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1. INTRODUCTION

This report  covers  the final half-year of the contractual ef for t  (June throug h

December , 1977). It is divided into two major sections covering sing le

layer film s and multilayer coatings. Deposition techniques and their opti-

mization , film absorptance , film structure , and resistance to an HF vapor

envi ronment are  covered in the section on sing le layer films; absorptance ,

structure , and pre fe r red  orientation are covered in the section on multilayer

coatings.

2. SiNGLE L.AYER FILMS.

The result s of the most recent e f for t s  at optimizing deposi tion conditions

and characterizing the sing le layer films are covered in thi s section. De-

position techniques optimized for T h F 4 , PbF 2 , SiO , Zn S , and Zn Se are

cove red in some detail in the f i r s t  subsection. Results  of s tudies of ab-

sorptarice vs. film thickness (~~L vs. L) for Pb F2, ThF 4, and SiO are

covered next , followed by resul ts  detailing effects of polycrystal line sub-

strat es upon structure and abso rptance of single layer coatings. Results

of exposure of single layer film materials (Pb F2, ThF 4, AL
2 O3~ SiO ,

Zn S, and Zn Se) to a humid HF environment are  presented in the final sub-

section.

2. 1 Deppsition Techniques and Optimization

Any coating optimization effort  r equ i res  careful control of evapo r ation tech-

niques and parameters .  A complicated interdependence exists among de-

position parameters  and thin film proper t ies , so that one property may be

influenced by several  condition s and one parameter  may influence several

properties.

1 _



All of the coating depositions described in this report  were  done in a com-

mercial coating system (Balzers  Model 7 10) which was pumped by an oil

diffusion pump and a liquid nitrogen t r ap .  The system was evacuated to a

pressure  of less than 10 0 Torr  and a p re s su re  of less than 5 x Torr

was maintained during the coating depositions. To ensure  the uniformity of

the thickness of the layers , the samples were  rotated above the evaporation

source (approximately 30 inches) during the deposition process. The mode

of evaporation was either by res i s tance  heating or electron beam heating.

Proper control of the thickness of each layer was afforded by monitoring the

reflectance at the control wavelength of a suitabl y positioned witness plate

in the coating chamber and stopp ing deposit ion when the reflectance reached

a predetermined value. Before placing the sample into the system for coat-

in g, they were  cleaned by washing with a detergent and warm water , then

rinsed with distilled water and alcohol and blown dry with nitrogen gas.

Parameters  used to deposit each of the most promisin g coating materials

are described in detail below. All of the materials w e r e  purchased from

commercial sources , and no attempt was made to fu rther purif y any of these

materials.

Thorium Fluoride. The starting material for these films was granular

thorium fluo ride (99. 9% purity ) purchased from the Balzers Hi gh Vacuum

Corporation. The material was evaporated by electron-beam heating, and

an evaporation rate of approximately l 800A/M i~ was used throug hout the

deposition. Films deposited at lower substra te  temperatures  (< 100 ° C )

showed the appearance of hydroxyl absorption bands at 2 . 8 ~ m and 6. 2 ~.im,

wher eas, for films deposited at approximately Z00~~C , the hydroxyl absorp-

tion bands were not observed. Thorium fluoride deposits  as a strong ly

adherent  film having an average ref ract ive  index of about 1 49  for the Z -6~~m

region. Increasing the residual gas p r e s su re  f rom 5 x l0~~ to 1 x l0~~ Torr

had no apparent influence on the refract ive  
index.2



Lead Fluoride. The coating material for  these film s was purchased f rom

Balzers Hig h Vacuum Corporat ion.  The material comes as fused  granules

(— . 4 mm) of lead fluoride with a stated purity of 99. 99%. Lead f luor ide is

r educed by hot tantalum, tungsten, or moly bdenum evaporation sources .  It

is best evaporated by using electron-beam heating techniques. To assure a

constant rat e of evaporation , and to avoid overheating and decompo sition of

the material , a defocused electron-beam of at least 1. 5 - 2 cm in diameter

was used. A vacuum p res su re  of less than 5 x l0~~ Torr  and a deposition

rate of approximately l800A/min  was used. The substrate temperature  was

approximately 200 ° C. The average ref rac t ive  index of the films was 1.73

for the 2-6 ~ m reg ion.

Silicon Monoxide . The silicon monoxide was evaporated f rom a tantalum

baffled-box type source , available f rom R. D. Mathi s Company, Long Beach ,

California. This source produced less  spattering of silicon monoxide par-

ticles than the electron gun , and resulted in films which were  more defect

free.  The start ing m aterial was lumps of Linde select grade  of silicon mon-

oxide , also available f rom the R. 1) . Mathis Company. True silicon mon-

oxide films can onl y be prepared by fast evaporation (> 301/sec) under good

vacuum conditions (< io~~ tor r ) .  The films were  deposited onto substrates

heated to approximately 200 ° C. The average refractive index was 1.75 for

the 2-6 .im reg ion.

Zinc Sulfide . The starting materials for the zinc sulfide films were pur-

chased from the Baizers High Vacuum Corporation. Thi s material came in

the form of hot-pressed tablets. The stated purity was 99%. Consistent

dat a for the zinc sulfide films were obtained only after the material was pre-

heated in a vacuum for an hour at approximately 900 ° C. The material was

then evaporated fr om a tantalum box source having a perfora ted  tantalum

cove r. The films were  evaporated at a rate of approximately 1800A 

1mm3



and at a vacuum pressu re  less than 5 x l0 6 tor r .  For maximum durability,

the films were deposited on substrates f r e sh l y cleaned by a g low discharge

and held at tempera tures  of aroun d 150 ° C. The average ref rac t ive  index of

the films was 2. 25 for  the 2-6 ~ m region.

