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Al l di e l ec tr i c m u l til ayer r e f l e c tors  were

cons truc t e d w ith a ra di an t re fl ec tanc e i n excess

of 99% at a wavelength of 250 nm. The stacks contained

the following materials: hafnia , s i l i c a , ma g nes i um

f l u o r i de , and yttria.

Re flectors were also prepared using alternate layers

of s ili ca an d h a fn i a. A max i mum r e f l e c ta nce i n excess

of 0.995 was obtained at 355 nm.

S pec trore flec tome try was used  to d e term i ne th e

r e f r a c ti ve i n d e x v e r s u s  w a v e l e n g th of th e fo l l o w i n g

optical coating materials: hafnia , yttria , l a n th a n u m

ses quioxide , an d tan ta l u m  p en tox i de . A l l  of th ese

ma ter i a l s , with the exception of the latter , are

opticall y transparent to wavelengths as short as 250 nm .
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I I .  Ex per i men ta l p r o c e d u r e s

2.1 Introduction

Our objective was to deposit mu ltilayer

reflectors for the ultraviolet region by va cuum evaporation.

An existing evaporation tank was refitted and re-instrumented

as follows: (1) Re - installation of the ultraviol et

optical monitoring system; and (2) Installation of improved

substrate heaters and temperature control.

2.2 Description of coating apparatus

T he UV coa ti n g s are de pos it ed i n a v a c u u m

tank that is 0.76 rn in diameter by 1.52 m in height.

Figure 1 shows the coating chamber and associat ed

optical monitoring system. The hydrogen lamp H is imaged

by quartz lenses L on the slit of the grating

monoc hromator G. The flux is directed through a

mechanical chopper C, through the window W into the

tank and thence upon the rotary holder that positions

a quartz monitoring plate P in the beam. The reflected

flux is then directed towards the exit window W and

th e monoc h roma tor.  The on l y p r ecau ti on i s to i n s e r t an

absorbing filter (Schott UG series) to reduce the

sca ttered flux In the grating monochromator. The selection

of the wavelength for optical monitorin g is discussed

below . The electrical signal from a 1P-28 photomultiplier

(detector 0) Is fed Into an amplifier and thence into a

strip chart recorder.

- _____.- — -— • —
~~ - --——---- —
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E l stein type radiation heaters were installed to

heat the substrates during deposition. The heaters were

positioned at a distance of approximately 15 cm from the

substrates. The Elstein heaters have the advantage that

they operate at a relatively low temperature and hence

a substantial part of the radiation is absorbed by the

silica substrates. The temperature is monitored with a

thermocouple that is enclosed in a glass tube so that the

transfer of radiant energy approximates that of the

su bstrate. 
-

2.3 Optical monitoring

The opt ica l t h i c k n e s s e s  of the l aye rs  were

mon i to red  o p t i c a l l y  by ha l t i ng  the d e p o s i t i o n  when the

rad ian t  r e f l e c t a n c e  reached  a maximum or min imum.  T h i s

produces quart erwave optical thickness layers.

Because of the nonnormal incidence of the flux upon

the monitoring plate , the wavelength of the monochromator

must be set at a wavelength that is about 7.5% shorter

than the wavelength where a quarterwave optical thickness is

des i re d . For exa mp l e , if a film with a quarterwave optical

thickness at 355 nm is desired , th e monoc h roma tor i s se t

at 324 nm. This posed no problems at 355 nm. But when

the layers were deposited at the shorter wavelength of

250 nm , electrical signals from the 1P-28 dropped to low

enough levels that the noise hindered the accurate
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measurement of the maxima and minim a of the reflectance

versus time. This was solved by monitoring at a longer

wavelength and using a rotating sector , as described

below.

T~ ree substrates were held in a jig that was rotated

during deposition. A wedged -shaped mask was positioned

underneath which covered the substrates during a fraction

of each revolution. The effect was to produce a coating

on the subst rates that was thinn er than the optical

mon itor plates. All of the mirrors at 250 nm were coated

by this technique.

