they were not a ble to withstand the testing called for by the IQT. 
However , the EV A/g lass modules routinely pass extensive stress testing. The majority of 
these stress tests are based on the protocols esta blished in the "Interim Qua lification Tests 
and Procedures for Terrestrial Photovo ltaic Thin-Film F lat-Plate Modules" (IQ T) [2]. SCI 
conducted one IQT series per month during Phase I activities. This testing demonstrated 
significant improvement in overall pass rates from be low 1 0% in early 1 993 t o  well over 
80% at the end of Phase I. The improvement is attri buted to the pigtail dura bi lity , reduced 
glass cu rvature, and bet ter process control during lamination preparation. 

SCI also extends certain elements of the IQT to evaluate module lifetime. For 
instance, three modules have undergone over 650 therma l cycles and demonstrated less 
than a 1 0% decrease in performance. This result is one indication that the current module 
design has a 30-year l ifetime [3]. 
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Task 4 Manufacturing Process Definition 

Objective 
• Evalua te process for 20MW Implemen ta tion
• Define process

Progress 
• Baseline process defini tion and demons tra tion comple te
• Posi tive evalua tion for 20MW implemen ta tion

Process Definition 

SCI has defined the process for the 20MW manufac turing line. Ta ble 4 ou tlines the 
ma jor processes used to manufac ture the thin-film cadmium telluride modules. These 
processes are demons tra ted daily on a 1 OOkW pilo t produc tion line. 

Table 4. Major manufacturing processes. 

S ubstra te Inspec tion 
Su bs tra te Prepara tion 
Scri be 1 
Semiconduc tor Dep osi tion 
Film Thickness Check 
Pos t  Deposi tio n  Trea tmen t 
Scri be 2 
Me tal De posi tion 

Scri be 3 
Bus Bar A pplica tion 
Encapsula tion 
Po tti ng 
Safe ty Checks 
Pmax Tes t 
F inal Ins pection /La bel 

The ini tial processing s tep is the prepara tion of the su bs tra te for the de posi tion of 
the various ma terials which cons ti tu te the pho tovol taic module. The su bs tra te is a glass 
sheet measuring 60cm x 1 20cm x 5mm wi th a transparen t conduc ting oxide {TCO) 
coa ting. This process is followed by the deposi tion of the semiconduc tor layers, CdS and 
CdTe , which takes place in the "High throughp ut Deposi tion Sys tem" (HTDS). Af ter some 
pos t deposi tion trea tmen ts ,  the module is ready for cell in terconnec ting and the deposi tion 
of the top me tal con tac t. Cell in terconnec ting divides the large area device (measuring 
58cm x 1 1 8c m) i nto smaller cells by scri bing through the various layers using a laser. The 
device is then encapsula ted to pro tec t agains t environmen tal effec ts. Elec trical connec tors 
are at tached to allow modules to be elec trically connec ted to form a panel. The fo llowing 
provides a more de tailed descrip tion of the process. 

Substrate {TCO) Inspection 
The glass su bs tra te is transported from the warehouse to the s taging area where i t
is unpacked and made ready for processing. The glass su bs tra te is then hand 
loaded on to an ins pec tion ta ble , inspec ted for physical defec ts ,  re jec ted or 
a ccep ted and la be led. 
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Substrate Preparation 
The glass en ters an edg e seamer wh �re the edges are ground to increase s treng th 
and reduce handling hazards caused by the sharp edges of the raw glass. This 
opera tion u tilizes commercially availa ble equipmen t wi th au toma tic load and unload 
capa bili ties . This s tep is essen tial because of the high tempera tures in the 
deposi tion process. Af ter exi ting the edge seamer the su bs tra te moves through a 
wash cycle where i t  is given a de tergen t wash and a Dl wa ter rinse followed by air 
drying . A commercial washer wi th au toma tic load and unload capa bili ty is used for 
this s tep. This is necessary for pinhole free films and good film adhesion. 

Scribe 1 
The firs t s tep in the forma tion of in terconnec ted cells is to scri be a series of cell 
isola tion channels. A Nd :YAG laser sys tem is used to scri be 1 1 7 parallel channels , 
separa ted by 1 em , across the module. These channels are 25 J.Lm -50J.Lm wide and 
a bla te the TCO layers thus crea ting 1 1 6 individual cells which are elec trically 
isola ted. (Two cells are used for bus bar a ttachmen t and two cells are los t in edge 
dele tion.) The laser sys tem has au toma tic load , unload and indexing fea tures . 
Before exi ting the Scri be 1 s ta tion , all cells are tes ted for elec trical isola tion .  
Su bs tra tes which exhi bi t  incomple te isola tion are rou ted to a rework s ta tion for 
rescri bing. 

Semiconductor Deposition 
The su bs tra te is now ready f or the deposi tion of the semiconduc tor layer s, CdS and 
C dTe . The deposi tion s tep u tilizes a chemical vapor deposi tion (C VD) process in 
which ele men tal vapors are in troduced in to the cham ber , where they are mixed and 
allowed to condense and reac t on the su bs tra te to form the compounds. All 
deposi tions take place a t  pressures in the 1 Torr range and su bs tra te tempera tures 
be tween 400 oc and 600 °C.

The deposi tion sys tem (HTDS) is a four cham ber sys tem which u tilizes indexing 
load locks. This sys tem allows for s teady-s ta te condi tions in the deposi tion zones as 
the su bs tra tes are conveyed wi thin close proximi ty of each o ther. 

Af ter passing through the en trance load lock , the glass en ters a prehea t cham ber 
where i t  is hea ted to a bove 300 degrees Celsius. I t  then passes under a ni trogen 
gas cur tain in to a second cham ber where a layer of CdS is deposi te d. The 
su bs tra te then passes under ano ther curtain in to a third cham ber where a 3 J.Lm thick 
layer of CdTe is deposi ted . A fourth sec tion is used to s ta bilize the tempera ture 
su bs tra te before i t  en ters the exi t load lock. The exi t load lock serves two func tions : 
1 )  allows transi tion from vacuum to a tmosphere and 2) quenches (quickly cools) the 
su bs tra te. The quenching of the su bs tra te increases the glass s treng th for be tter 
field dura bility. The su bs tra te is then cooled . 

