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1 .o S U W R Y  

Experimental resu l ts  on t h i s  feasibi  I i t y  study t o  establ ish processes 

E f f o r t s  f o r  producing an t i re f l ec t i on  f i l m s  on glass are very encouraging. 

have been concentrated i n  three areas: 

o f  glass, and ac id development of sodium s i l i c a t e  f i lms  on glass. 

transmission t o  date has been achieved through the  ac id  etching technique, 

ac id  etching o f  glass, plasma etching 

The best 

wh i 

s i  I 

f o r  

s i  I 

e the  most durable f i Ims have been produced from development of  sodium 

cate f i lms. Control of the  ac id  etching technique i s  presently inadequate 

production implementation, and large scale appl icat ion methods for sodium 

cate f i lms  need fu r ther  de f in i t ion .  While f i lms having excel lent  an t i -  

r e f l e c t i v e  propert ies have been fabr icated by plasma etching techniques, a l l  

have been water soluble, d isqua l i f y ing  the  f i l m s  from a weatherabi l i ty  stand- 

point .  
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2.0 1 NTROWCT I ON 

1986 goals of the LSSA Pro ject  include large scale production of e f f i c i e n t  

so lar  array modules, having a twenty year l i f e  a t  a cost  of $O.SO/peak watt 

( i n  1975 do l la rs ) .  These goals place s t r ingent  requirements on the mater ia ls 

u t i l i z e d  i n  the modules. Glass covers are a feas ib le  opt ion f o r  1986 modules 

and a preferred cover material for modules b u i l t  i n  the  intermediate term, 

probably through 1984. 

Any encapsulation w i l l  introduce both absorption and r e f l e c t i o n  losses 

which, i n  e f fect ,  reduce the  e f f i c iency  of  the encapsulated so la r  c e l l s  

compared t o  bare c e l  I s. 

of  appreciably reducing these encapsulation losses f o r  modules using glass 

covers, maintaining the  necessary cost  and r e l i a b i l i t y  objectives. 

Thi s contractua I study addres-2s the feasi b i  I i t y  

Glass i s  one of the few mater ia ls known t o  be capable of a l i f e  

considerably exceeding 20 years. Ref lect ion from the top surface o f  a glass 

cover i s  s ign i f i can t .  (Ref lect ion f r o m  the  bottom surface i s  equally bad i f  

it i s  i n  contact wi th  a i r ;  i f  the  bottom glass surface i s  contacted w i th  an 

organic encapsulant, r e f l e c t i o n  from t h i s  in ter face i s  generai ly considerably 

reduced.) Addi t ional ly,  ce r ta in  glass compositions have appreciable absorption 

i n  the wavelength range useful f o r  so lar  ce l  Is; the  best transmittance c3mpositions 

are low i n  i ron  content. Accordingly, spec i fy ing low i ron  content glass w i l l  

improve transmittance through the  encapsulant t o  the c e l l s ,  leaving reduction o f  

r e f l e c t i o n  from the f r o n t  surface o f  the glass as the most f r u i t f u l  area t o  

invest igate f o r  reducing o p t i c a l  losses. This program i s  a f e a s i b i l i t y  study 

t o  invest igate and def ine pa r t i cu la r l y  promising methods f o r  reducing r e f l e c t -  

ions from low i ron glass surfaces. 

2 



3.0 TECHNICAL DISCUSSION 

Three technology areas were proposed for evaluat ion during t h i s  study on 

forming an t i re f l ec t i on  coatings on glass: 

glass surface etching i n  plasma, and acid treatment of sodium s i l i c a t e  deposits 

on glass. 

glass surface etching w i th  acid, 

3.1 ACID ETCHED FILMS 

Before (and pa r t i cu la r l y  during) World War I I, several methods for 

producing AR f i lms  on glass by means of inorganic ac id  etches were developed 

i n  an e f f o r t  t o  replace the  then-unperfected a r t  of vacuum deposition. 

ac id  etch methods were slowly improved i n  l a t e r  years, and a ref ined technique 

was published by S. Mi l ton  Thompson i n  t h e m  March, 1951. The 

method described i n  Thompson's a r t i c l e  was used as the  basis for our ac id  etch 

i nvesti  gat ion. 

The 

I n  contrast  t o  other techniques, the  ac id  etch method does not deposit 

an AR f i  I m  on glass, but  ra ther  produces a f i I m  by chemically and op t ica l  l y  

a l t e r i n g  a t h i n  layer o f  t he  glass surface i t s e l f .  