2.4 Optical coating materials and deposition

The followin g optical coating materials were

considered for the dielectric mirrors :

O X I D E S FL UO R I D E S

aluminum oxide ceric fluoride

hafnium dioxide lanthanum fluorid e

lanthanum oxide magnesium fluoride

s c a n d i um ox id e

si 1 i ca

tantalum pentoxide

thorium dioxide

yttrium oxide

zirconium dioxide

• -~~~~-~~~~~~~~~~ - - - - ..~~~--- • --
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Most of the foregoing materials are relatively tr ansparent

at 350 nm -- with the possible exception of tantalum

pentoxide. Yttri a and lan thanu m oxide have r elatively

l ower refractive indices and consequently more layers are

needed to produce a given reflectance , as compared to

the other materials.

Thoria is refractory in the extreme and difficult

to evaporate , as well as being slightly radioactive.

Since we have more experience in de positing layers of

Hf02, we decided to use HfO 2 and Si0 2 as the high and low

index materials in the multila yer reflectors C1J .

The former material was prepared for vacuum evaporation

by the Merck Company. The hot- pressed tablets of Hf02
were deposited with the electron gun at 1.1 KW power. The

deposition of the granules of Si0 2 required only one-quarter

of that power. The base pressure in the chamber was

reduced to less 5 lO
_ 6 

torr before evaporation. Oxygen

was re-addr n itted to raise the pressure to 5 1O~~ torr.

This assisted in oxydizing the evaporants more fully.

The fused silica , S iC, or Mo substrates were heated

with the radiant heaters described earlier. The heat

transfer from the heaters to the substrates is via radiant

fl u x , principally in the infrared. An indication of the

substrate temperature is obtained from a thermocouple

that is encased in a glass tube. Since the infrared

absorption of glass and the fused silica are very nearly

th e same , the thermocouple temperature is close to that

of the bulk temperature of the fused silica. The surface

• •
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temperature of the fused silica , however , may be considerably

higher than the bulk , due to the heat of su blimation of

the evaporant. A temperature in the range 200°C to 250°C

was used in all of the evaporations. The higher temperature

is needed to oxydize the evaporants. The Mo substrates,

on the other hand , absorb considerably less flux from the

heaters and were undoubtedly consid erably cooler than

this 200 C. This is desirable, because the differential

thermal expansion coefficients between the coating and

metal substrates can cause severe mechanical stress.

The yttria was obtained in tablet form from the

Cerac Corp. A thin skin at the surface of the evaporant

melted during its deposition with an electron beam. At

th e conc l us i on of an eva p ora ti on , however, the tablets

had crumbled to a powder and hei ce could not be reused.

The same technique of bleeding in oxygen was used for

the Y 203, as for the Hf02.

A r e l a ti vel y s l o w  eva p o ra ti on ra te was use d for

the Y 2O3. The indicated rate was 0.3 nm (physical thickness)

per second .  T h e ~nd~aa~ted in the previous sentence means

that we are not certain about the physical density of the

yttria films , since the density must be known to calibrate

the quartz crystal microbalance that was used to determine

the rate.

2.5 Stabili zation by baki ng

As men ti oned i n a p rev i ous sec ti on , the oxide

ma terials were deposited onto substrates that were 
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relatively hot (250°C) and in a residual oxygen atm osphere.

Several investigations f2 ,3J have shown that the residual

oxygen and higher temperature produces films wi th nig h er

refractive indices and lower optical absorption.

Both multilayer mirrors and single layer s were

deposited. The refractive index of the latter were

determined as outlined in 3.1 . The singl e layers were

baked to reduce the absorption still further via more

complete oxidation. The films were initially removed from

the evaporation chamber and ’ the reflectance and tran smittance

were measured via the procedure listed in section 3.2.

The black paint was then removed from the uncoated side

of the substrate and films were inserted in a furnace

and baked at 400°C in air for approximately 14 hours.

A fter r e m o v a l  from th e fu r n a c e , they were allowed

to stabilize at room temperature for at least two days.

T hi s al l owe d wa ter va p or an d o th er con tam i n a n ts to come

to equilibrium with the matrix of the film. The radiant

reflectance and transmittance were then redetermined.

The effect of baking is discussed further in 3.4.