Film Thickness Test 
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After exiting from the cooling co nveyor or lehr , the semicon ductor films are teste d 
for film thickness uniformity. This is a totally auto mate d testing proce dure w hich 
util izes beta back s catte ring from a ra dioactive source for measurements in less 
than 1 0 secon ds. 

Post Deposition Treatments 
Normally , an esse ntial step in the formation of hig h efficiency C dTe photovoltaic 
devi ces is exposure of the C dTe to C dCI 2 at elevate d temperatures. However, SCI 
h as developed a vapor treatm ent to replace the standar d wet dip C dCI 2 process. 
The su bstrate is heate d to approximately 400 °C and move d into a low concentration 
atmosphere of HCI (see Task 3.) 

The secon d post deposition treatment consists of removing any C dT e an d/or C dS 
that was c oate d on - the glass si de of the mo dule. The mo dule is automatically 
loa de d  into a fixture that hol ds the mo dule on the si des exposing the glass 
un dersi de to a cylin drical buffer. The buffer removes the film an d cleans the glass. 

Scribe 2 
The second step in t he formatio n of interco nnect ed cells is to scri be a series of 
interconne ct channels . A N d:YAG laser system is use d to scri be a secon d series of 
1 1 7 chan nels space d 1 em apa rt These chan nels are offs et from Scri be 1 by 
200 Jlm- 400 Jlm an d are simi lar in wi dth to those of scri be 1 but only penetrate 
through the semicon ductor layers leaving the TCO. Four a ddition al scri be 2 
c hannels a re scri bed at each en d of the mo dule to fac ilitate electrical connection to 
the bus bars. 

All channels are su bjecte d to an a blation completion insp ection to evaluate the 
effectiveness of the scri be in clearing the semicon ductor. 

Metal Deposition 
Metall ization takes place in a three zone sputtering system with provisions for future 
impr ovements such as su rface treatments an d i nterfacial layers. The process is 
stan dar d Ni an d AI sputtering . Metall ization of 200 A Ni, 3,000 A AI an d 200 A  Ni is 
accomplishe d in one pass un der the targets. The mo dule th en exits the cham ber 
through the exit load lock. 

Edge Deletion 
The 'e dge delet e' process remov es al l deposite d materials (incl uding metals, 
semic on du ctors an d TCO) from the perimeter of the su bstrate exten ding from within 
1 em of each e dge. This is necessary to pr event any shorting between th e cells as 
well as to provi de for proper encapsulation. A san d blasting proce dure is use d for 
the re moval of these materials. The su bstrate is automatically fe d into the e dge 
delete cham ber. A series of san d blasting nozzl es a utomatically scans along 
su bstrate perimeter, removing all materials on the glass. The mo dule then moves 
un der an air jet to remove excess de bris before ent eri ng the scri be 3 station. 
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Scribe 3 
The third and final s tep in the forma tion of in terconnec ted cells is to scri be a series 
of me tal isola tion channels. A Nd :YA G  laser sys tem is used to scri be a third series 
of 1 1 7 channels spaced 1 em apar t and offse t from the Scri be 1 channels by SOOJ.Lm -
1 000 Jlm. The scri be 3 channels are iden tical in wid th to those of Scri be 1 bu t only 
a bla te the me tal layer. 

IV test (rework /reject) 
The su bmodule moves in to an au toma ted tes t s ta tion where bo th the tempera ture 
and s tandard pho tovol taic 1- V measuremen ts are recorded. Su bmodules which pass 
the 1-V tes t  proceed to the lamina tion area. Rejec ted modules are rou ted to a 
rework s ta tion. 

Encapsulate 
The su bmodules which have passed the I V  tes ts are moved via conveyer to a 
lamina tion assem bly ta ble where they are au toma tically placed in to lamina tion 
racks. Each lamina tion rack holds three su bmodules. The su bmodules will remain in 
these racks throughou t the lamina tion process. An opera tor places a preassem bled 
cover glass, wi th an encapsulan t layer (EVA) and bus bar connec tions already in 
·place, over each of the su bmodules in the lamina tion rack. The lamina tion rack is 
then conveyed to the lamina tor where i t  goes through an 8-1 2 minu te .lamina tion 
cycle. 

The prepara tion of the cover glass assem bly is a semi-au toma tic process. The 
comple ted cover glass pla te con tains bo th an EVA layer for the su bsequen t 
lamina tion process and all of the elec trical connec tors (including bus bars) be tween 
the su bmodule ele ctrodes and the ou ter surface of the cover glass. 

The cover glass is 60cm x 1 20cm x 3mm wi th a 2cm diame ter hole for elec trical 
feed throughs. I t  is inspec ted for physical defec ts, and placed on a conveyer which 
moves the glass through a washer. Two sec tions of me tal tape wi th conduc tive 
adhesive on one side, each approxima tely 1 .5 me ters long , are posi tioned to ma tch 
wi th the su bmodule bus bars and threaded through the 9en ter hole of the cover 
glass. Polyes ter insula tion tape is placed over tha t  sec tion of the me tal tape which is 
posi tioned over ac tive cells. A 3f t leng th of 12  gauge copper wire is la ter soldered to 
the end of the me tal conduc tor af ter lamina tion is comple te. A bypass diode is also 
connec ted be tween the two elec trodes if required. 

Potting and Mounts 
The nex t s tep in the module assem bly process involves the appl ica tion of four 
moun ting pads (used to connec t the module to the panel iza tion mem bers) to the 
back cover glass and a po tting pig tail tha t  encapsula tes the area around the exi t 
hole where the bypass diode as well as elec trical connec tions are loca ted. This is 
accomplished by a "Reac tion In jec tion Molding" (R. I .M.) process using a fas t-cure , 
two -p art ure thane. 
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The module firs t moves under a spray applica tor where a layer of prime r is applied. 
The module then moves to the RIM applica ti on s ta tion where an in jec tion mold is 
pressed agains t to the cover glass su rface. U re thane is in jec ted in to the mold 
forming bo th the moun ting pads and po tting pads. This comple tes the assembly of 
the module. 