Glass i s  a so lut ion o f  a var ie ty  o f  oxide compounds, p r  

d iox 

mari l y  s i  I icon 

de, but a lso  metal oxides such as those of calcium, sod um, and mayes urn. 

The object  o f  acid etching Is t o  se lec t ive ly  leach the non-si l ica components, 

leaving a skeleton of pure, porous :;io2. 

ihe etch reported by Thompson consists o f  a 1.25 molar  aqueous so lut ion 

A t  ce r ta in  degrees o f  super- of f l u o s i l i c l c  ac id  supersaturated wl th  s i l i c a .  

saturation, the  ac id  se lect ive ly  dissolves the metal components present i n  

the glass. The skeletonized layer ' s  of low r e f r a c t i v e  index and const i tu tes 

the AR f i l m .  

the thickness and op t ica l  propert ies o f  the skeletonized layer can be varied. 

By adjust ing the >mperature and durat ion o f  exposure t o  the acid, 

3 



3.1.1 EX?ER I MENTAL PROCEDURE 

Glass plates were etched on both surfaces i n  so lut ions prepared i n  the 

laboratory. 

f l u o s i l i c i c  ac id  t o  1.9 l i t e r s  w i th  deionized water. To t h i s  solut ion, 60 

grams o f  200-mesh s i l i c o n  dioxide was added, and s t i r r e d  a t  room temperature 

fo r  12 hours. A f te r  s t i r r i n g ,  the so lu t ion  was f i l t e r e d  through paper and 

placed i n  a polyethylene container surrounded by water a t  45 2 1 C. The 

s i l i c o n  dioxide saturated ac id mixture was supersaturated w i th  s i l i c o n  dioxide 

by the addi t ion o f  an aqueous so lu t ion  of 4% bor i c  acid. 

of determining the  proper degree o f  supersaturation ana ly t i ca l l y .  By exhaustive 

tr ial-and-error, it was found t h a t  add i t  ion o f  11.9 m l  o f  4% aqueous bor ic  ac id  

so lut ion per l i t e r  o f  s i l ica-saturated f l o u r o s i l i c i c  ac id  so lu t ion  produced a 

degree o f  supersaturation conducive t o  f i l m  formation. 

then, f o r  65 minJtes. 

The so lut ions were prepared by d i l u t i n g  1.2 I i t e r s  o f  23% 

0 

There i s  no known way 

Etching was performed, 

narrow. This narrow range, coupled w i th  the fac t  

are unstable and tend t o  spontaneously rever t  t o  

time, cause sericus problems a f f e c t i n g  reproducab 

3.1.2 RESULTS 

Although the allowable range o f  supersaturation f o r  f i l m  formation has 

not been determined wi th  cer ta in ty ,  it i s  known t h a t  the range i s  extremely 

t h a t  supersaturated solat ions 

h e i r  saturated form w i t h  

I i t y  of f i l m  propert ies. 

The skeletonized surfaces have been examined i n  the scanning e lect ron micro- 

scope. Typical examples o f  micrographs are shown i n  Figure 1 .  

Acid etched f i lms  c3n be produced w i th  r e l a t i v e  ease, but attainment o f  

superior an t i - re f l ec t i ve  propert ies i s  d i f f i c u l t .  A t  present, untreated glass 

n a peak 

%ut i  ne I y 

w i th  J maximum transm 

transmi ssion o f  99%. 

S i G n  o f  32.4% has been f i lmed t o  obta 

This i s  the best performance obtained. 
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produced f I Ims have increased transml Sslon o f  the same glass t o  approxlmately 

97%. 

The production of fi lmed glass samples for t h i s  f e a s i b i l i t y  contract  has 

been completed. 

solut ion's chemical composition, the  f i lms '  op t ica l  e f f i c iency  var ies s l i .  

f r o m  sample t o  sample. A l l  f i lms, however, produce a peak transmission of  

a t  least  97.0%. 

Due t o  the d i f f i c u l t i e s  encountered i n  maintaining the  etch 

3.2 SODIUM SILICATE FILMS 

When aqueous solut ions o f  sodium s i l i c a t e  (waterglass) are t reated wi th  

acid, a gelatinous prec ip i ta te  resul ts;  it i s  composed o f  hydrated s i l i c o n  

dioxide and various sodium sal ts .  This react ion can be used to  produce AR 

f i l m s  on glass, and possibly on cer ta in  p last ics .  