2.6 Reflectance and transmission measurements

T h e rad ia n t re fl ec ta n c e  R an d t r a n s m itt ance  I

were m e a s u r e d for s e v e r a l  r e a s o n s : ( a )  To d e term i ne th e

refractive index versus wavelength of the coating

ma ter i a l s ;  an d , (b) To de termine the reflectance and

losses In mul ti la yer mirrors.
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It is we l l  known that R�l-T for s o - c a l l e d  ‘d i e l e c t r i c

mir rors  due to sca t t e r i ng  and abso rp t i on  l o s s e s .  The

• reflectance was measured by the V-W attachmen t on the Cary

model 14 spectrophotometer. It should be emphasized that

the precision is limited to ~O.5%. The experimental

uncertainty should be kept in mind when some of the

spectral reflectance curves in future sections are observed.

Some o f th e coa ti ngs  man if es t r e f l e c ta nces  i n excess  o f

99.5%. It would have been presumptuous to claim that R

ac tually attained a value of 99.8%. There is evidence

that it exceeded 99.5%.

3. Optical properties of materials

3.1 Introduction

Little is known about the refractive index

versus  w a v e l e n gth of man y of the coa ti n g ma ter i a l s  c it e d

in 2.4. We measured their refractive indices under the

eva poration conditions that we had used. The refractive

index data , along with the extinction coefficients, will

ena b le  the use r  to com p u te p rec i sel y th e re fl e c tance  an d

tr a n s m itt ance  v e r s u s  w a v e l e n gth o f b a n d p a s s  fi l ters ,

m u l ti la yer p o l a r i zers  an d m i r ro rs  com pose d of these

oxides and fluor ides.

3.2 Depos ition and measureme nts

We assumed that the dielectric films could be

charac terized as opticall y homogeneous materials that had

a refrac tive Index n and an extinction coefficient k

_ _ _ _  - —------- - 
—--—- •-- -• --- - —
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writte n in terms of the complex optical constant ri - ik .

The following procedure was used to determine n and k

as a function of wavelength.

(a) The film was deposited upon a fused silica

su bstrate, as described in section 2.

(b) After its removal from the vacuum it was

allowed to sit in ambient atmosphere for

approximately eight hours to absorb water

vapor and thus attain equilibrium in its

optical properties.

( c )  T h e ref l ec tance  a n d  tr a n s m itt ance  were  th en

m e a s u r e d on a Car y 14 s p ec tro p ho tome ter .

T h e nex t sec ti on d escr ib es h ow th e R and  I w e r e

translated into n and k values.

3.3 Data reduction

The first step was to correct for the transmission

loss at the nonobverse side of the substrate . The

transmittance of the film is

~ 1 
( 1 - R )  ( 1 )

- m I + R(l -

where R is the radiant reflect ance at the air-subst rate

interface and is the measu red transm ittance . This

equat ion is derived in section 5. The uncoated side of

_ _ _ _ _ _ _ _ _ _— • • •  - - _
% -.-—--— —

-~ ‘0’ • ‘:
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the substrate was blackened after the transmissi on

m e a s u r e m e n ts h a d been m a d e .  T hi s b l a c ken i n g su pp ress e d

th e u n w a n te d F r e s n e l  ref l ec ti on from th e n o n o b v e r s e

s i de of th e su b s tra te. The d ens ity on the c h ar t recor der

was fed directly into a computer program that found the

best fit by a regression technique . The following

eq ua ti on was used fo r  R

- a0cos 2~ + a2sin
2
~ ( 2 )

a 1 cos ~ + a3s i n  ~

w here

a0 = (n 0 - n 5)
2 (3)

a 1 = (n 0 + n 5)
2 (4)

a2 = (n - n 0n 5/n)
2 ( 5 )

a 3 = (n  + n 0n 5/n)
2 (6)