Inspection, Testing and Labeling 
The comple ted module next moves to a te sting s ta tio n where a s tandard " Hi-Po t" 
tes t  is performed. The purpose of this tes t  is to de termine the effec tiveness of the 
encapsulan t as i t  applies to elec trical safe ty. The module then moves thro ugh an 
inspec tion sta tion. Final ly, the module moves to an au toma ted tes t s ta tion where 
s tandard pho tovol taic 1-V tes ting is pe rformed and a label a ttached. 

SCALING ISSUES 

Two processes are unde rgoing more e valuation because of scaling issues : 
supers tra ta cleanin g (buffing) and lamina tion assembly. Curren tly, subs tra tes are buffed 
manually. This pro cess is no t applicable to the mul ti- megawa tt man ufac turing lin e. A 
vendor fo r au toma ted equipmen t has been iden tified b ut no tes ting has been comple ted. 
The sys tem would also need a was te handling sys tem which minimizes process 
byproduc ts. 

· 

The lamina tion assembly process is la bor in tensive. SCI is evalua ting the tradeoffs 
of an au toma ted sys tem c ompared to a manual /au toma ted hybrid tha t  mee ts 
manufa cturing requiremen ts wi thou t significan tly impac ting capi tal cos ts. 
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) TaskS 20MW Manufacturing Line Conceptual Design Review 

Objective 
• Review and Revise 20MW Conceptual Line Layout

Progress 
• Completed integrated layout of 20MW line
• Developed manufacturing model
• Completed identification of all key equipment

SCI has completed a conceptual layout of the 20MW line (see Fig. 6). This layout 
includes all of the primar y processes. The layout utilizes the advantages of the thin film 
technology through continuous in -line manufacturing. Several test stations are included to 
check the process performance throughout the complete cycle. Every process can be 
accomplished with a single in -line machine except lamination. Due to the lamination cycle 
time and lack of availa ble in -line equipment that meets the manufacturing requirements 
parallel processing is required. 

A manufacturing data base and model have been developed. The data ba se acts as 
supporting evidence for cost pro jections as well as a vehicle to identify high cost processes 
in the production line. The data base holds detai ls on each process including : 

Process Efficiencies 
Uptime 
Yield 
Material Utilization 
Line Speed 

Materials 
Description 
Part Num ber 
Supplier 
Unit Cost 

Equipment 
Description 
Part Num ber 
Supplier 
Unit Cost 

La bor 

Space Re quirements 
Utilit y Requirements 

Direct/Indirect Allocation 
Wage rates 
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SCI uti lizes t he m anu facturin g m ode l t o  gener ate predicti on of m anu facturin g 
output, direct and indirect c osts, and pr ocess speci fics . An ex amp le of t he m ode l output is 
disp layed in Fi gure 7. In gener al t he m ode l t akes assumpti ons and m atc hes t hem wit h 
in form ati on in t he d at abase t o  c alcu late over all m anu facturin g c osts for t he 20MW line . 
T his m ode l h as assisted SCI in pr ojectin g  c ap acity and m anu facturin g c osts for t he first ten 
ye ars of line li fe .  T hese predicti ons s h ow t h at t he line is c ap able of gre ater t h an 25MW in 
t he ye ar 2005. In additi on,  t he c ost of m odu les is pr ojected t o  decre ase by over 60% over 
t he s ame peri od (see Fi g. 8) . T he ste ady impr ovement in c ost and c ap acity is driven by 
m anu facturin g impr ovements re lated t o  uptime, yie ld, and m ateri als uti liz ati on as we ll as 
v olume disc ounts on r aw m ateri als .  H owever, t he prim ary fact or in att ainin g t hese goals is 
meetin g e fficiency t ar gets. M odu le e fficiency s h ou ld incre ase ste adi ly t o  1 2% in 2005 (see 
Fi g. 9) 
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Figure 7. Projected plant capacity of 20MW line. Assumes 1 shift operation for 1 997 
and two shift operation for all other years. 
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Figure 8. Projected manufacturing costs compared to the first year costs.
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Figure 9. Average module efficiency assumption for manufacturing projections. 
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TaskS 20MW Manufacturing Line Equipment Design 

Objective 
• Design/Specify key c omp onents
• Identify Suppliers
• Evaluate Cust om Equipment Requirements
• Specify In-Line Test Stati ons

Progress 
• Specified all key off-the-shelf equipment
• C ontacted suppliers f or all key c omp onents
• Designed and c onstructed CdS/CdTe Dep ositi on System
• Descri bed In-Line test Stati ons

The 1 OMW pr oducti on line is c omp osed of a bout 40 pieces of equipment plus
vari ous c onvey ors. SCI has obtained qu otes or budgetary estimates f or all maj or 
equipment and has made independent estimates on the balance of the equipment. SCI 
f ocused its eff orts on the high capital c ost and cust om designed items. Ta ble 5 sh ows that 
over 70% of the capital c ost is attri buted t o  only 4 of the 40 pr ocess steps. 

Table 5. Capital cost of major process equipment with number of vendor quotes 
available for review. 

E qui pment 
Laser Systems 
Dep ositi on System 
Metallizati on System 
Laminat ors 

Su ppliers 
4 

cust om 
4 
1 

%of Ca pital 
25% 
20% 
1 4% 
1 2 %  
71 % 

The metallizati on and laminati on systems are off-the-shelf and present l ower 
operati onal risk than the laser and semic onduct or dep ositi on systems. The laser systems 
have been qu oted by multiple suppliers and will be pr ocured after a full investigati on of the 
vend ors ' capa bilities. SCI designed the HTDS and is currently finishing installati on. 
Additi onal inf ormati on on these critical systems is pr ovided bel ow. 

Laser Systems 

The basic interc onnecti on appr oach f or the 20MW f oll ows the esta blished meth od 
dem onstrated daily on the 1 OOkW pil ot pr oducti on facility. Pr ocess parameters are well 
d ocumented and can be inc orp orated int o the new pr oducti on line. The present laser is a 
frequency d ou bled, Q-switched, Nd :YAG laser made by U.S. Laser in 1 990. The system 
inc orp orates a c omputer c ontr olled three-axis ta ble, which acc omm odates the 60cm x 
1 20cm su bstrates. Alth ough this laser is capa ble of making all the required scri bes , it is 
impractical f or pr oducti on. Sh ortc omings of the current laser system include; single beam 
lasi ng ,  l i mite d ta ble speed (250mm/sec) , and manual l oad/unl oad. 
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Thr ough an extensive search , SCI has identified laser c ompanies which could 
provide us with a state-of-the-art industrial scri bing system. Florod is considered to be the 
lead candidate to supply the laser systems due to their technical a bil ities , component 
relia bil ity , and experience with other photovoltaic manufacturing companies. One of 
Florod 's advantages is the incorporation of laser pa ckages which are known for 
outstanding sta bil ity and relia bil ity. Florod also has a good track record for delivering high 
quality cutting & scri bing systems to the photovoltaics and semiconductor industries. Their 
systems contain excellent optical and mechanical designs as well as competiti ve pricing 
and timely delivery. 