Production of the f i l m  i s  accomplished by applying commercial waterglass, 

d i lu ted  wi th  water, t o  a glass plate. The p l a t e  may be spun t o  level the 

waterglass f i l m ,  then al lowing the f i l m  t o  dry, o r  another appl icat ion method 

such as spraying o r  dipping may be u t i l i z e d .  The p l a t e  i s  next dipped ir,to 

concentrated s u l f u r i c  acid, rinsed, and redried. This process produces a 

f i l m  which i s  composed o f  insoluble low-hydrated s i l i c o n  dioxide and sodium 

sul fate.  Although the  sodium su l fa te  i n  the f i l m  i s  waier-soluble, i t s  

removal by exposure t o  water does not t o  any great extent a f f c - r  the mechanical 

strength of the f i l m .  The op t ica l  q u a l i t i e s  o f  the f i l m  are, i n  fact ,  

enhanced by the  removal of the sul fate,  so t h a t  intent ional  washing o r  

weathering may ac tua l l y  improve the AR propert ies of the f i l m .  

I t  appears thaT f i lms produced i n  t h i s  way have AR character is t ics  some- 

what poorer than the ac id  etched fi lms, the dif ference being a s l i g h t l y  higher 

index o f  re f ract ion.  

6 



3.2.1 PRODUCTION OF SILICATE FILMS 

For the production of  s i l i c a t e  f i lms, commercial sodium s i l i c a t e  syrup, 

manufactured by Humco Laboratories, Texarkara, Texas, was used. The syrup 

had the f o l  lowing chemical propert ies: 

Density 

PH 

Dry residue 

Na content 

S i  content 

Na20/S i O2 

1 .5g/cc 

11.3 

54.1 w t .  % 

5.0 w t .  % 

12.0 w t .  % 

0.26 

Production o f  the s i  I icate f i  Ims was performed by mounting glass 

on a standard photoresist spinner, f looding the surface o f  the sample 

ramp I es 

with a 

so lut ion o f  sodium s i l i c a t e  syrup i n  water, and cent r i fug ing  the glass sample 

a t  2000 RF'M fo r  30 seconds. The procedure was repeated on the other side of 

the  sample, followed by a 2 minute d ip  i n  96% s u l f u r i c  acid. 

3.2.2 RESULTS 

With solut ions containing 13.8 volume per cent sodium s i l i c a t e  syrup, 

f i  Ims having a l  lowing 97.5% peak transmission were possible. 

o f  op t ica l  propert ies was excel lent .  

Reproducibi I i t y  

3.3 PLASMA ETCHING OF FILMS 

Plasma technology has made a s ign i f i can t  impact on t b s  semiconductor 

industry i n  recent years by providing h igb ly  improved process control  a t  

substant ia l ly  reduced costs for etching, cleaning, and deposit ion of t h i n  

f i lms. Reduced cost i s  p r imar i l y  a r e s u l t  o f  reduced consumption o f  mater ia ls 

7 



411 Plasma Etcher 

on the grounded e 

glass from holes 

organ 

work. 

visua 

through tha e l ; . i lns t ion of wet chemical steps. This study was an o f f o r t  to 

spplv plasma technology t o  produce. on glass, AR f i lms analagous t o  Known 

acid-etched films, fo l lowing up on prel iminary t e s t s  which produced an 

interference layer on glass etched wi th  a ,,'asma o f  Freon 14 (CF4) and 

oxygen. 

The equipment used was a specib l ly  modif ied commerciJ1 plasma system. 

A small para l le l  p la te  reactor was mounted inside the chamber o f  a Tegal %del 

The lOcm X lOcm glas: substrates were placed hor izon ta l l y  

ectr,;de whi le the react ion gases were introduced above the 

n the top elsctpode. A t  reduced pressure (approximately 500 

m i l i i t o r r )  the reaction gases are ionized by an RF f i e l d  appl ied between the 

two plates. 

produce the desired thickness and uni formity of f i l m .  

etching was near mbient ,  wi th  s l i g h t  heating e f fec ts  from the AR f i e i d .  

Pressure and RF power were variables studied i n  attempts to  

The temperature during 

Before plasma treatment, the low-iron soda-lime glass (cu t  i n t o  lOcm X lOcln 

substrates) was washed i n  deionized dater t o  remove surface par t i c les .  