= 2iTa nh (7)

w here 
~~~ 

n~ , and n are the refractive indices of the

incident medium , substrate , and  f i lm , respectively.

h is the metric thickness of the film and ~ is the

vacuum wavenum ber of the incident flux.

A Sellma ier type dispersion equation was assumed

for the film index:

- — —• -- .--- — - —~~-~~~~~~~~---
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= A + B a2 . (8)

The regression algorithm adjust ed the constants A and B

in the foregoing equation , as we l l  as the metr ic  t h i c k n e s s ,

until the defect function was minimized.

3.4 Refractive index

Figures 2 to 9 plot the radiant reflectance

and the transmittance of four of the oxides that were

coated in this study . These include hafnium dioxide ’,

yttrium sesquioxide , tantalum pentoxide and lanthanum

sesqui oxi de.

The spectral reflectance and transmittance, both

be fo re  an d a ft er th e b ak i ng p rocess , are depicted on the

same g ra ph for com p ar i s o n .  One of th e ma i n fea tures  i s

that the baking reduces the m aximum reflectance. This

• 
- 

is ev idence that the r e f r a c t i v e  index was dec reased  by

the baking. Another feature is a decrease in the

transmittance at the ultravi olet wavelength where the film

has a subs tan t ia l  a b s o r p t i o n .

Fi gures 10 , 11 , 12 and 13 depict  the computed

re f rac t i ve  index for the four metal o x i d e s  that were

studied .

• 
- 

Tab le  3- 1 shows the computed f i t  to the c o e f f i c i e n t s

in the Sel lma -ler dispersion polynomial . As mentioned

ea r lier , in almost  all cases , the baking decreased the

re f rac t i ve  index.  Th is  Is man i f es ted  in Tab le  3— 1 by

• 
-- -•-  - --•- ~~~~~~~~~~~~~~~~~~

• .•—. •
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Figures 2 through 9

T h e mea s u r e d re flec tance  R and  t ra n sm it t a n c e  I for
films of hafnium dioxide , yt t r i um s e s q u io x i d e , tan ta lum

pentox ide , and lanthanum s e s q u i o x i d e , r e s p e c t i v e l y .  The

so l i d  curve is the preba~ e measurement .  The broken curve

is the f i lm af ter  baking for 14 hours at 400 °C in a i r .
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Table 3-1

The optical parameters as determined by the computer

Material Prebake Postbake

A B h A B h
in pm in~~im

Hf02 3.8524 0.09188 0.118 3.7467 0.04687 0.120

3.1286 0 .04 195 0 .165  3 . 0322  0.03089 0 .170

Ta2O5 4.2446 0.13158 0.140 4.2454 0.06677 0.140

La 203 3.3087 0.06952 0.137 3.3723 0.0197 0.142

The leas t  squares  de te rm ina t i on  of the metr ic  th ickness  h and

the d i spe rs i on  of the r e f r a c t i ve  index (where  the cons tan ts  A

and B appear in Eq. (8)  v ia  sp ec t ro re f lec tome t r y . Pos tbake

refers to bak ing at 14 h at 400 °C in a i r .
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Figures 10 through 13

The refractive index , as computed from

spect roref lec t ro rnet r ic  da ta ,  for hafnium dioxide ,

yt t r ium sesqu lox ide , tanta lum pentox ide , and lan tha r im

sesqu iox ide , r e s p e c t i v e l y .  Curve a cor responds to the

prebake meas urements .  Curve b is a fter  bak ing at 400 °C

in air  for 14 hours .  

- - - -  - --~~~ 
-- •  --

‘
• - ,--,
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the fact  that both the A and the B c o e f f i c i e n t s  are l e s s

for the pos t -baked  sample  than for the prebaked sample .

Finally, there is the question whether the baking

for 14 hours at 400 °C in air is the optimum t reatment.

There is ev idence  that a shor ter  bake does not fu l ly

o x i d i z e  the f i lm.  For example ,  F i gu res  14 , 15 and 16

plot  the re f rac t i ve  index of a hafnium d iox ide  f i lm and

two separa te  yt t r ium ox ide  f i lms that were baked for four

hours at 400°C in a i r .  Compar ing these data w i th  those

shown in Figs.  10 and 11 , it Is ev iden t  that  the r e f r ac t i ve

index was changed r e l a t i v e l y  l i t t l e  by the four hour

bake as compared to the unbaked samp le .

A more v igorous  baking of a sample at 700° C for

four hours produced a cons ide rab le  amount of c raz ing and

c rack in g  in the f i lms.  It is con jec tu red  that th is  might

be caused by the d i f fe ren t ia l  thermal e x p a n s i o n  coe f f i c i en t

between the f i lms  and the r e l a t i ve ly  unexpans ive s i l i c a

sub s t ra te .

3.5 Ex t i nc t i on  c o e f f i c i e n t

The ex t inc t ion  coe f f i c i en t  k was determined

fro m absop t i on  measurements ,  as out l ined in sec t ion  5 .2 .

Due to the exper imenta l  uncer ta in ty  of ~1% in both R

and I~ 
the a b s o r p t i o n , and hence k , cou ld  only be

det ermined near 250 nm , as shown in Tab le  3-2 .  The lowe r

absorp t ion  in the Y 20 3, as compared to the Hf0 2 , is patent .

- -.S-—_--__
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Ta ble 3-2

Mater ia l  Prebake Postbake

n k n k

Hf02 2.307 0.0156 2.2105 0.0218

1.9786 0.0043 1.8778 0.0065

La 2 0 3 2 .102  0 .00 1 11 1 .920  0 .00258

The ext inct ion coef f ic ient  k and re f rac t i ve  index ii of

films as meas ured after evaporation and after b aking at

400°C for 14 h in air. The wavelength is 250 nm.

0
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Figure 14

The comp uted r e f r a c t i v e  index for hafnium d i ox i de .

The broken curve corresponds to the pos tbak e

measurement.  The sampl e was baked for four h in air  at
4000C.

Figures 15 and 16

The comp uted re f rac t i ve  index for two samples

of y t t r ium s e s q u i o x i d e .  Curve b is the pos tbak e

measurement .  The samples  were  bak ed at 400 °C for four

h in a i r .

_ _ _ _  - ---n- —~~

• —~, 
~~~~- 