Zinc Selenide . The starting material for the zinc selenide films was ran-

dom lumps of CVD zinc selenide obtained f rom the Raytheon Research Divi-

sion. In this form , the starting material is dense and no preheating or out -

gas sing is required. The material was evaporated from a tantalum box

source having a perfora ted tantalum cover. Care  must be taken not to over-

heat the material. The source temperature  should be just  high enoug h to

cause evaporation to proceed , oth erwise some alter ation in the composition

of the material will take place resulting in an increase in absorption in the

films. The films were  evaporated at a ra te  of approximately l0003~. 1mm

and at a vacuum p r e s s u r e  of less than 5 x 10 ° Torr. The substrates were

maintained at a temperatur e of approximately 150° C and jus t  prior to de-

position they were cleaned by an argon glow discharge. The average re-

fractive index of the films was 2. 4 for the 2-6 ~ m region.

2 .2  Absorptance and Film Thickness

In a pr evious technical report  (September , 1977) , some advantages of mea-

suring absorptance as a function of coating thickness ( 8L vs. L) for single

layer films of selected materials wer e discussed briefl y in connection with

some preliminary results for Pb F2 . These measurements have now been

completed for Pb F2 , T h F
4

, and SiO films at a design wavelength ( x )  of

3. 8 urn. Results , and particularly, statistical features , are quire encour-

ag ing for PbF 2 and SiO , tending to lend credence to the methodology em-

ployed. Results for ThF 4 are problematic , pointin g out the need for  fur ther

work.

4
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The experimental procedure  emp loyed for all three coating material s and

substrat e orientations involved choosing a group of sing le crystal Ca F2 or

SrF
2 
substrates having absorptance values falling within a very narrow

rar.ge (typically 10-15%) to minimize this potential contribution to experi-

mental dispersion. Coatings of thickness X /2, x , and 3X /2  were  then
0 0 0

deposited on three groups of three  substra tes , each group comprisin g one

each of (100),  (1 10) ,  and ( 111) substrate  orientation. Identical depositi on

conditions (deposition rates , subst rate t empera tures, etc. ) were  utilized

for all three groups of subs t ra tes  (f i lm th icknesses)  within experimental

feasibility. Glow discharge cleaning of substrates was not employed in any

of these coating runs in order  to minimize complications associated with

that operation , as detailed in the technical report dat ed January, 1977.

Result s for Pb F2 on Sr F2 subs trates are listed in Table I and plotted in

figure 1.
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The Miller indices of substrate  sur faces  are given in the f i r s t  column of

Table I. Total absorptance values for  the samples are  listed in the next

four columns in units of io~~ ; the mean value for  the u.ncoated substrates

appears in the column headed 11 0 11 and values for substrates  with halfwave ,

full wave , and one-and-one-half wave optical th icknesses  of Pb F
2 

at a de-

sign wavelength of 3. 8 ~ m appear in appropriately labeled columns. Re-

suits of least squares analyses  of the absorptance for  each substrate orien-

tation appear in the next two column s of the table , with the final result , the

absorption coefficient of the thin film (cm~~ ) appearin g in the last column .

The least squares lines for all three  subst ra te  orientations are plotted in

fi gur e 1.

Comparing the absorption coefficients of Table I with our previous  data for

PbF 2 (September , 1977) show s that the mean value for  all subs tra te  orien-

tations has been reduced by more than a factor of two , differences among

th e substrate orientations have been substantially red uced , and precision

has been improved. Absorption coefficients (~ ) for Pb F., films on (110) and

(lii) SrF
2 

substrates are essentially identical within experimental error ,

while that on (100) is significantly (— l7~o) lower. Our previous data showed

a similartrend, but ~(l00) was approximately 1/2 ~ (1l0)~ B (111). Probable

reasons for these changes include improved measurement accuracy, based

on three uncoated and coated substrate absorptance determinations for each

absorption coefficient and better control of deposition conditions over the

three coating runs involved.

The intercepts of the least squares plots deserve some comment. Ideally,

plot s of absorptance vs. coating thickness should in tersec t  the y-axis at the

uncoated substrate absorptance value, A , within experimental error , pro-

vided that the ab sorptance of the substrate does not change appreciably from

the measured value prior to coating. Positive changes woul d be associated

8
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wi th increases  in total absorptance  and in te rcep t  of the ~L vs. L plot , w hile

negative changes would result in intercepts below A .  Changes of either

sign could result  f rom exposure  to ambient a tmosphere  or vacuum baking

at 200° C immediately prior to coating deposition. For two of the three sub-

st rat e or ienta ti on s considered here (110) and ( 1 1 1 ) ,  the intercepts of the 3L

vs. L line for Pb F fall s well below A , indicating t hat subs t r a t e  sur f ace2 u
absorptance is marked ly reduce .i  p r io r  to coatin g. (No ph ysical  significance

i s to be attached to the negat ive  in te rcep t  for the (110)  subs t ra te  or ienta t ion;

it simply indicates  that the su r face  absorp tance  is substantia ll y redu ced by

processes preceding coating, so that substrate absorptance approaches in-

trinsic levels. ) For the (100)  su r f ace  of Sr F2 the su r face  absorp tance  ap-

parent ly i nc r ea se s  slig htl y pr ior  to coating.