Substrates then received a 5 minute clean i n  an oxygen plasma t o  remove any 

c residue. A plazma of CF4 plus 8.5% O2 was u t i l i z e d  throughout t h i s  

Pressure was vari t  

G, aarance and good a n t i  r e f  I ectance 2ropert i 8s were obtained by ad j u s t  i ng 

pressure i n  t h i s  range so t h a t  times o f  3 min. t o  30 min. were s u f f i c i e n t  t o  

produce the f i lms  as power WPS var ied f r o m  300 watts t o  30 watts. 

over the range 0.2 - 0.4 t o r r .  F i  Ims having uniform 

F i  Ims were eval uated i n  a spectrophotometer f o r  transmittance and were 

found t o  have excel lent  AR propert ies. Total transmission was increased 5 t o  

7.5% over wost of the 0.4 t o  1.0 micron spectrum. 

The surface o f  the plasma etched glass was examined using a scanning 

electron microscope; micrographs are included i n  Figure 1. Microprobe 
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e l  

3 X  

X-ray analysis revealed the  nodules on the  surface as probably a calcium/ 

s i  I icon compound. 

12 i s  poor f o r  the analysis equipment, it was not possible t o  p o s i t i v e l y  

i d e n t i f y  the elements sodium and f luor ine.  

the plasma react ion forms a l ka l i ne  f luor ides or f l u o s i l  icates. 

wi th  known indices o f  refract ion,  are NaF(1.331, Na2SiF4(1.30), CaF(1.431, 

and CaSiF6. A l l  o f  these possible reactants are nonvolat i le  a t  the plasma 

process temperature and pressure. Thus a lower-refractive-index, quarter- 

wavelength layer may be formed (instead o f  a porous glass s t ructure as i n  ac id  

etching). The lack o f  a continuous (i.e., a nodular layer i f  formed) may be 

explained by the  nonhomogenous microstructure of glass, which can demonstrate 

large composition var ia t ions w i th in  the  dimensions shown i n  the micrographs. 

Also, the nonvolat i le  nature of the  reactants causes the plssma react ion to 

stop, thus preventing formation o f  a porous layer. 

Since the resolut ion for elements w i th  atomic numbers below 

It may however, be suggested t h a t  

Some examples, 

Durabi I i t y  experiments were performed t o  evaluate mechanical propert ies 

of the fiIms.lTheywere soon discovered t o  be very water soluble, leaving only 

minor etched surface imperfections. Water so lub i l  i t y  o f  the f i  Ims v i r t u a l  l y  

minates them f r o m  fu r the r  consideration. 

Next, an a l te rna t i ve  plasma etching system was u t i l i z e d .  A n i t rous  

de plasma was introduced to etch the glass, since it i s  known t h a t  n i t r i c  

ac id  solut iops have been used t o  leach ak la l ines from glass surfaces, producing 

an AR e f fec t .  No s i g n i f i c a n t  resu l t s  were obtained using t h i s  pmcess. 

A recently introduced etching technique using a low pressure plasma 

w i ih  anhydrous HF gas a t  180°2 t o  220% has been used t o  se lec t i ve l y  etch 

integrated c i r c u i t  appl icat ions. The 

hought to have a possible appl icat ion 

ass. Experimental resu l t s  were simi l a r  

s i l i c o n  dioxide i n  s i l i c o n  devide and 

select ive e f f e c t  of t h i s  process was 

t o  AR treatment, so it was t r i e d  on g 



t o  those o f  the o r i g i n a l  freon plasma process, i n  t h a t  the f i  Ims were s t i  I I 

water soluble. 

It was concluded t h a t  the nonvolat i le  nature of some react ion products, 

and the high watel content of the soda-lime glass, prevent the formation of  a 

durable AR treatment by the plasma etching technique. 

3.4 PLASMA DEWS I TED F I LMS 

Anothar area of  appl i ca t i on  of plasma ttL ,no 

industry has Seen tne  chemical depositionof th in,  

Although not  i n  the scope o f  t h i s  contract, the p 

explored as a matter o f  completeness. By analogy 

ogy t o  the semiconductor 

uniform d i e l e c t r i c  f i Ims. 

asma deposit ion area was 

to  the deposited sodium 

s i l i c a t e  f i l m  technique examined i n  t h i s  study, experiments were performed 

r i c  films, using the 

RF f i e l d .  The f i l m  was 

s i l i c o n  dioxide deposited on soda-lime glass plates. An interference e f f e c t  

t o  deposit quarter-wavelength interference d i e  

decomposition o f  tetraethyloxysi lane (TEOS) by 

ec 

an 

was noted, but the small change i n  index o f  r e f r a c t i o n  d id  not produce 

s ign i f i can t  reduction i n  r e f l e c t i o n  loss. This, combined w i th  process 

problems and possible cost  disadvantages, indicated t h a t  fur ther  invest 

was not merited . 