- 
- S - -

~~~

--. -



-30-

_ _ _ _ _ _ _ _ _ _ _ _ _  

0 -
I \~~ I

\ \ i

\\
IA

— _
,n

‘Aa-

— . 5 -
E

t 0w
U

\\ IA~~~—
‘I’ ‘Aa-

01
01
:2 ‘\x 0’:’— .2

I -~EE

- 1 .  \ \ _ ~~~~~~ 
-

I \ \

‘ I
—

1
• I

r
X3PU I ~~~~~~~~

Fig. 14

-— ~~~~~~ - 
-- - - —  

~~~~ .,a — - ~~~~ r--- -- - --_ _ _ _

- 5- - .-.



-31-

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
0 5

I I I I

LA

‘A\\
\ \
\ \-  2

U

\ \
— \ \ - 

1(1k.

‘. V a-
01

\ \  S

—
01 \ \

E
0 \ • ~~ C

V V 01E V L A >
‘ V — _; l5

>- -

— 0

I I I I IA
IA LA 0 LA 00
C~a

x~puI aA!peJ;a~

Fig. 15

- - - - --  --~ ---- -- - --- - - ----- -- .5---



- 32-

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  0
I I I

(5

— LA

‘Aa-
— 

2

-
Th

(5

~~~~~ P~~43~~

Fig. 16

--5------ ,~
____ 

- ---S 5—- 5-- —~~~
-—---- - --- -~~~~-- —

- —S



-33—

3.6 D i s c u s s i o n  of r e f rac t i ve  index data

The determination of these refractive indices

poin ts  to some new ways to cons t ruc t  h igh ly  re f l ec t ing

laser  damage res is tan t  mu lt i layer  re f l ec to rs  at 350 nm.

C o n s i d e r , for example , the p o s s i b l e  use of tan ta lum

pentox ide as a high index ma te r i a l .  From the d i s p e r s i o n

polynomial , ~Eq. (8)] the A and B c o e f f i c i e n t s  in Tab le  3- 1 ,

we f ind that the re f rac t i ve  index of baked tan ta lum pen tox ide

is 2.19 at 350 nm. Th is  means that seven a l te rna te  layers

of tanta lum pentox ide and s i l i c a  depos i ted  upon a fused

s i l i c a  subs t ra te  wou ld  produce a rad iant  re f lec tance  of

94%. It is doubtful , however , that  t h i s  r e f l e c t a n c e

cou ld  be a t ta ined  bec ause of the absorp t ion  in the outer

layers of the tan ta lum pen tox ide .  Th is  is no deter rent ,

however , because mate r ia l s  that have lower  l o s s ,  such as

ytt r i um oxi d e and hafnium d i ox id e are now used in th e

high index f i lms at the top of the s tack .

What  are the advan tages  of us ing the tan ta lum

pentox ide for this tota l  r e f l ec to r?  The ch ie f  advantage

is that the tanta lum has l i t t le  sca t te r  and v i r tua l ly  no

mechanica l  s t r e s s .  Furthermore, e lect ron d i f f rac tog raphs

have shown that f i lms of tantalum pentox ide  are amorphous

and therefore the s tack  does not become rougher as more

layers  are depos i ted .  Th is  technique of us ing a s l i gh t l y

more absorb in g  but higher r e f rac t i ve  index mater ia l  at

the bottom of the tota l  re f lector  means that the number

- —-‘-5— - - - - -- — - - —5’- -—— --5——-—-- 5 - -  ______________________________ 
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of la y ers an d sca tter i ng of th e s tack w i ll be lower , as

compared to a s t ack  in w h i c h  hafn ium d iox ide  is used

e x c l u s i v e l y  as the high index layer .

4. Pro per ti es of re flec tors

4.1 In tro d uc t i o n

Mul ti la yer di e lec tr i c re f lec tors a t 25 0 nm

and 350 nm were prepared on a host of substrates --
fused  s i l i c a , po l i shed  molybdenum , spu t te red  molybdenum ,

and polished silicon carbide. Since these R and 
~. 

data

are we l l  summar ized in another report  C4] , no effort is

made to reproduce the R and I curves of even a moiety  of

the coa t ings  that were produced under th is  con t rac t .

4.2 Reflectors at X= 350 nm

As an exam ple of a re f lec to r , Fig. 17 shows

the measured spectra l  r e f l ec tance  of a mu l t i l ayer  of the

d e s i g n

air  (H L)~~ H s u b s t r a t e

where H and L represent ,  r e s p e c t i v e l y ,  layers of hafn ium

diox ide and s i l i c a  of quar terwave opt ica l  th i ckness  at

355 nm. The s o l i d  curve is the smoothed data measured at the

Un ive rs i ty  of Roch es te r  on a Cary mod el 14 s p e c t r o r e f l e c t o m e t e r .

The solid points are the measure ments at Naval Weapons

- - . 