T h F

Absorptanc e measurements  for thi s material  w e r e  carr ied  out using a me-

t hodolo gy and p r o c e d u r e s  identical  to t hose success f ull y em ployed for  PbF ,

and SiO. Mean absorptance of the uncoated substrates was (1.50 0.21) x

io~~ . Coated substrate absorptance results were erratic , showing a ten-

denc y toward higher total absorptance for  thinner films , e. g. fo r  the ( 100 )

subs t ra te  orientat ion , A ( X / 2 )  = 7. 11 x l0~~ , A(~~ ) 4.61 x 10~~ and

A ( 3 X  /2 )  = 4 .61  x 10 and A ( 3X /2 = 5 . 2 7  x l0~~~, where ~ = 3.8 urn. The
0 0 o

mean absorption coefficient (3) for the (X /2 )  films on all subst~- ate orienta-

tions was 4. 00 ± 0 .23  crn ’, that for the X films was
_
i. 51 0 .31  cm 1

,
an d t hat f or 3~ /2  films was 0. 93 ± 0.4 cm . Mean 3 for  all the fi lms on

° 1all th ree  subs t ra te  ori entations , i r respec t ive  of thickness , was 2. 15 cm .

This last result  may be fairl y representa t ive  of the average  behavior of the

films ott alkaline earth f luor ide  subs t ra tes  at 3. 8 .im. Comparison with our

previous resul t s for the Th F
4 

on Sr F2 reported in September , 1977 , show s

9
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a reduction in the average absorptance by a factor of 1.7 or approximately

40%. However, the uncertainty in the results is much greater , due to the

large differences with fi lm thickness.

Detailed x- ray  diffraction anal yses  of the ThF 4 films for all subst ra te  orien-

tations and film thicknesses showed sharp an d consistent differences corre-

lating with substrat e orientation , but no sys temat ic  changes  with film thick-

ness  on an y sin g le s u b s t r a t e  orientat ion.  On (100) Sr F,, ThF 4 is micro-

crysta l l ine  with spacings of 2 . 0 2 A  and 3 .80 .~, cor responding to (103 ) and

(220), respectively~
1
~. An additional sharp  peak at 3. 21 A is attributable to

T h F
4 

. nH,O~
2
~ or ThOF2~

3
~. On (110) Sr F2, the Th F 4 is entirely amor-

phous with no di f f ract ion maxima except those ar is ing f rom the uncoated sub-

strate.  On ( 1 1 1 )  Sr F ,, Th F4 is we ll crystal l ized with very strong p re fe r  -

r ed orien ta tion , showing a sing le dif f rac t ion  peak corresponding to ( 3 2 2 )  with

a spacin g of 1.85.~~
1)
. A second sharp diffraction peak corresponding to a

spacing of l .235 .. could be attributed to an uncataloged ThF
4 
line, but is

more probabl y associated with a hy dra ted  phase (the (640) line of Th F4
0. 88H 7 O)~

4
~.

The possible pr e se n c e  of hy drated T h F 4 or Thorium oxides would account

for  the higher absorp tance  values at 3. 8 urn. The evaporant starting ma-

te rial is the m ost probable s o u r c e  of these  impur i t ies .  However , the ap-

pa r ent d e c r e a s e  in absorp tan ce  with increased  fi lm thickness  is not so eas-

ily exp lained. A possib le mechanism which could account for these obser-

vations woul d involve film defects (pinholes , stacking faults , dislocation

~i!e- ups , vacanc ies , e tc .)  as pr imary contr ibutors  to absorptance.  If the

concen t ra t ion  of t hese decreases  with increasing film thickness  (this is un-

likel y for the ‘hi cknesses invol-’ed h e r e ) ,  then the absorptance would de-

c r e a s e , as is observed.

10 
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SiO

Result s of SL vs. L experiment s involving silicon monoxide f i lms  on orien-

ted single crystal C a F 2 substrates are presented in Table II and f igure  2 (the

format is exactly analogous to that employed with Pb F2, Table I, f igure  1) .

It is immediately clear that the slopes of the plot s , and hence the thin film

absor ption coefficients , are significant ly different  for  the three subs t ra te

orientations. Thi s deviates fro-m previous resu l t s  repor ted  in September ,

1977 , wherein little influence of substrate or ientation upon absorption co-

ef ficient was noted. However , the precision of the present  resul ts  is un-

doubted ly hi gher and the stat istical paramet ers ar e excell ent , wit h the ex-

ception of the intercept  of the plot for the (110) substrat e orientation.

Again , the intercepts  for all th ree  substra te  orientations a re  wor th  noting.

On the (100) substrates , surface absorptance apparently decreases to about

half tne previously measured uncoated value prior to coating deposition. On

(110) it increases moderately (but with a very large uncertainty), and on

( l i i )  it increases by mo re than a factor of two. These results  are in start-

ling contrast to those for  Sr F2 (Fig 1 and Table I) wherein  (100)  substrates

wer e unique in showing an increase in absorptance prior to coating. This

indicates that surface chemistry and absorptance changes pr ior  to and dur-

ing coating are  poorl y understood and fur ther  work  is needed.

The absorptance results  themselves a re  quite encourag ing, bot h in terms of

their absolute magnitude, and their relatively hig h pr ecision , again indicat-

ing that the method of comparing film thickness with total absorptance can

produce meaningful , consistent , results.

11
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2. 3 Absorptance and Structure  of Single Layer Films

on Polycrystalline Substrates.

Since it has been established that signifi cant d i f ferences  in absorpt ion coeffi-

cient and structure of optical coatings arise from differences in the crystal-

lographic orientation of sing le crystal  subs t ra tes , it was necessa ry to de-

termine these proper t ies  for  films on polyc rystal l ine subs t ra tes , where  ori-

entation of indivi dual gra ins  may vary .