Each laser scri bing system incorporates two lasers split four times. Ta ble motion 
control and laser parameters are easily set by an integral 486 com puter having 80 MB 
hard drive , a 3.5 .. disk drive and new appl ication specific software. During the scri bing 
process the cutting by each beam is o bse rva ble from a video monitor. The intensity of the 
final beams is displayed on individual monitors. Primary beam and power characteristics 
are continuously a vaila ble. The system also utilizes a u nique intensity fee dback 
mechanism that insures sta ble primary beam intensity without any operator assistance. 
A blation by-products , namely air-borne particles , dust , and fumes , produced during 
s cri bing are continuously remove d and are safely collected. Requireme nts for the systems 
vary depending on amount of material to be a blated (i.e. , Scri be 1 ,  Scri be 2 ,  or Scri be 3). 

Scribe 1 System
A su bstrate is conveyed to the laser ·loading station. The loader senses the 

su bstrate and loads it onto a motion ta ble. The su bstrate is positioned ac curately against 
three stops and the lasing program begins. Eight high-p ower infrared beams 
simultaneously c ut scri bes in the semiconductor down thr ough the Sn0 2 in a single pass. 
With only 1 6  indexed passes the entire su bstrate is cut into 1 1 6--1 cm x 60cm cells. After 
the scri bing is completed the su bst rate is automatically unloaded a nd transferred to a line 
conveyor. Total cycle time for the h an dling and scri bing is under one minute. 

Scribe 2 System 
A su bstrate having Scri be 1 completed is conveyed to the laser loadin g station. The 

su bstrate is posi tioned as in Scri be 1 .  Eight high-power green laser beams simultaneously 
cut scri bes through the semiconduc tor leaving the Sn0 2 in a single p ass. Scri be 2 is 
sepa rated from Scri be 1 by 1 00-200 !Jm. After 1 6  indexed passes the entire su bstrate is 
scri bed. After the scri bing is completed the su bstrate is automatically unloaded and 
transferred to a line conveyor. Total cycle time for the handling and scri bing is under one 
minute. 

Scribe 3 System 

A su bstrate metal lized with a back Ni-AI coa ti ng and having the first two scri bes is 
co nve yed to the laser loading station. The su bstrate is positioned as in Scri be 1 .  Ei ght 
high-po wer green laser beams simultaneously c ut isolation sc ri be lines through the Ni-AI 
metal in a single pass. The scri bes a re separated from Scri be 2 by 1 00-200 !Jm . After 1 6  
in dexe d pa sse s the entire substrate is com pletel y scribed with 1 1 6 interc onnectin g cell s. 
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Aft er t h e  scribin g is c omp let ed t h e  substr at e  is aut om atic ally un load ed and tr ansf err ed t o  a 
lin e  c onv ey or. T ot al cyc le tim e f or t h e  h and lin g and scribin g is und er on e minut e. 

High-Throughput Deposition System 

In 1 991 , SCI d esi gn ed and inst alled a d ev elopm ent al d ep ositi on syst em (LDS) f or 
d ep ositin g  CdS and CdT e fr om c omp ounds ont o 60cm x 1 20cm substr at es. T his pr oc ess 
is v ery ·simi lar t o  c los e-sp ac ed sub lim ati on (CSS). T his syst em s erved f our m ain functi ons : 
substr at e  h eatin g, r aw mat eri al v ap or gen er ati on,  v acuum pumpin g, and substr at e  c oolin g. 
T his syst em h as b een uti liz ed su cc essfu lly f or pr oc ess optimiz ati on exp erim ents and sm all 
sc ale pi lot pr oducti on. H ow ev er, t his syst em h as tw o m ain dr awb acks r egardin g h i gh 
t hr ou ghput pr oducti on :  n on -st eady st at e  c onditi ons and low c ap acity. T h e  r oot c aus e f or 
t h es e  dr awb acks ar e b atc h op er ati ons f or intr oducin g substr at es and s emic onduct or r aw 
m at eri als int o t h e  syst em. N on et h eless , SCI pr ov ed pr oc ess f easibi lity f or m anuf acturin g 
envir onm ents wit h t his syst em and tr ansf err ed its f ocus t o  t h e  d ev elopm ent of its 
pr oducti on syst em. 

In 1 994, S CI bui lt and b egan t o  d ebu g a h i gh -t hr ou ghput d ep ositi on syst em (s ee 
Fi g. 1 0) w hic h inc orp or at ed s ev er al adv ant ages ov er t h e  pi lot d ep ositi on syst em inc ludin g 
incr eas ed t hr ou ghput and st eady-st at e, c ontinu ous op er ati on (s ee T ab le 6). T h e  m ain 
functi on al adv ant ages of t h e  pr oducti on d ep ositi on syst em ar e on -d em and r aw m at eri al 
f eed and ind ex ed glass c onv ey anc e. T h es e  f eatur es r esu lt in 1 00 tim es t he annu al 
c ap acity of t h e  pi lot syst em wit h on ly a m od er at e  incr eas e  in syst em len gt h (36 f eet vs. 46 
f eet). T h e  m anuf acturin g syst em is d esi gn ed f or t hr ou ghput of on e m odu le/minut e. T his 
adv anc ed d ep ositi on syst em wi ll b e  int egr at ed wit h appr oxim at ely 40 ot h er pi ec es of 
equipm ent t o  pr oduc e m odu les at an annu al c ap acity of 1 0-20 MW. 

Table 6. Comparison of pilot deposition system to high-throughput deposition 
system. 