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Fig. 17

The measured  s p e c t r a l  r e f l e c t a nc e  of a multilayer of

the design

air (H L) 11 H subs t ra te

where H and L represent , r e s p e c t i v e l y ,  layers  of hafn ium

d iox ide  and s i l i c a  of q uar te rwave  op t i ca l  t h i c kness  at 355 nm.

The sol id curve i s the sm oothed data measured at the Un ive rs i t y

of Rochester on a Gary model 14 spec t ro re f lec tomete r .  The

s o l i d  po in ts  are the measurements  at Naval  Weapons  Center ,

China  Lake , C a l i f o r n i a .
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Cen ter , China Lake , Cal ifornia -.

Figs. 18 and 19 show the reflectance of refl ectors

on spu t te red  Mo and m a s s i v e  Mo s u b s t r a t e s , r e s p e c t i v e l y .

It is tempting to attribute the superior reflectance of

the sputtered substrate to its smoothness. The data

from China Lake indicate that the variance of the

sur face p rof i le -- commonly an d loos ely ca l led  “ rms

rou g hness ~ -- is 4.7 nm for the polished sample and less

than 1 nm for the sputtered substrate. Using these data ,

C5~ th e specu la r  re f lec tance ft i s

R = R0 ex p(-(4ir ~ / x )~ = 0.973 (9)

for X= 355 nm , a= 4.7 nm and R 0 = 1.0. Our measured

re flectances exceeded this , but it can be argued that

the measured biconical reflecta nce collected low -angle -

scattering and hence does not resemble the ~‘s pecu 1ar ”

reflec tance cited above.

4.3 Reflectors at 250 nm.

Figure 20 s h ows the re f lec tance of a 24

layer coa t ing  of the des ign :

a ir  (H L) 12 subs t ra te

where • subs t ra te  is S i C .  The H and L layers are Hf0 2

- — ~~~~~~~~~~~~~~~~~~~ — — — —



-37-

Capt ions  to F igs .  18 and 19

The measur ed re f l ec tance  of mu l t i l ayers  of the desi gn

air (H L)~~ subs t ra te

where H and L represent  layers of quar te rw ave op t i ca l
th i ckness  (at A = 355 nm) of hafnium diox ide and s i l i c a ,
respec t ive l y .  The subst ra te  is sput tered moly bdenum
(Fig.  18) and po l ished Mo (F ig .  19 ) .
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Fig. 20
The measured spec t ra l  ref lec tance  of an a l l - d i e l e c t r i c

mul tilayer reflector of the design

air (H L)~
2 s u b s t r a t e

where H and L represent  layers  of Hf0 2 and S i0 2 of

quar te rwave op t i ca l  th i ckness  at 255 nm , respec t i ve ly .

The subs t ra te  is s i l i c on carb ide.
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and S i0 2 , r e s p e c t i v e l y .  We a ssumed that  the Hf0 2 was

absorbing and hence the limi ting factor in attaining

0.999 re f lec tance.

The first approach was to deposit a stack of hafnia

and silica , and then to overcoat it with a stack of yttria

and s i l i c a .  The des ign was

a i r V (L V ) 6 (L H) 9 substrate

where L is a low index layer of s i l i c a  whose op t i ca l

th i ckness  is a pprox imate ly  a qua r te rwave  at 250 nm. V and

H represent yttria and hafnia layers respectively, with

the same optical thtckness as the silica. As shown in

Fig. 21 , its reflectance is in excess of 99% at 250 nm.

The foregoing s tack  con ta ins  31 layers .

There is strong ev idence  that the l o s s e s  in the

layers at the top of the stack limit the reflectance.

For e x a m p l e , Figure 22 shows the spec t ra l  r e f l ec tance

of the design

air (V  L) 17 V subs t ra te

where  V and L have the same mean ing  as in the p r e v i o u s

paragraph.  Th is  s tack  is composed en t i re ly  of y t t r i a

and s i l i c a .  As shown in F ig.  22 , i ts  peak r e f l e c t a n c e  is

approx imate l y  the same as that of the s tack  w i t h  the

haf n ia  on the bottom. In the absence  of abso rp t i on , one

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - -  - - -. ‘-_-——-- - - —-- -
~~ - . ~ ,_  - ‘--S-
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Fig. 21