Polycrystallin e C a F 2 subs t ra tes  produced by pr ess  f or g ing we r e employed

to test  this effect.  Grain siz e in th is  material , produced by Harshaw , is

large (—j 1 cm) , but birefr in g lace effects are minimal. Pr e f e r r e d  orienta-

tion in a central area of approximately 2 cm was determined by x - r ay  dif-

fraction before coating the subst ra tes  (1 inch diameter)  and absorptance of

the same area was measured usin g DF laser  calor imetry.  A majori ty

(seven of t en) subs t r at es exhibited s tr on g ( 110) preferred or ientation , with

minor (3 11) ,  (111 ),  and (331) peaks. Two subs t ra tes  showed pr edominant

( 111) orientation with subequal (110)  and one showed an indeterminate high

index orientation. Total absorptances ( s u r f a c e  and bulk) at DF wavelengths

were generally high , of the order  of l0~~ cm
1 

for samples —~0. 5 cm thick.

No systematic variation of absorptance with p r e f e r r ed  orientation of the sub-

st rate grains  was established.

Result s of this investigation are presented in Table UI. Four coating ma-

terials showin g particular promise for the DF laser wavelength reg ion were

selected; they are listed in the f ir s t  column of the table. The p re fe r r ed

orientation of the substra te  is given in the second column. A single set of

Miller indices , e. g. (110),  indicates that the substra te  grains had a common

orientation parallel to only one crystal lographic plane. Where two sets of

indices are given , e. g. ( l 1 0 ) / ( 3 1 l) ,  the f i r s t  set indicates the dominant

14
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Table Ill. Comparison of Sin g le Layer Film

(X /2 at 3. 8 ~ m) Absorption Coefficients on Sing l e and

Polycrystallin e Ca. F2 Substrates.

C oating Pol ycryst .  Film Struct. Film Abs. Coef. (cm
Material Sub st. Pref . & Pref .  Orient Poly Crys t .  Sing i. Cryst .

Orient.  on Polycryst. Substrate Substrate *
Sub s trate

PbF 2 
(110) Cubic (3 ) (110) ; 2 . 6 4  3 .03

Minor ( 111) ,
Pb2 0

ThF 4 
( 110)/ (3 11)  Microcrystall ine 1.07 1.65

Monoci. ( 2 2 0 ) / ( l 0 3 )

SiO (110) A.rnorphous 5 . 3 7  1.58

Zn Se  ( 110) / (11 1)  Cubic ( 111);  1.58 1. 55**

Minor Zn SeO

* Absorption Coefficient for a coatin g of the same material deposited in

a separat e coating run on a single crystal CaF 2 substrate  having the

same or ien ta tion as th e dominant pre f er r ed or ientation in th e poly-

crystalline substrate.

**ZnSe coatings on sin gle and polycrystalline substrates  deposited in the

same coating run.
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orientation , with the seco nd se t denoting a less st r ongly p re fe r red  set of

planes (i. e. lower intensity of diffracted x - r ay s) .  Pr edominant featur es of

the structure and p re fe r r ed  orientation of the ha lfwave film on the poi y-

crystalline substrate are summarized in the third column and its absorption

coefficient at the DF wavelength is given in the four th  column. For purposes

of comparison , an absorption coefficient of the film material deposited on a

sing le crystal Ca F2 su bstrate having the same orientation as the dominant

or ien tation of the polycrystalline sample is listed in the fift h column. (In

all cases except that of Z n S e , th is number is generated f rom material de-

posited during a different c oating run) .

Agreement betwee n th e abs orption coe f fic ient s of the films on sing le and

polycr y sta llin e s ub st rates is r easonable f o r th ree of the f our materials ,

with differences ranging f rom 2% to about 35% , the value for  the polycrystal-

li n e substrates being lower , in most cases.  Since the total experimental

er ror  in the film absorption measur ement s ranges f rom 5% to 13% , t his de-

gree of ag reement is sa t is f ac tory and indicates that there are no s pecial

problems in extending result s on sing le crystal  substrates  to the polycrys-

talline case.

For SiO , the ab so rption coe ff icient on the polycrystalliri e subs t ra te  is about

2. 5 times that on the corresponding single crystal  subst ra te .  Differences

in film s t ructure  cannot account for  thi s , since all SiO films on sing le or

polycrystal l ine C a F 2 sub st rates or iented parallel to (110) have been found

amorphous to x -r a y  in the present  work.  An absorption coefficient of

5 .74  cm~~ was reported under this program in September , 1977 for SiO

on a (110) Sr F2 substrate; x- ray  diffraction analyses  of that material indi-

cated small amount s of well crystall ized Si0 2 
(Trid ymite) in addition to

microcrystal l ine and amorphous material , suggest ing that the film was oxy-

gen-r ich.  Evidence support ing this exp lanation of the hi gh absorpt ion coef-

ficient of the SiO film on the pol ycrystal line substra te  is lacking in the

16
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present  case. If excess oxygen is present  in the latter film , x - r ay  diffrac-

tion provides no indication that it is incorporated in a crystalline or micro-

crystalline form.

2 .4  Effect of HF Vapor Environment Upon Coatings.

Since the ultimate app lications of the coating material s being investigated

here  are in multilayer coatings for  use in HF/DF lasers , the compatibility

of these materials with HF vapor must be established. W hile actual life

testing in an HF laser is most representa t ive  of service condition s , it is

to o time-consuming and cos t - ine f fec t ive  for  screening and ranking a variety

of coating materials.  To accomplish such a screening and ranking in the

present  p rogram , a simple , rapid, cost-e ffect ive , but quite severe  tes t

was devised.