3.5 ACCELERATED DURABILITY TESTING 

Durabi I i t y  t e s t i n g  was performed i n  two ways. F i  I m  samples on glass 

were exposed t o  u l t rasonic  v ibrat ions i n  abraslve-free water as the f i r s t  

test .  

m i  Id  abrasive. 

Subsequent t e s t i n g  was performed by bu f f i ng  the f i l m  samples w i th  a 

on 

1 1  



f h t h  types of films displayed a degree of resistance t o  mechanical 

destruct ion which could be adequate for withstanding outdoor exposure. 

two f i l m  types appeared, by both tests,  t o  have s im i la r  mechanical strengths, 

w i th  the sodium s i l i c a t e  f i lms generaily d isp lay ing super ior  du rab i l i t y .  

However, the ac d-etched f i Ims d i d  e x h i b i t  considerably more var lab i  1 i t y  i n  

resistance t o  u t rasonics than d id  the s i l i c a t e  fi lms. The cause of t h i s  

v a r i a b i l i t y  may be due to  the f a c t  t h a t  the acid-etched f i lms  used for 

durabi I i t y  t e s t i n g  were formed f r o m  d i f f e r e n t  bath compositions. 

acid-etch bath was s u f f i c i e n t l y  unstable t h a t  repeated at";ts a t  sample 

production were required over a two-week per lod t s f o r e  enough samples were 

obtained to  al low completion of the  d u r a b i l i t y  tests.  

The 

The 

3.6 ENHANCED DURABILITY AR FILMS 

Two methods which were used i n  an attempt t o  enhance 4R f i I m  durabi I i t y  

have produced no encouraging resul ts.  

Heat annealing o f  samples has produced e i t h e r  no read i l y  reproduceable 

increase i n  durabi l i ly o r  has resul ted i n  p a r t i a l  dest ruct .  c f  both si I icata 

and acid-etched fi lms. Although it i s  possible t h a t  a heat mneal treatment codld 

be of  d e f i n i t e  u t i l i t y  i n  AR processing if the necessary process parameters 

are found, fu r ther  e f f o r t s  i n  t h i s  area are deemed of  questionable value. 

Appl icat ion o f  s i l i c a t e  coatings to  acid-etched f i l m  samples has resul ted 

i n  increased durabil i t y ,  but  an a n t i r e f  l e c t i v e  performance t h a t  i s  

no be t te r  than the  s i  I i ca te  f i  Ims discussed ear l  i e r .  I n  view of the f a c t  t h a t  

samples so t reated involve more processing steps than required f o r  s i l i c a t e  

fi lms, but are not  superior i n  e i t he r  d u r a b i l i t y  o r  op t i ca l  performance, 

addi t ional  e f f o r t  In  t h i s  area seems un jus t i f i ed .  

12 



3.7 CHARACTERIZATION OF TRANSMITTANCE OF AR SAMPLES 

Optical character izat ion of  the f i l m  samples has been completed. Examples 

of transmittance curves, taken wi th  a dual beam Cary 17 Spectrophotometer, 

w e  shown i n  Figure 3 f o r  acid-etched f i lms, and i n  Figure 4 f o r  t reated 

sodium s i l i c a t e  fi lms. The acid etched f i l m s  have demonstrated a peak 

transmission a t  0.56~1 of  99.0% f o r  l i g h t  incident normal t o  the surface. 

The s i l i c a t e  f i lms show a somewhat f l a t t e r  response, having a rather broad 

peak cantered a t  about 0.55vm and representing a transmission a t  that  wave- 

length of 97.5% on the best sample. 

improvements over the 92.4% transmission obtained f o r  tho same type of glass 

without a n t i r e f l e c t i o n  coatings. 