The measured spe ct ra l  r e f l ec tance  (on a Gary model 14

spectroref lectoineter) of a multi layer of the design

a i r V (L V) 6 (L H) 9 substrate

w here H , ‘f , and L represent layers of hafnia , yttria , and

silica , res pectively, of quarterwave optical thickness at

250 nm. The ordinate changes scale at 0.98.
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Fig. 22

The capt ion  to Fig.  21 ob ta i ns ,  w i t h  the excep t i on  that the

des i gn of th e mult i lyaer i s

a i r V (L V) 17 substrate
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would expect that the stack with the hafnia should have

a cons ide rab l y  greater  R due to the great er  index m isma tch

between the hafnia and silica , resulting from the higher

index of the former. This was not observed.

F inally, there remains the question as to whether

the losses are concentrated in the yttria or in the low

index silica films. This can be investigated by

subs tituting a relatively low loss material , such as

ma g nes i um fluor i de , for the silica. Figure 23 shows the

spec t ra l  re f l ec tance  of the des ign

air V (M V) 3 (L V ) 5 (L H) 9 substrate

where H , L, and V have th e same mean i ng as in prev ious

paragraphs and M is a layer of magnesium f luor ide w i th  a

quarterwave optical thickness at 250 nm. Its reflectance

peaks at near ly  99 .4% at 255 nm. Th is  is ev idence  that

the yttria is a major contributor to the absorption at

250 am. The reason is that the index of the magnes ium

f luor ide is cons iderab l y  lower than the silica at this

wa ve len gth.  For example ,  the MgF 2 index is 1.40 and the

s i l i c a  is 1 .55 .  There is a co ns ide rab l y  greater  index

mismatch  between the ma gnes ium f luor ide  and the y t t r i a

la yers , wh ich in turn produces a higher reflectance --
provided there are no absorption and/or scattering losses ,

of course. The fac t that the reflectance of this type of

stack is not appr eciabl y different than one in which Si0 2

--—— — - .5-.- - — - - -—--- - - - - - - . —  
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Fig. 23 
-

The caption to Fig. 21 obta Ins , with the exception that the

des i gn of the mu lti layer is

a i r V (M y ) i (L V) 5 (L H ) 9 substrate

H, L , and V have the same meaning as In the caption to Fig. 21,

and M re presents a layer of magnesium fluoride whose optical

thickness is a quarter::ve at 250 nrn. 
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i s used exc lus i vel y for the low i ndex la yer , sugg ests

that  the l osses  in the y t t r ia  are l im i t ing  the u lt ima te

re f l ec tance .

In conc lus i on , it has been shown that the stacks

composed of a l t e rna te  layers  of y t t r i a  and s i l i c a  have

super ior  re f l ec tance  at 25 0 am as compared in the hafn ia /

silica stacks.

I
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5. Append ices

5.1 Determination of the transmittance of the film

v ia  a doub le -beam r a t i o - r e c o r d i n g  spec t ropho to m e te r .

Equation (1) cited in section 3.3 is an

approx imat ion .  Al though it has appeared  in the l i te ra tu re

[6 ,73, it is usefu l  to reder ive  it in order to see if the

approx ima t ions  are va l i d  under the cond i t i ons  of our usage.

An uncoated ident ica l  subst ra te  is p l a c e d  in the

reference beam. The no ta t ion  is sh own in Fig.  24. We

define:

T 5 = Transmittance through the substrate/air interface

Tf 
= Transm itt ance o f t h e eva pora te d la yer

-T i~’ansmit tance of the bare subs t ra te

T fs = T r a n s m i t t a nc e  of f i lm  and s u b s t r a t e

Tm 
= Transm i t t ance ,  as measured  on the r a t i o - r eco rde r

R Ref lec tance o f su b s tra te/a i r i nter face

R f 
= Reflectance of the evaporated film at the

film/substrate interface

A = Absorption in the evaporated film

The transmittance measured on the dual-beam ratio

recorder  is