Thi r ty - f ive  samples comprising sing l e lay er coating s on Ca F2 and Sr F2
subst ra tes  (1 inch d iameter)  w e r e  placed in a vinyl container approximately

14 inches in diameter  and 7 inches hi gh (approximat e volum e 17 , 000 cm3)

with plexi g las cover , maintained in th e ambient atmosp here of a fume hood

at 21.  2 ° C. A pol yp r opy lene beaker  ( 65 mm . diameter  x 35 mm. hei g ht) con-

taining 50 cm 3 i semi- conduc to r  grade HF was p laced in the ce n ter of the

contai ner  above  the level  of the samples at commencement of the test .  A

seco nd p o l v p r o o v l en e  beake r  (70 mm. diameter x 90 mm. hei g ht) containing

100 cm 3 d e - i on i z ed  water (initial pH 4. 5) was also placed in the large vin yl

container p r io r  to the test  to provide a pH re f e r enc e and con stant humidity

during the test.  Final pH of the water  was 2 . 9  at a tempera ture  of 19. 5° C.

Initial hy drogen ion concentrat ion in the water  was thus 3. 16 x 10~~ chang ing

to a final value of 1. 26 x ~~~~~ or an increase by a factor  of 40 within 1. 25

h o u r s .  Samples w e r e  observed  continuously throug h the plexi glas cover

t h r o u g hout the rest: the  cover was removed for approximatel y 2 minutes

every 15 minu tes  to permit  close examination and removal of failed samples.

17
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The criterion for  fai lure was destruct ion of the physical  integri ty  or optical

unifo rmity of the coating either by crazing and cracking, fogg in g (gene r al

attack),  or localized attac k at def ects or ed ges. An optical t r ansmiss ion  or

absorption criterion was not used due to the time required for performance

of the test itself.

The coating materials chosen for test ing included Pb F2, ThF 4
, AL

2 03~
Si 0, Zn 5, and Zn Se. All but one of these materials (AL

2 
0
3
) exhibits mod-

erate absorptance at 3. 8 ~ m and is thus a p r e f e r r e d  candidate coating ma-

terial. AL 2 03 was tested in spit e of its high 3. 8 um absorptance due to its

potential usefulness in the HF laser band (2 .  7 ~ m) and in the u l t rav io le t .

Result s of the HF vapor to le rance  tes t  are  summarized in fi gure  3. In gen-

era l , it appears  that the oxides a re  most r es is tant  to outr i gh t des t r uction in

the  humid HF envi ronment, while  the  selenides  are  least  r e s i s t an t .  Fluo-

r ides  and zinc su lfide f a U into an in te rmedia te  ca tegor y , wi t h the sole ex-

ception of a sin g le qua r t e rwave  PbF 2 coatin g on Sr F2 
(10 0) .  The latter re-

sult was probabl y for tui tous.  With respect  to the oxides , the solid lines in-

dicate  the time elapsed during formation of a very thin film at the exposed

surface;  this film exhibited in te r fe renc e r ings  in the visible and was not re-

movab le by solvent  cleaning, but microscopic examination showed no evi-

dence of attack of the coating so that it was  not cons idered  to have failed at

this point. The dashed lines indicat e the t ime elapsed f rom format ion  of

the thin in te r fe rence  film until des t ruc t ive  ef fec ts  became evident under the

microscope. Here a cri terion for  fa i lure  involving optical t ransmiss ion  or

absorpt ion in the 3. 8 ~ m wavelength region would have been more useful .

Modes of fa i lu re  dif fered widel y among t he var ious coati ng ma te r ials and

t h ic k nes ses , f rom genera l  attack ( Z n S e , Z n S , SiO , Pb F2
) to sele ctive at-

tack at coating defects only (AL 2 03 and X /4 Th F4 on Sr F2
) or characteris-

tic crazing pat terns  ( X / 2  ThF
4 

on Ca F2
) .  Typical damage to PbF

2 films
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Material Time to Failure (Minutes)

0 30 60

PbF ,
— X / 2  on C a F , ( l l o ) , (l ll)

X / 4  on Sr F, ( 100) _______________________________

on S r F 2 ( l l O ) , ( l l l )

ThF 4
on C a F 2
on Sr F2

AL 2 03
X / 4  on C a F 2 

- 

X / 4  on Sr F2

SiO
X / 4  on C aF 2
X / 4 on Sr F2

Z n S
on Ca F2
on Sr F2

Z n S e
X / 4  on C a F 2
X / 4  on Sr F2

0 30 60

Figure 3. Summary of HF Vapor Tolerance
Test Results For Coatings on Ca F2 and Sr F2 Substrates.
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on Ca F
2 

and Sr F2 sur f aces is illustrated in fig u r e s  4 and 5 respec t ive l y.

Th e nat ur e of th e dama g e is etch p itting resulting f rom genera l  chemical

attack. Note the surf ic ia l  express ion  of a subs t ra t e gra in  boundary  in 4 (a )

and the undisturbed appearance  of the uncoated subs t r a t e  su r face  in the

lower half of fi gure 4 (b ) .  Fi gure  5 (a) i l lus t ra tes  typical  morphology of the

damaged PbF 2 surface on (110 )  and (111) S r F
2 substrates after 30 minutes

exposur e to the humid HF environment .  F igure  5 (b )  show s the coating on

(100) Sr F2 af te r  60 m m .  in the identical  environment .  The at tack in the

latter case is j u s t  as extensive , but not nea r ly  as s eve re .