Both o f  these resu l t s  represent s t r i k i n a  

3.8 LARGE-SCALE COST ESTIMATES 

In  order t o  be implemented i n t o  a process sequence f o r  making solar 

modules, any a n t i r e f l e c t i o n  treatment must prove t o  be cost-effect ive. This 

put from the a n t i -  

thout the treatment, 

t ranslates i n t o  lowering the cost per watt o f  power ou 

ref lect ion- t reated module compared t o  the  power cost w 

perhaps modified t o  include l i f e -cyc le  considerations. 

For the case o f  so lar  c e l l  modules, the a n t i r e f l e c t i o n  treatment w i l l  be 

appl ieA only t o  the outer surface o f  the glass. The inner surface w i l l ,  almost 

cer ta in ly ,  be mntac ted  t o  a f i  I l e r  material which w i  I1 have an index of 

re f rac t i on  .mar t h a t  o f  glass. This f i  I l e r  material,  such as a s i  I icone 

comp nd, w i l l  e f f e c t i v e l y  el iminate the back glass op t i ca l  interface as a 

e f l e c t i n g  surface, e l iminat ing the need f o r  an a n t i r e f l e c t i o n  treatment 

there. 

13 
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Transmissions of a t  least  97% of the incident l i g h t  have been achieved 

wi th  both the ac id  etch process and the sodium s i l i c a t e  process. 

approximated as a 1.5% loss f r o m  each surface. 

This can be 

Comparing cover glasses wi th  and without a t y p i c a l l y  achieved an t i -  

r e f l e c t i o n  coating, the r a t i o  of output power i s  

- - = ( K o . o 4 )  0.015 =s- 0*985 Z 1.026 P'out 

pout 

Nominal ly, then, a 2.6% increase i n  power can be expected. 

a n t i r e f l e c t i o n  coating i s  achieved, the power w i l l  be correspondingly increased. 

( I f  an improved 

An approximate analy t ica l  expression r e l a t i n g  output power and op t i ca l  

losses i s  * 

(1-L) 'out = OM 'in 

where 

= Power output form the  module 

= Incident power 

= Module conversion ef f ic iency,  not includin3 r e t l e c t i o n  

'in 

nM 
and absorption losszs. 

L = Fractional losses from r e f l e c t i o n  and absorption 

For two d i f f e r e n t  loss conditions, L and L', achieved by glass covers without 

and w i th  an a n t i r e f l e c t i o n  coating, t he  r a t i o  o f  the oubput powers w i  I I ' )e  

-- P'out 1-L! 
Pout 1 -L 

- -  

wave 

f ron 

ne3 I 

Low i ron soda-lime glass has a small absorption co -e f f i c i en t  

engths o f  interest .  Total transmission losses a t  normal inc 

both r e f l e c t i o n  and absorption, are approximatley 8%. Assum 

g ib le  absorption losses, t h i s  can be approximated as a 45 r e  

i n  the 

dence, 

ng 

I ec t  ion 
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loss from each surface. I f  so lar  c e l l  modules can be manufactured a t  a cost  

o f  $2.00/watt, and the a n t i r e f l e c t i o n  coat ing achieve the t yp i ca l  performance 

discussed hore, the  treatment may cost no more than about $0.05/watt. 

a t  a $0.50/watt manufxrur ing cost, the a n t i r e f l e c t i o n  treatment may cost no 

more than about $0.0125/watt. 

wafers a t  $2.00/watt, and a 90% package fi I I - fac to r  t o r  ribbons a t  50a/watt. 

For a 14% encapsulated so la r  ce l  I ef f ic iency,  t h i s  corresponds t o  maximum 

a l  lowable costs o f  $4.90/m and $1.575/m f o r  the $2.00/watt and $0.50/watt 

cases, respect i v8 I y . 

Simi lar ly ,  

Assume a 70% package f i I I - fac to r  f o r  round 

2 2 

A t  the present time, technical f e a s i b i l i t y  o f  two processes has been 

established. Uncertaint ies, ex is t ,  as t o  what the exact, detai led process 

for e i t h e r  would look l i k e  i n  a manufacturing process sequence. Accordingly, 

an accurate cost  pro ject ion i s  not yit possible f o r  e i t he r  process. The 

fu tu re  manufacturing process for e i the r  must be assumed a t  t h i s  time t o  have a 

very high throughput and be readi l y  automated. 

e i t h e r  must, thus, be l im i ted  by the cost o f  the consumed materials. 

Approximate costs o f  consumed mater ia ls f o r  each process are discussed i n  

the next sections. 