System: 

Year Built: 

Purpose: 

Features: 

Pr ot otyp e 

1 991  

Pr oc ess D em onstr ati on 
Pr oc ess Optim iz ati on 
Limit ed Pr oducti on 

1 00kW 
1 0 Modu les/D ay 
Manu al 
B atc h 

Pr oducti on 

1 994 

Manuf acturin g 

1 0-20 MW 
480 Modu les/S hift 
Aut om atic 
C ontinu ous , St eady -St at e
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The HTDS is designed with the capabi lity of continua lly feeding semiconductor ra w 
materia ls through a series of feeders and vapor generators. The feeders are rep lenished 
without interrupting the process and are contro lled individua lly to provide for f lexibi lity in 
deposition rates and overa ll fi lm thickness . The HTDS feeders can use ra w materia l in 
e lement or compound form . This f lexibi lity resu lts in enhancing fi lm gro wth contro l and 
reducing materia ls costs , and achieving deposition at a lo wer system and substrate 
temperature . The vapor generators are located c lose to the deposition zone inside the 
system to limit the possibi lity of premature deposition a way from the substrate . 

Process Specifics 

Entrance Load Lock --The entrance load lock indexes the substrate, 
e qua lizes pressure with the deposition chambers, and conveys 
g lass into the preheat zone . The substrate is moved into c lose 
proximity ( < 1 inch) of the upstream substrate . The cyc le is less 
than 6 0  seconds . 

Preheat --The substrate is preheated to the deposition temperature 
(4 00C to 6 00C) .  The HTDS design uses Wat lo w  heaters which 
can be rep laced from the outside of the system to faci litate 
maintenance and great ly reduce do wntime due to heater
fai lu res . 

-

CdS Deposition--CdS is deposited to a thickness of 1 000 Angstroms in 
approximate ly 4 0  seconds . Substrate temperatures reach up  to 
45 0C at pressures of around 1 Torr . 

CdTe De pos ition--The CdTe deposition zone fo llo ws the CdS zone . 
CdTe is deposited to a thickness of 3 -4 microns in less than 1 .5 
minutes. Substrate temperatures reach up to 55 0C at pressures 
of around 1 Torr . 

Iso lation Curtain --The various zones described above are separated 
by iso lation curtains . Each curtain uses c lose-c learance 
geometry and gas f lo w  to limit cross over bet ween zones due to 
diffusion or bu lk f lo w  phenomena . 

Buffer Zone --The HTDS has been designed with ex tra processing 
section s do wnstream of the CdT e zone to incorporate future 
proces s deve lopments . 

Exit Load Loc k--The exit s lit is ana logous to the entrance load lock . In  
addition, the purge system is incorporated into a quench for 
substrate coo ling and heat strengthening . 
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Task7 20MW Manufacturing Line Utilities Design 

Objective 
• Speci fy uti lity re quirements
• Speci fy su pport systems re quirements

Progress 
• Identi fied C ap aciti es o f  key sys tems
• Comp leted En gineerin g E valu ation
• Out lined key permit issues

T he gen er al uti lities and faci lities re quirements h ave been identi fie d. A site h as not
yet been desi gn ated. T he re quirements are wit hin t he st and ard r an ge for a m anu facturin g 
p lant o f  t his size. T ab le 7 out lines t he p lant re quire ments. 

Table 7. Utility and facility requirements for SCI 1 OMW plant.

Land 
Acres -5 +  (e xp ansion/demonstr ation arr ays) 
Zonin g -Li ght/ he avy industry 
Parkin g P laces -9 0  
Tr ansport ation Access - Main t horou gh fare wit hin 2 mi les 

Building 
Tot al Size -53, 000 s q. ft. 

Manu facturin g -3 0, 000 s q. ft. 
W are house -7,5 00 s q. ft. 
O ffices -5, 000 s q. ft. 
R&D L abs/O ffices - 1 0,5 00 s q. ft. 

Cei lin g hei ght (m an/w are house) - 1 4 ft. m inimum 
Sprink lers -Wet system t hrou ghout 
Over he ad Cr anes -5 ton m inimum 
He at - Fu ll bui ldin g forced air I gas fired
Air Condition in g -Hand le 2 0, 000 s q. ft. 
Power Supp ly -3,5 00 KVA, 480V connected 
Securit y System -A ll are as 
Restrooms -Access from all are as 
Over he ad Doors -Two, 1 2 ft. m inimum 
Truck W ell -3 wit h leve lers 
Uti lities - P lant compressed air 

N2 supp ly (p lant or li quid boi l) 
Tr as h  comp actor 
Numerous e x h aust st acks 
F loor dr ains 
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Task S Quality Assurance Development 

Objective 
• D ev elop QJ A pro gram for 2 0MW lin e
• D ev elop proc ess f eedback capa bi liti es
• D emonstrat e mo dul e p erformanc e improv em ent

Progress 
• Out lin ed qua lity syst em bas ed on IS0-9 000
• D ev elop ed proc ess c hartin g p lan
• I dentifi ed k ey proc ess in dicators
• Uti liz ed stan dar d op eratin g proc edur es
• Esta blis h ed mo du le t estin g la boratory

SCI has initiat ed a qua lity assuranc e pro gram sp ecifica lly focus ed on t h e  2 0MW 
manufacturin g lin e. T his pro gram is un der eva luation an d r efin em ent on a pi lot pro duction 
lin e. Most of t h e  curr ent efforts ar e focus ed on proc ess contro l an d mo du le t estin g. 
Proc ess contro l efforts hav e pai d divi den ds in t hr ee basic ar eas; 1 )  mo du le p erformanc e, 
2 )  mo du le p erformanc e variation an d 3 )  proc ess improv em ents. Mo du le p erformanc e has 
st ea di ly improv ed ov er a two an d on e- ha lf y ear p erio d wit h si gnificant incr eas es in t h e  past 
tw elv e  mont hs cov erin g pro duction batc h es 3 0-5 0 (s ee Fi g. 1 1  ). Concurr ent ly, t h e  r elativ e 
stan dar d deviation of t h e  p erformanc e decr eas ed su bstantia lly to below 1 0% (s ee Fi g. 1 2 ) . 
T h e tar get for t h e  n ext tw elv e  mont hs is to demonstrat e sustain ed variation of less t han 
5%. 