Damaged Th F 4 films a re  shown in Fi gures  6 and 7 a f te r  30 minutes  expo-

sure  to the HF vapor.  A cha rac t e ri s t i c  spiral  c raz ing  pa t te rn  which de-

velops on ThF 4 films of halfwave th ickness  (at 3 . 8  or 5 . 3  .~m) on ( 100) and

( 110) Ca F2 sur f aces is il lustrated in Figure  o (a) while more genera l  at tack

typical of the (111) surfac e is i l lust ra ted  in fi g u r e  1 (b ) .  HF damage to

T hF  f i l ms of .L’4 thickness on S r F 2 is shown in fi gure 7 . Crazing is con-

spicuously absent in all cases , the dama ge compris ing pits and b l i s te rs ,

probably initiating at defects  in the or i g inal coating . Thus t h e r e  is an ap-

parent subs t ra te  material and/or  film thickness dependence for  damage to

T h F
4 film s by wet HF vapor.

Damage to qua r t e rwav e  th ickness  (at 3. 8 ~.m) AL 2 03 film s is similar for  all

orientat ions of C a F 2 and Sr F, sub strates , com prising hi ghly localized at-

ta ck at fil m defects , surr ounded by al tered surf ic ia l  mater ia l  exhibiting a

conc entric ring in t e r f e rence  pattern , similar to the microscopic pattern de-

scribed above in connection with the onset of damage to these  films. Ty pi-

cal examples are shown in F igure  8. Apparently,  the mechanism of damage

remains the same throu g hout th e exposur e period , simply p rogres s ing  more

rapidl y at cer ta in  widespread  defec ts .
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a) ( 1 10) Surface

b) (1 11) Surface , Coating Ed ge.

F igu re  4. PbF
2 ( X / 2 )  on C a F , . HF vapor , 30 M m .  l67X.

2 1
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a) ( 110) Surface 30 M m .

_ _ _  
-

b) (100) Surface 60 M m .

F igu re  5. PbF 2 (X14) on S r F 2 
. HF vapor , 305X
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a) ( 100) Surface

b) (111)  Surface

Figure 6. ThF
4 
(X/2) on CaF

2 
. HF vapor , 30 M m .  167X.
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a) ( 110) Surface , Cen ter , Ty lica l.

- ~~1 —

b) ( 110) Surface , Near Edge , Atypical Area.

Figure 7. ThF 4 (X / 4 )  on S r F 2 
. HF vapor , 30 Mi l67X.
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a) C a F
2 ( 100) Substrate

-u

b) Sr F
2 (111)  Substra te

Figure  8. AL 2 03 (~ . /4) Typical HF vapor damage , 167X.
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A comparison of morphology and severi ty  of HF vapor damage to SiO films
on three orientat ions of Ca F, and Sr F

2 is given in figures  9 and 10. The
least severel y damaged SiO films appear on ( l i i )  C a F

2 sur f aces and on
(100) Sr F , sur faces. The Si. 0 films are most amorphous on these sub-
st r at e o r ientati on s , exhibiting no di f f ract ion peaks attributable to well crys-
tallized Si07 . Also, probabl y for tu i tous l y, SiO films have their  lowest ab-
sorption coefficients on ( 111)  Ca F, subst rate  surfaces .  Thus we may ten-
tatively conclude tha t amorphous SiO films are more res is tant  to HF vapor
attack than film s compo sed of measurabl e amoun ts of cr ystal lin e Si

Typical HF damage morphology in Zn S  and ZnSe quar te rwave  films is shown
in f igures  11 and 12. The damage mechanism appears  to be relatively uni-
fo rm chemical attack , with no systematic d i f ferences  correlat ing with sub-
str ate composition or orientat ion.
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a) Ca F, ( 111) Substrate .
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b) S r F , ( i l l )  Substrate .

Fi gure 11. Z n S  ( X / 4 )  Films. Typical HF Damage
30 M m .  167X.
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b) Sr F 2 (110) Substrate.

Figure 12. ZnSe  ( X / 4 )  Films. Typical HF Damage
15 Mth. l67X.
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3 . 0  MULTILAYER ANTIREFLECTION COATINGS .

The intended application of most of the thin film material proper t ies  gener-
ated under thi s program is in the desi gn of multilayer coat ings for use on
laser optics. In such rnultilayer applications , the surface  encountered by
the depositing material of the layer nearest  the substrate  is essentially iden-
tical to that in the single lay er case, f rom which pr oper ties an d structur e
were deter mined. The depositing material of the second layer (and any
succeedin g layers)  encounters the sur face  of the f ir s t  coating as its sub-
strate , giving rise to possible d i f fe rences  in coating s t ructure  or proper t ies .
Thus it is necessary to determine absorptance and coating s t ruc tu re  for
multilayer coatings to establish similarities and di f ferences  in behavior in
comparison with sing le layer coatings.

3. 1 Absorptar ice of Multi Layer Coatings

Absorpt ance values for  coatings on window samples coated on both sides
wi th a quar terwave-quart e rwave  design composed of Th F

4 and either Pb F2
or Si 0 are listed in Table IV for the DF laser wavelength region.  The ab-
sor ptance of the substra tes ~~~ 1 x l0~~~) has been subtracted out in all cases
so that the tabulated numbers repr esent the absor ptance of two (2) coat ed
surfaces. Mean values for each coa t ing/subs t ra te  combination are listed
at the far rig ht; mean values for  each coating pair and substrate  orientation
are  also given for  purposes of comparison.