~~~f s .  (1 0)
ss
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Fo r a nona b so r bi ng su b s tra te

T 55 = S ( 1 1)
(1 - R 2)

I T
Tfs = ~f S ( 1 2)

(1 - RfR)

Ergo:

T — 

TfT5/(l - RfR)

m 
- 

T5T5/(l - R2 ) (1 3 )

w hi ch reduc es to

(1 + R) Tf . (14)
rn - (1 - RfR)

Using the identities

= 1 - R , ( 15)

Tf = 1 - R
f 

- A , (16)

where A is the rad ian t  abso rp t i on  of the f i lm , we f i nd

T - 

Tm Cl 4 R(A l) (17)
f — I + R( l  - Tm )

If A << 1 , then Eq. (1)  ob ta i ns :

-- - - 
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i 
T ( l  - R) ( 18 )

f 
- 

T+ R(l - T )

5.2 The determination of the extinction coefficien t

k from the radiant absorption

The film of metric thickness h with optical

cons tan t ft = n - 

~ 
k is deposited upon a substrate of index

n . The absorption A is defined in Eq. (17). When flux

impinges upon the layer from the incident medium of index

the A/I ratio is

A k[(n 2 - n~ )S + ~~2 + + kn 5(2(C 
- 1) + ~J ( 1 9)

T 2 n 5 (n 2 + k2)

where y is double the phase thickness of the layer

y = 2$ 
(20)

C cos y, and S s iny .  is def ined in Eq. ( 7 ) .

Equat ion (19. ) is p rec ise  in the expans ion  of the exponen t i a l

• funct ion ~~~ (x) i nto terms of or der x 2.

It does not depend upon the r e f r a c t i v e  index  of

the i nd i cen t  medium , s ince  A / I is re la ted  to the “ net

f lux ra ti o ” and depends only upon the admittance of the

med ium on its emergent side. When the quadratic terms

in k are ignored and the optical thickness is either a

quar terwave or a ha lfwave , ALL is directly proportional

to the layer thickness.
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