B atc h 

Figure 1 1 .  Average total area efficiency vs. production batch. A batch contains an 
average of 1 5  modules. 
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Figure 1 2. Average relative standard deviation of total area efficiency vs. production
batch. A batch contains an average of 1 5  modules.

Th es e  improv em ents ar e th e r esult o f  s ev eral quality pro grams inclu din g stan dar d 
op eratin g proc edur es, proc ess chartin g, desi gn ed exp erim ents, and proc ess chan ges .  In 
a dd ition, pilot lin e op erators ar e involv ed in capabil ity stu di es o f  s ev eral proc ess es. On e 
such stu dy on th e las er scribing proc ess i denti fi ed th e oppor tunity to r educ e  th e distanc e 
betw een a djac ent scrib es. Mor e than 1 00 mo dul es w er e  utilize d in i denti fyin g th e las er 
proc ess capability an d trackin g th e results o f  a r eduction in s eparation distanc e (s ee Fi g. 
1 3 ) .  This chan ge r esult ed in a 0.5% r elativ e incr eas e in mo dul e output due to incr eas ed 
a ctiv e ar ea .  Th es e  incr em ental improv em ents ar e important to m eetin g lon g t erm 
p erformanc e obj ectiv es. 
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Figure 13. Laser scribing process capability study resulting in a reduction of scribe 
separation distance. By definition Scribe 1 is at the 0.0 position.
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In addi tion to process con trol, ex tensive tes ting is implemen ted to examine and 
demons trate module durabili ty. Module durabil i ty refers to the p hysical module as opposed 
to the thin-film p ho tovol taic device performance (i.e. , s tabili ty). T he s tress tes ts are based 
on the Solar Energy Researc h Ins ti tu te (SERI) pro tocol In terim Qualification Tes ts and 
Pro cedures for Terres trial P ho tovoltaic T hin-Film Flat-Plate Modules ( IQT). T he in ten t of 
t hese procedures is to provide the min imum tes ts and inspections required to evaluate 
p ho tovol taic modules and to provide a common approach be tween the producer and 
purc haser in conduc ting qualification tes ts. Ideally, modules that would experience early 
failures in field operations s hould fail the qualification tes ts. T he objec tive of the IQT 
pro tocol is 

"Emp hasis is placed on tes ting and evaluating module 
performance c harac teris tics and design features that will 
affec t possible degradation of module performance and 
p hysical proper ties resul ting from solar exposure, 
environmen tal weathering, mec hanical loading, 
corrosion, and module s hadowing. Because of l im i ted 
thin -film module field operation experience and the 
evolu tionary nature of new thin -film module material 
tec hnologies and designs, these tes ts s hould no t be 
considered defini tive or comple te at this time, nor do they 
provide a basis for assuring 30 year life in the field. 
Curren t understanding of failure and degradation 
mec hanisms and the relations h ip be tween accelerated 
tes ts and field reliabili ty is not sufficien t to allow accurate 
es timation of life-expec tancy." 

SCI has made significant progress in module durabil ity during P hase I of t he 
sub contrac t. IQT pass rates have increased from below 20% to above 80% on a module 
basis (see Fig. 1 4). SCI tes ted 34 modules of w hic h 27 passed their respec tive tes ting 
series (see Fig. 1 5 ) .  Mos t of the improvemen t was a resul t of be tter potting designs and 
encapsulation process con trols. T he pig tail po tting design wi th ure thane as the po tting 
agent proved to be muc h more effe ctive in lim i ting leakage curren t identified in the wet 
ele ctrical-isolation test. Pass rates in creased from approximately 40% to 1 00%. 
Encapsulation process improvemen ts including cleaning of the sealing surface on the 
module improved pass rates for the humidi ty-freeze tes t  from approximately 50% to 1 00%. 
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Figure 1 4. Module pass rate for IQT testing before and since the PVMaT efforts. 
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Figure 1 5. Overall performance in modules tested in IQT protocol. 
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Task 9 ES&H Program Development 

Objective 
• Develop program for 20MW plant
• Test program on pilot production line

Progress 
• Continued medical monitoring program 
• Refined Haz-Com and hygiene action plan programs
• Demonstrated waste reduction process.

Production of CdTe P V  modules involves regulated materials including cadmium.
An important part of the development effort is to establish programs which effectively 
handle environmental health, and safety issues that accompany the production, 
deployment and disposal of these modules. SCI has engaged outside agencies and 
consultants to conduct safety and health audits of the manufacturing facilities and to 
formulate appropriate programs and corrective actions. These programs include basic 
training programs as well as specific operational plans such as industrial hygiene and 
biological monitoring. 

Environmental development has focused on process waste minimization and 
product recycling [4]. SCI has demonstrated feasibility on a waste treatment process which 
removes greater than 95% of the cadmium from low concentration liquid wastes. This 
process reduces the disposal volume by over 99%. SCI has also demonstrated product 
recycling by shipping modules to a raw material supplier for reintroduction into the smelting 
process .. Table 8 outlines the major EH&S programs addressed in Phase I .  

Table 8.  EH&S programs i n  development during Phase I.

Environmental 

Health 

Safety 

Waste Reduction 
Waste Disposal 
Permit Maintenance 
Emissions Monitoring 
1 1  Other Areas 

Medical Monitoring 
Hazard Communication 
Field Monitoring 
Hazardous Waste Handling 
1 8  Other Areas 
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Lock-out/Tag-out 
Equipment Inspection and Testing 

-Lead cords 
-Fire extinguishers 
-Chain hoists 
-Other 

Employee Training 
-CPR 
-First aid 
-Fire Extinguishers 

Fire Response 
Over 20 Other Areas 
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APPENDIX A-DELIVERABLE STATUS 

No. Description Quantity Delivered 
D-1 .1  6.0% efficient 60cm x 1 20cm 1 each 5.9% efficient 60cm x 1 20cm 

module produced on 1 00 kW line module produced on 1 00 kW line 

D-1 .2 Documentation of all SCI 1 each Cadmium urine test results for all 
employees participating in employees 
Medical Monitoring Program 

D-1 .3 Two 5 . . 0% efficient, Scm x Scm 2 each 6.1 0% and 7. 1 2% efficient, Scm s 
submodule processed with Scm submodules processed with 
modified CdCI? treatment modified CdCI? treatment 