Some general observation s to be drawn from the data include the relat ively
high absorptance and strong variation with substrate  orientation of the
T h F 4 /Pb F

2 coatings as compared to ThF
4/Si O and the small d i f ferences

between average values for a given coating pair on Ca F2 or Sr F2 substrates .
The last observation is in accord with sing le layer data as is the s t ronger
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Table IV . Absorptance  of Antireflection Coatings
on Single Crysta l  Ca F2 and Sr F2 Su bst rates

( 2 coated su r faces )  at 3. 8 urn .

Materials  & Desi gn Coating Absorptance Mean
for Various Substrate C oating
Orientations (x lO g) . Absor ptance

(100)  (110) ( 111)  (x l0~ )

T h F
4 /Pb F2 on Ca F, 9 . 6 2  7 .00  7 .4 8  8 .03

T h F
4

/Pb F2 on Sr F 9. 30 5 .5 4  7. 15 7. 33

T h F
4

/Pb F 7 Mean 9 .45  6 . 2 7  7 .32  7 .68

ThF 4/Si O on C a F 2 4 . 3 0  3 . 60  3 . 1 2  3 .6 7

T h F /Si O on S r F 2 3 .60  4 .00  3 .44 3.68

ThF
4

/Si O Mean 3 . 9 5  3.80 3 .2 8  3 .68
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variation with substrate orientation. The lower mean absorp tan ce  of the

ThF 4 /Si O pair as compared to the T h F 4
/Pb F

2 pai r is also in accord with

sing le layer data , but the di f ference  is much more pronounced.  In the sing le

layer case the difference amounts to only 10 to 20% , de pending upon whethe r

the absorptance values are those for halfwave coatings onl y or w e r e  deter-

mined as a function of coating thickness (3L vs. L). For the present set of

antireflect ion coatings the d i f fe rence  in mean absorptance between the two

desi gns is almost exactl y a factor  of two. Thi s last observation is generally

not in accord with experience on the LWTVP program , where  di f ferences  be-

tween the same two coating designs averaged less than 10% , ove r a large

number of sing le and polycrystall ine sub strates of Ca F2 and Sr F., .

C omparin g the overall magnitude of the AR coating absorp tances  in Table IV

with averages for  the LWTVP pro gram reveals that the p resen t  r esu l t s  for

ThF 4 /Pb F2 ar e consistently higher than the fo rmer  resu l t s by a factor of

four ;  those for Th F4 /Si 0 are hi gher by a factor  of two in the p resen t  case.

Overall agreement between sing le layer absorp tan ce  resul t s  for T h F 4 and

Pb F ., and AR results for the pair obtained under the present  p rogram is

within 10% , the sing le lay er results being higher.  Sing le layer absorption

coefficient s for T h F 4 and SiO lead to a calculated mean absorptance for  the

AR coating which is about double the actual measured value obtained under

the p re sen t  program.

These problems , taken together  with the inconsistencies in the results of the

absorptance vs. film thickness studies for ThF 4 
indicate strong ly that the

raw materials presently available f rom Balzers and Cerac differ f rom those

purchased in the initial phase of the LWTVP program. Impurities such as

oxides , oxyfluorides , or hydrated f luor ides  of Thorium would increase the

absolute level of absorptance in coating des igns involving Th F4 and could

lead to inconsistencies in absorptance based on interaction of these irnpuri-

ties with other coat ing materials in a multi layer desi gn.
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Comparison of mean absorptance of T h F
4 /Pb F, ant i re f lec t ion  coatings on

pol ycry stalline Ca F2 ( 8 . 9 1  x l0~~ for  two coated su r f ace s)  wit h the mean

for the same pair on three orientations of sing le crysta l CaF2 substr ates

(Table IV) shows a dif ference of only 10% , with the polycrysta l l ine  sub-

strate values being hig her. Comparison of the coating absorptance on poly-

crystalline substrates with the mean calculated value us ing sing le layer

( halfwave) data (9 . 6 0  x l0~~ for two coated s ur f a c e s )  shows a d i f fe rence  of

7. 5% , with the sing le layer calculated value being the h igher .  Thus , it ap-

pears that both the sing le layer and multilayer coating absorptances  have

practical value in predicting per formance  of coatings in systems of in te res t

for  real devices. However , muc h work  is still required to achieve hi gher

degr ees of corre lation and to under stand th e underlyin g phenomena respon-

sibl e for the resul ts .

3. 2 Structure and P re f e r r ed  Orientat ion in Mult i layer  Coatings.

In order to ascertain whether  d i f ferences  in coating s t ruc ture  or p r e f e r r e d

orientation in multilayer and sing le layer coatings are associated with ob-

served differences in coating absorpt ance , both coating pairs (ThF 4 /Pb F2
and ThF 4 / SiO) were  subjected to x - ray  diff raction analy sis on all thr ee

sing le crystal substra te  orientations. Results  of these  anal yses  are sum-

marized in Tables V and VI, for  T h F
4

/Pb F2 and ThF 4 /Si O, respectively.

Considering f i r s t  the  results in Table V for ThF
4

/Pb F2, we see that the

structure and p re fe r red  orientation of the Pb F2 co mponent film of the two-

layer pair (deposited f i r s t  on the uncoated substra te  sur face)  is similar in

most respects to that of the sing le layer film on a similarl y oriented sub-

strate (compare wit h Technical Report  of September , 1977) . The only major

difference is the presence of a considerable amoun t of (100) oriented PbF 2
on (100 ) Ca F2, in addition to the ( 1 11)  oriented PbF 2 which was the pre-

dominant orientation in the sing le layer case on (100) Ca F
2 . All other
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differences  in the Pb F2 s t ruc ture  and orientation on Ca F, or Sr F2 are

quite minor , involving p r e sence  or absence of the or thorhombic  n -phase  (a

minor constituent) or details of its p r e f e r r e d  orientation.