The cost effect iveness o f  

3.8.1 AC I D-ETCHED F I LM 

The primary ingredient f o r  the acid-etch process bath i s  f luosi I i c i c  

acid. Although t h i s  ac id  has commercial appl icat ions,  high volume consumpt on 

i s  rare, and as a resu l t ,  h igh quant i ty discount pr ices are d i f f i c u l t  t o  ob.ain. 

For t h i s  reason, the cost estimate prxr ;n ted here w i  I I assume a worst-case 

s i t ua t i on  i n  which the ac id  p r i ce  Is t ha t  cur ren t ly  i n  e f fec t  for small volume 

shipments. 

17 



Fluosi I i c i c  acid 23$ $16.00/gal. 

Sl l l con  dioxide 99.7% $11.00/lb 

These pr ices include shlpping. 

Each gal lon o f  f i l m i n g  so lu t i on  consists o f  approximately two-thirds 

by volume 23% f l u o s i l i c l c  acid, the balance being water, and 0.1 kg high- 

p u r i t y  s i l i c o n  dioxide. 

is:  

Therefore the material cost  f o r  the ac id  etch 

I t  has been experimentally determined t h a t  1.9 l i t e r s  of the ac id  etch 

i s  capable o f  f i lmingboth sides of a t  least  200 lOcm square glass sheets ( the  

equivalent o f  400 sheets on one side) bnder optimum conditions. 

bath output may be maintained i n  a contro l led production operation y ie lds the  

fo l lowing cost calculat ion:  

Assuming t h i s  

2 4 2  -x - ' sheet X 'O icm = $1.64/m $13.09 x 1  gal 1.9R -. 
gal 3.87511 200 sheets 200 cm7 m 

Volume p r i c i n g  o f  t he  f l u o s i l i c l c  ac id  w i l l ,  o f  course, reduce t h i s  cost. 

Further, t he  p u r i t y  and/or p r i c e  o f  the s i l i c a  may a l so  be reduced s i g n i f i c a n t l y .  

With these considerations, t h i s  process i s  p o t e n t i a l l y  cost  e f f e c t i v e  a t  even 

the  $0.50/watt cost. 

3.8.2 SOD I UM S I L I CATE PROCESS 

The two required rsagents f o r  the s i  I icate process are readi l y  avai lable 

i n  large quant i t ies  and are current ly  Inexpensive. Prices l i s t e d  below are 

current and include shipping. 

Sodium s i l i c a t e  so lut ion (Baume' 40) $0.077/ I b . 
in  50,000 I b .  l o t s  

18 



Su l fu r i c  acid (96%) i n  3,000 

. The sodium s i l i c a t e  so lu t  

11.67 Ib/gal. 

gal. l o t s  $2.69/ga I 

on, as supplied, has a dens 

. A successful f i lm ingso lu t i on  consists o f  33% by 

sodium s i l i c a t e  so lu t ion  i n  water. 

3 . 5 cm o f  f i lm ing  so lu t ion  i s  found to be s u f f i c  

2 
100 cm o f  glass. 

The ca lcu la t ion  appears below: 

t y  o f  

vol ume o f  

ent  t o  f i  

the above 

m 

X 11.67 I b  .33a NapSiOr sol 'n 0.005 R f i l m  so l 'n  $0.077 
gal Na2Si03 1 JI f i l m  sol 'n 100 cmL I b  Na2S1O3 sol 'n 

To the above sodium s i l i c a t e  cost, the  s u l f u r i c  ac id  expense must be 

added. Experimentally, 0.1 l i t e r  of s u l f u r i c  ac id  i s  s u f f i c i e n t  t o  harden 

1 m of f i l m .  2 

2 = 30.071im 0.1 H SO $2.69 0.26417 nal. 
x gal. H2SO4 a 

The combined material cost  i s  then: 

$0.039/m for Na2SIO3 + $0.071/m for H2S04 = 80.11/m f o r  combined materials. 

This i s  obviously very cost  e f fec t i ve  a t  pr ices even lower than $O.SO/watt 

i f  consumed mater ia ls costs are a s i g n i f i c a n t  pa r t  o f  the t o t a l  cost. 