D-1 .4 6.5% efficient 60cm x 1 20cm 2 each 6.SO% and 6.S4% efficient, 60cm
module produced on 1 OOkW line x 1 20 em modules produced on 

1 00kW line 

D-1 .5 Two 5.0% efficient, Scm x Scm 2 each S.26% and S.5% efficient, Scm 
submodule processed with Scm submodule processed with 
modified CdCI? treatment modified CdCI? treatment 

D-1 .6 6. 75% efficient, 60cm x 1 20cm 1 each 6.9% efficient module 
module produced on 1 OOkW line 

D-1 .7 60cm x 1 20cm module produced 1 each 6.2% efficient module with 
on 1 00 kW line representing the Glass/EVA/Glass encapsulation 
best-to-date encapsulation and and molded u rethane potting 
potting scheme 

D-1 .S S.O% efficient, Scm x Scm 2 each Deliverable met by D-1 .5 (extra 
submodule processed with a submodules delivered for testing 
modified CdCI? treatment purposes) 

D-1 .9 7.0% efficient, 60cm x 1 20 em 1 each 7.6% efficient module 
module produced on 1 00 kW line 

D-1 . 1 0  60cm x 1 20cm module processed 1 each 6. 7% efficient module
with the modified CdCI? treatment 

D-1 . 1 1 60cm x 1 20cm module for IQT 6 each Six modules with an average 
series at NREL facilities efficiency of 6.9% 



APPENDIX B-MILESTONE STATUS 

Reference Task Description Status 

End of the First Quarter 

m-1 . 1 . 1  1 Demonstrate a 6.0% efficient, A 5.9% module was delivered. 
60cm x 1 20cm thin film CdTe Average module efficiency from 1 00 kW line 
PV module produced on the demonstrated at greater than 6.0%. 
1 00 kW line. 

m-1 . 1 .2 1 Complete stress testing on ten Thirteen modules tested in the IQT protocol. 
-

60cm x 1 20cm modules Most of these modules received increased 
produced on the 1 00 kW line. levels of testing including up to 1 00 
Stress testing may include humidity-freeze cycles. 
Interim Qualification Tests 
{IQT), accelerated life tests, or 
outdoor testing. 

m-1 . 1 .3 2 Demonstrate a 5.0% efficient, Delivered 7.1 %  and 6.1 % efficient 
Scm x Scm submodule submodules. 
processed with a modified 
CdCI? treatment. 

m-1 . 1 .4 3 Complete functional and Four encapsulation concepts and two 
economical evaluation of at potting concepts were investigated. 
least 3 encapsulation and 2 Currently, SCI is optimizing EVA/glass for 
potting schemes. the encapsulation and a molded pigtail for 

the potting. 

m-1 . 1 .5 4 Complete detailed process flow A Technical Handbook describing all 
diagram of 1 00 kW line, and processes has been written as a reference 
identify all processes under guide to the pilot line operations and the 1 0 
investigation or needing further MW line installation process. A line layout 
definition. has also been completed (see Fig. 1 } .  

m-1 . 1 .6 s Introduce work force and Training of the 1 00 kW work force began 
management to quality with emphasis on process variable tracking 
assurance. and data manipulation and summation. 

m-1 .1 .7 9 Demonstrate that all SCI maintains a urine testing program that 
employees are participating in includes all operational staff, outside 
a Medical Monitoring program. consultants and contracted labor. 
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m-1 .1 .8 9 Identify processes that may SCI engaged the Edison Technology Center 
need off-line waste to investigate process waste handling 
conditioning to reduce their related to cadmium bearing materials. Other 
environmental impact. processes have been identified and 

discussed with selected vendors. 

End of the Second Quarter 

m.1 .2.1 1 Demonstrate a 6.5% efficient, A 6.8% module was delivered. 
60cm x 1 20cm thin film CdTe Average module efficiency on the 1 00 kW 
PV module produced on the line exceeded 6.5%. 
1 00 kW line. 

m-1 .2.2 1 Complete stress testing on ten SCI is introducing at least 1 0 modules per 
60cm x 1 20cm modules with month into the IQT protocol. All of these 
initial efficiencies greater than modules have greater than 6.0% efficiency. 
6.0% produced on the 1 00 kW 
line. 

m-1 .2.3 2 Demonstrate a 6.0% efficient, Delivered two modules with efficiencies of 
Bern x Bern submodule greater than 8.0%. 
processed with a modified 
CdCI::> treatment. 

m-1 .2.4 3 Complete preliminary IQT Over 20 modules were tested through the 
evaluation of prototypes. IQT protocol during evaluation of 

prototypes. Currently, testing is continuing 
on the EVA/glass/pigtail design. 

m-1 .2.5 4 Complete definition of SCI has not determined whether or not 
tempering system including tempering is a critical or necessary process 
sequence relative to for making high quality films. With the current 
semiconductor deposition. encapsulation design, tempering of the 

superstrate to increase its strength is not 
necessary. The process will undergo further 
evaluation. 

m-1 .2.6 4 Complete definition of CdS The TCO for the startup of the 1 0 MW line is 
and CdTe deposition systems, a low resistivity (8 ohm/square) product 
and TCO coating thickness. available in sufficient volumes to meet SCI's 

long term demand. A high-throughput 
deposition system was designed and built 
and is currently under startup testing. The 
deposition components underwent 
preliminary testing in SCI's research 
deposition system showing encouraging 
results. 
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m-1 .2.7 5 Revise conceptual layout of A new layout was completed (see Fig. 1 ) . 
20 MW per year 
manufacturing facility to 
include up to date information 
from product and process 
definition work. 

m-1 .2.S s Establish quality assurance Equipment was installed to give SCI the 
laboratory for 1 00 kW line. capability to perform complete IQT protocols 

in-house. Further equipment is available for 
in-line process control. 

m-1 .2.9 9 Complete preliminary action SCI is active on three fronts related to SHED 
plan for waste handling and issues: 1 )  an outside consultant has been 
recycling programs. engaged to develop on-line waste handling 

processing, 2) a product recycling program is 
under development, and 3) agreements with 
raw materials suppliers are underway. 

