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Introduction .

I
n a previous paper [A] a general theory for interferenc e

filters (with two, three, or four reflective systems of layers )

has been developed and numerical calculations of 1(2), R (2 )
(i . e . the intensity distribution in transmitted and reflected light)

have been carried out in the special case for the reflective system s

consisting of silver layers .

The present paper will deal with the problem of measurin g

the thickness of the different thin layers during the evaporation

process .
In a following paper the apparatus used for producing interfe-

rence filters of a large area (22 X 22 cm) will be described and ex-

perimental results for some filters of different type will be given .

The Different Methods of Thickness Control .

In order to make interference filters of different type wit h

optimum properties and with transmission bands at a specifie d

wavelength it is very important to be able to control the thicknesse s
of the different thin layers during evaporation, especially the

dielectric layers .

The thickness of a silver layer (or another absorbent layer )

can be determined with sufficient accuracy by measuring th e

intensity of light transmitted through one or more test plates b y

means of a photocell . The thickness of the silver layers should

only be determined with an accuracy better than about 4 per cent .

Measurement of the thickness of a dielectric layer deposited o n

a glass plate or on a silver layer is much more difficult an d

should for interference filters be determined with an accuracy
better than 0 .5 per cent .

1*
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In 1949 GREENLAND and BILLINGTON [ 1 ] indicated an inge-
nious method for controlling the thickness of the dielectric layer
L2m by production of a Fabry-Perot filter M L2mM.

By cementing a prism on to the back of the filter blank total
reflection is obtained at the lower boundary of the dielectri c
layer, and the silver-dielectric layers in this way act as a reflectio n
interference filter at oblique incidence (fig . 1, page 5) . As we
have R = 1 at the bottom of the filter, the condition o R = 1
([A] 3,22) is nearly satisfied for the s-component and a sharp
minimum ("absorption line") will appear in a spectroscope . The
position of this minimum is determined by the thickness of th e
dielectric layer. The relation between )4 ) and ~(,~) (the position

of the transmission band at normal incidence) can either b e
determined experimentally (as done by GREENLAND [ 1 ]) ôr it
can, in principle, be calculated by means of a procedure analogou s
to [A] pages 39-42 .

This spectroscopic method of control is independent of optical

properties or coatings on the "windows" in the vacuum chambe r
and can be used in the case of a glass bell jar . The measurement
of the optical thickness nd by this method will depend upon n ,

as will be shown below.
DUFOUR [2 ] has controlled the thickness of dielectric layer s

by intensity measurements of monochromatic light reflected from
test plates at normal incidence . This method, which has been
improved by JACQUINOT and GIAcoMo [3 ], has especially been

used in the making of all-dielectric interference filters ([A] § 7) . At
least two test plates are used, one for the low- and the other fo r
the high-index material (see p. 36) . This method depends upon
coatings on the "windows", but in theory the measurement o f

nd is independent of n .
To make filters of a large area the filter blank has to be rotate d

during evaporation, but rotation makes it necessary to place test
plates far away from the filter blank, and hence it is of importanc e

to find methods which avoid test plates, so that all the thicknes s

measurements of the dielectric layers are carried out on the filter
blank itself .

Such a method of control, which has proved valuable, con-

sists in polarimetric measurements of the phase difference
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A -- - 6 s (and tg y = -PP) in reflected monochromatic light at
o s

an oblique angle of incidence (e. g. 75°) [4] . This method o f
control is particularly well suited for production of filters with
two, three, or four silver layers (treated in [A] § 3-5) ; but it can

n= 1 .0
Fig. 1 . GREENLAND ' S method of thickness control .

The silver-dielectric layers act as a reflection interference filter and the narro w
absorption band is observed in a spectroscope during evaporation .

P.e ia

Fig. 2 . Polarimetric method of thickness control .
Plane-polarized light (with azimuth about 45°) is reflected from the filter layers
and the light (which is elliptically polarized after reflection) is analyzed durin g

evaporation .

also be used for control of all-dielectric filters and for thickness con -
trol of reflection interference filters of the HADLEY-DENNISON type .

This method requires two plane windows placed in oblique
tubes in the vacuum chamber perpendicularly to the pencil of rays .
The method is independent of coatings on the windows, but o n
the other hand the windows must not be birefringent . Similar to
GREENLAND'S method the measurement of nd is also here de -
pendent upon n .
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Already DRUDE [5] developed formulae which enabled him ,

from measurements of A (and y) at oblique incidence, to determin e

the thickness of very thin dielectric layers (less than 50 A) on

a metal surface . Many years later VasIIEK [6] used the same

method to determine n and d of thin dielectric layers on a glas s

base . ROTHEN [7] and ROTHEN and HANSON [8] have used the

same method for measurement of dielectric layers as thick a s
1-8 .. deposited on a polished steel surface . From their calcula-

tions it appeared that the same method could be adapted t o

control of the thickness of the dielectric layer L2m by production

of FABRY-PEROT interference filters M L2mM. This assumption

has been confirmed in recent years in practice in this laborator y

[4] and [9] .