On the other hand , the ThF 4 component film of the ThF
4 /Pb F, pair , which

is deposited on top of the Pb F2 film in the AR coating, shows very little
similarity of s t ruc tu re  or p r e f e r r ed  orientat ion with the sing le layer Th F

4
films deposited on the bare subst ra te .  On (100)  Ca F,, the T h F

4 compo-

nent film is crystall ine with a predominant (110)  p r e f e r r e d  orientation;

single layer films (quar te rwave  or halfwave) on cor responding  substrates

were  crysta lline with a (270)  (213)  p r e fe r r ed  orientation. On (110) C a F 2
substrates , the T h F

4 film of the AR coating is microcrystalline as in the
single layer case, but with subequal (110) and (32!) preferred orientation.

The sing le layer films had subequal (110) and (103) orientation. On ( 111)

Ca F,, the T h F
4 in the AR coating is well crystallized with a (110) prefer-

red orientation , whereas the sin gle layer films exhibit a strong (321) orien-

tation. On Sr F2 subs t ra tes  the Th F4 of the AR coatin g is amorphous to

x- ray  on (100) and ( 111) ;  sing le layer f ilms on Sr F2 subs t ra tes  of these ori-

entations we re microcrysta l l ine  and well crystal l ized with s t rong ( 0 10 ) / ( 3 2 2 )

orientation , res pectively. The s t ruc tu re  and orientation of T h F 4 films on
(110) Sr F., i s similar in both the Th F4 / PbF 2 coatin g and the single layer

film , having a s t rong (52 1)  orientation with minor amounts of less s t rong ly

ori ented material.

Structure and p re fe r red  orientation of component films of the Th F4 /Si 0

pair (Table VI) is similar to the single layer films in four of the six sub-

s t ra te /coat ing combinations studied here.  On (100) C a F , both SiO and

ThF 4 are amorphou s to x - r ay .  For SiO , this s t ruc ture  is similar to the

single layer case; for ThF
4, the sing le layer  films on this substrate  orien-

tation had been consistently crystal l ine with s trong,  subequal (270) and (213)
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preferred orientations. On (110 )  Ca F2, the s tructure and orientation of

both films of the pair is s imilar to the sing le layer case; the onl y significant

di f ference  is the presence of a di f f ract ion peak attr ibutable to the (211)

spacing of ThF 4 
- nH,O~

2
~ in the two-layer  coating. On ( 111) Ca F2, SiO

is crystall ine with a-quartz  and minor tridymite; in the sing le lay er case

it was amorphous or microcrystalline. The ThF 4 str ucture and preferred

orientation in the multilayer and sing le layer  films on . 111) C a F 2 are essen-

tially identical.

On (100) Sr F2, SiO and T h F 4 f ilms of the multilaye r coating have s t ructure

and orientation similar to sin gle layer films of the same materials.  The

only notable diff erence is the absence of diff ract ion peaks attributable to

hydrated ThF 4 in t he multilayer case. On (1 10) Sr F, the structur e and

orientation of both SiO and T h F
4 

differ f r om the sing le layer cases wit h

SiO being amorp hous ra ther  than crystal l ine or microcrystal l ine and ThF 4
being microcrystal l ine with a (102 )  p r e f e r r e d  orientation ra ther  than crys-

talline with a s t rong (521)  or ientat ion , as in th e sing le layer case. Finally,

on ( i l l )  Sr F2, SiO and T h F 4 compon ent f ilms are both crystalline , as in

the sin g le layer case. However , the SiO yields dif f rac t ion peaks for a-

Quartz and some microcrystal l ine material with spacings near 6. 301,

rather than for  Tridymite , as in the single layer case. The T h F 4 of the

multilayer coating has a (322 )  p r e f e r r e d  orientation , as compared to the

(010) orientation of sing le layer  f i lms. In addition , no diff raction peak s

attributable to hydrated ThF 4 are evident in the multi layer case , w hereas

a minor peak was observed in the sing le layer case.

In summary of the rnult ilayer coating st ruc ture  and orientation results , it

appears that the Pb F., s t ruc tu res  are nearl y identical to the singl e layer

films in all cases , which is exactl y as expected. Althoug h the s t ruc ture

and orientation of the ThF 4 films of the T h F 4 /Pb F2 coating pair dif fered
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fr om the sing le layer fi lms in most cases , it is apparent  that these  differ-
ences did not significantl y af fect absor ption , as noted in the previous  sub-
section. In the ThF

4 /Si O pair on the other hand , di f fe rences  in both *hc
SiO and Th F

4 film s t ruc tures  were  observed , on co mparison with the
single layer cases.  The absence of hydrated Th F4 material  in the multi-
layer case is sign ificant and may explain the markedl y reduced absor ption
in comparison with the sing le layer f i lms.  The d i f ferences  in the Si 0 com-
ponent of the multilayer are in the direction of less crystall ini ty  and identi-
fi cation of c t -qua r t z  rather  than Trid ymite as the crysta l l ine  SiO 2 phase ,
when Si0 2 is present . These charac te r i s t ics  a re  diff icul t  to identif y w i t h

reduced abso rptance at 3. 8 ~ m , except that it is possible the mult i layer
films are  less r ich in oxygen than was the case wi th  the sing le layer films.
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