End of Third Quarter 

m-1 .3.1 1 Demonstrate a 6. 75% Demonstrated a 7.7% efficient module. 
efficient, 60cm x 1 20cm thin Produced over 50 modules at greater than 
film CdTe PV module 6.75%. 
produced on the 1 00 kW line. 

m-1 .3.2 1 Complete stress testing on SCI has completed four rounds of tests 
60cm x 1 20cm · modules with consisting of 39 modules with an average 
initial efficiencies greater than efficiency of 6.3% 
6.5% produced on the 1 00 kW Average 
line. Round Modules Efficiency 

1 1 0 5.S%
2 1 0  5.7% 
3 9 6.9% 
4 1 0  6.9% 

m-1 .3.3 2 Demonstrate an S.O% S.5% demonstrated. 
efficient, Scm x Scm 
submodule processed with a 
modified CdCI., treatment. 

m-1 .3.4 3 Complete evaluation of See m-1 .3.2 
prototypes and begin IQT on 
best encapsulation and 
potting packaQe candidate. 

m-1 .3.5 4 Complete definition of Completed definition of linear interconnect 
patterning and interconnection technique utilizing laser scribing. Obtained 
schemes. multiple quotes on industrial systems. 

m-1 .3.6 6 Complete . design of glass Glass preheat station has been designed 
preheat station, and utilities and built as part of high throughput 
for glass preheat station. deposition system currently under testinQ. 
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m-1 .3.7 6 Complete preliminary estimate 
of electrical, HVAC, Dl  washer 
chiller, drainage, and waste 
systems demand for 20 
MW/year manufacturing line. 

m-1 .3.8 8 Complete definition of overall 
Total Quality Prooram. 

m-1 .3.9 9 Complete manual for Hazard 
Communications P rogram for 

. production line workers. 
m-1 .3. 1 0 9 Complete manual for 

Industrial Hygiene Action Plan 
for Production Facility. 

End of Fourth Quarter 

m-1 .4.1  1 Demonstrate a 7.0% efficient, 
60cm x 1 20cm thin film CdTe 
PV module produced on the 
1 00 kW line. 

m-1 .4.2 1 Complete stress testing on ten 
60cm x 1 20 em modules with 
initial efficiencies greater than 
6. 75% produced on the 1 00
kW iine. 

m-1 .4.3 1 Demonstrate module 
performance and stability by 
testing at least three 60cm x 
1 20cm modules for three 
months in an outdoor test 
field. 

m-1 .4.4 1 Complete the Phase I portion 
of the effort under Task 1 .  

m-1 .4.5 2 Demonstrate a 6.5% efficient, 
60cm x 1 20cm module 
processed with a modified 
CdCI" treatment. 

m-1 .4.6 2 Complete the Phase I portion 
of the effort under Task 2. 

m-1 .4.7 3 Demonstrate greater than 
80% pass rate for IQT tested 
modules. 

m-1 .4.8 3 Complete the Phase I portion 
of the effort under Task 3. 

m-1 .4.9 4 Complete definition of all 
process steps including 
panelization, encapsulation, 
and interfacial layer. 

Completed with assistance from local 
engineering/ architectural firm. Efforts 
continue on detailed analysis of waste 
systems. 

Quality Program outlined based on IS0-9000 
standards. 
Complete. Some workers have finished 
training. 

Completed for 1 00 kW line as part of SCI 
Safety Packet. 

Demonstrated 8. 72% efficient module 
(81 441 0) 

Completed stress testing on 1 9  modules with 
average efficiency of 6.9% 

Installed 24 modules on August 29, 1 994. 
As of December 2, 1 994 array had improved 
approximately 4% and average module 
efficiency was 7.3%. 

Task 1 effort completed. 

Demonstrated 6.70% efficient module 
(89421 ) 

Task 3 effort completed. 

Demonstrated 82% pass rate. 

Task 3 effort completed. 

Completed Standard Operating Procedures 
and Process Determinations. 
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m-1 .4.1 0 4 Complete the Phase I portion Task 4 effort completed. 
of the effort under Task 4. 

m-1 .4. 1 1 5 Complete conceptual layout of Layout completed. 
20 MW per year 
manufacturing facility 
including on-line, off-line, and 
auxiliary processes. 

m-1 .4. 1 2  5 Complete the Phase I portion Task 5 effort completed. 
of the effort under Task 5. 

m-1 .4. 1 3 6 Complete specification of Completed specification of all critical 
metallization, patterning, lead systems. 
attachment, automated 
pinhole repair, encapsulation, 
and auxiliary glass handling 
systems, and design of CdS, 
CdTe, and interfacial layer 
deposition systems, and 
quench/tempering system. 

m-1 .4. 1 4 6 Complete conceptual design completed conceptual design of TCO 
for automated in-line test resistivity, TCO optical transmission, CdTe 
stations. thickness, Pins, and safety Hi-Pot inspection 

stations. 
m-1 .4. 1 5  6 Complete the Phase I portion Task 6 effort completed. 

of the effort under Task 6. 
m-1 .4. 1 6 7 Complete design of utilities for utility capacities evaluated. Specific utility 

system specified under Task design not available doe to lack of site. 
6. 

m-1 .4. 1 7  7 Complete the Phase I portion Task 7 efforts have been completed except 
of the effort under Task 7. for site specific desions. 

m-1 .4. 1 8 8 Complete identification of Over 1 5  process and product performance 
process and product indicators have been identified and are being 
performance indicators. utilized on the 1 00 kW line. 

m-1 .4. 1 9 8 Complete definition of training Current production workers are cross trained 
program for production on multiple processes to increase overall 
workers. expertise and awareness of processing 

activities on product performance. 
m-1 .4.20 8 Document standard operating Standard Operating Procedures for 1 00 kW 

procedures for 1 00 kW line. completed but undergo continuous 
improvement. 

m-1 .4.21 8 Complete the Phase I portion Task 8 effort completed. 
of the effort under Task 8. 

m-1 .4.22 9 Demonstrate waste Economically and technically feasible waste 
management and recycling management and recycling process indicates 
processes reduce that cadmium recapture is possible and other 
environmental impact of wastes can be minimized. 
production processes. 

m-1 .4.23 9 Complete the Phase I portion Task 9 effort complete. 
of the effort under Task 9. 
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