2 2 2 

3.9 ASSESSMENT OF ANTIREFLECTION TREATMENT EFFECTIVENESS AND RECOWEND- 

AT IONS FOR FUTURE DEVELOPMENT 

Several methods f o r  forming a n t l r e f i e c t i o n  f i lms  on glass have been 

Of those methods, two have proven I n  t h i s  study t o  be feasible studied. 
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f o r  future u t i l i z a t i o n .  

glass surface t o  form a skeletonized layer, and ac id  development of an applied 

sodium s i l l c a t e  layer. Due t o  the l i m i t e d  slope of t h i s  program, complete 

development of processes has not  been possible. As a resul t ,  accurate 

ranking of the  two methods cannot be performed w i th  a h igh degree of 

confidencp. 

The two promising processes are ac id  etching of the 

The ac id  etched f i lms have exhib i ted super ior  o p t i c a l  propert ies, 

achieving 99% peak transmission through a glass sheet t reated on both sides. 

The major problem wi th  the acid-etch techniques i s  cont ro l .  Future invest i -  

gations should include cor re la t ion  of measurable physical prc;erties of the 

etch bath (e.g., in f rared absorption, re f rac ive index, d ipo le moment, etc.)  

wi th  etch performance I n  an e f f o r t  t o  a r r i v e  a t  a convenient cont ro l  tech- 

nique. Control o f  t h i s  process i n  an econc- ca l  fashion must be a prime 

cons i derat ion. 

Sodium s i l i c a t e  f i l m s  have achieved s 

mission (97.5%) and appear t o  be superior 

gn i f icant 

n durabi I 

technique i s  qu i te  wet I-control led. Primary importance 

t o  developmerd- of an a l te rna t i ve  t o  spinning f o r  adjust  

shou 

ng f 

Several a l ternat ives,  including spraying and dipping, appear 

improvements i n  trans- 

ty .  The s i l i c a t e  

d be attached 

I m  thickness. 

possible for 

t h i s  appl icat ion.  Add i t ima l  e f f o r t s  should a lso be expended t o  promote 

fur ther  improvements i n  transmission. 
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4.0 CONCLUSIONS 

Evaluations have bsen performed on a var ie ty  of  technologies f o r  

u t i l i z a t i o n  i n  forming an a n t i r e f l e c t i o n  coat ing on the cover glass of a 

so la r  r~ h i e .  

Two process technologies have demonstrated f e a s i b i l i t y :  acid etching 

o? the glass surface t o  form a skeletonized surface layer having an index 

o f  ro f rac t i on  intermediate to  glass and a i r ,  and ac id development o f  a sodium 

s i l i c a t e  layer deposited on the  glass surface. Peak transmission lasses 

through treated glass sheets have been reduced t o  1% and 2.5% 

etched and sodium s i l i c a t e  fi lms, respectively, on glass wi th  T ated 

surfaces t h a t  has near 7.5$. 

development before e f f e c t i v e  appl i ca t i on  i n  i manufacturing environment can 

be achieved. Development required f o r  the ac id  etched process centers on 

achieving improved control  o f  the etchant bath, while a l ternate methods o f  

f i l m  deposition su i tab le f o r  large sheets o f  glass are required f o r  the sodium 

the ac id 

Both processes require addi t ional  d e f i n i t i o n  and 

e process. 

asma processes f o r  both etching glass and deposit ion f i lms  have been 

gated. No sui tab le f i lms have been achieved wi th  e i t h e r  technology. 

Both the ac id  efched analysis has been performed. 

ilms appear p o t e n t i a l l y  cost  e f fect ive,  wi th  the 

ng cheapw- 3n the basis o f  consumed material costs. 

An approximate cost 

the sodium s i l i c a t e  

urn s i  I icate f i lms  be 
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5.0 RECOMMENOAT IONS 

Two processes f o r  format ion o f  a cost-ef fect ive a n t i  r e f l e c t  ion coat i ng 

Each requires fur ther  development before on glass have shown feasibi  I i t y .  

one can be chosen over the other as a des rab le long range technique. 

recomnended t h a t  t h i s  fu r the r  development of both be performed 

I t  i s  

6.0 CURRENT PROBLEMS 

;do spec i f i c  probIe:ns ex is t .  

7.0 WORK PLAN STATUS 

TI.,.. feas i 5 i I i t y  study i s  now comp I eted. 

8.0 L I S T  OF ACTION ITEMS 

Consideration should be given t o  advanced development funding of the 

two feasible process technologies, leading t o  a de f i n ; t i ve  choice f o r  

incorporation i n  a manufacturing sequence. 
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