§ 1 . Theory of the Polarinaetric Method for Thicknes s

Control .
(Calculation of 0 and y, )

The problem is :

The FRESNEL factor r.- = em • ei6in for a system of m thin

layers bounded to vacuum (or air) (fig . 3) is known. To thi s

system is added one more layer consisting of material m + 1

	 rn layers

cP i

n= 9.0
Fig . 3 .

	 m layers

Fig . 4 .
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(fig. 4), and then rm+1 = Qm+i•eOm+1 for the new system

has to be determined .

When rn+1 is the FRESNEL coefficient ([A] 1, 2-3) at the

boundary between vacuum and material m + 1 (fig . 5), the

FRESNEL factor rm = em
evsm in reflection from the system of m

	 m layers

rn + f

Fig . 6 .

layers with material m + 1 in front (infinite thickness) (fig . 6) is

determined from ([A] 2, 7) when Xm = 0 is introduced. We

obtain

'

	

- rm +1 + ern' e
i8m

rm = - em e = '

	

i S '1 -I•m+1~em E m

and again from ([A] 2, 7) we finally get :

rm +1 = Qm + 1 ' eySmti +1 =
i S.jn- ixrn +r m +1 +em' e

1 + rm+1 ' ern• e7 Sm -Zxm+ 1

with

360
xm +l = ~ ' 2 dm+1' Ilm+1' cos xm+1

	

(1, 3
)

0

for the system of in + 1 layers bounded to vacuum (or air)

(fig . 4) . Ai) is the wavelength of the incident plane-polarized light,



Pm+1 ° 1-	 (1-r2+1)'(1 - Pm2)

1 + (rm + 1 . Pm) + 2 rm + Pm' cos (Sm - xm+ 1
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which after reflection from the system of thin layers become s
elliptically polarized .

s and p components should be treated separately . The layer
m + 1 added may be absorbent or not ; if absorbent also rm+ 1and xm+1 will be complex numbers . The layer m + 1 may also
be birefringent, in this case x,n)+i is different from 47) +1 .

The calculation of the observable quantities A = Sp - 6 6 and y'

(tg = Ppl
can in all cases be carried out direct from the re -

p s
l

currence formulae (1, 1-3) by means of RYBNER ' S tables [10] ,
when the Fresnel coefficients ([A] § 1) have first been calculated .
If the layer m + 1 is absorbent (e. g. a silver layer) this procedur e
will be most convenient . However, if the layer m + 1 is not absorb -
ent (i . e . a dielectric layer) other procedures may be followed .

In this case (1, 1-2) can be written :

Pmt = 1 -	 ( 1 - r'	 +1)'(1- Pm)	
(1, 4)

=	 Pm' (1 -rm+i)'sin S.

-rrrz+l ' (1 +Pm) + Pm (1 + rm+l)' cos S m

Pm,' ( 1 -rm+') 'sill (6m-xm +tg åm+ 1 = ,	 	
(1

7 )
rm+l ' ( 1

	

e , '. '

	

+ rm+l) . cos (Sm-xm+l)
,

and the derivative a(Sm±1)
can in this case be expressed by

(xm+ 1 )

_ a (Sm+l) _

a (xm+1 )
n

Pm ' 1-rm.'2+'
(Pere(1 +rm--1)+rm+l'(1+ Pm 2 ) 'cos (å vn -xm+l) )

` rm + 1' ( 1 + Pmt) + Pm' ( 1 + rm+1) ' cos ( Sm -xm+1)) 2

+(Pm'( 1 -rm+1)' s in(S;;z-x„t + 1 )) 2

Another method to calculate A (and e) as a function of nd
when rn + 1 is a dielectric layer, consists in inversion of comple x

~

	

21 -~- (Iry + 1 'Pm)
, 2 ' rry1a+1'Pm'cos 6m

1, 8)
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Fig. 7 .
1. The complex number (em , Sm ) is plotted (point B, clockwise return) .

2. The centre Cm =	 rm + 1 (1 - ° m)	 is calculated, and a circle i s2 +

	

yl +rm 1-2rm+1' • co s

	

Pm

	

m
drawn through B with Cm as centre.

3. The point B is inverted to point D (with (rM +1 , 0) as inversion centre) .
4. The angle xm +1 is plotted (counterclockwise return) .
5. The point E is inverted to point F, which is equal to (em+1 , Sm+1 ) •
6. If to the system is added a new dielectric layer m = 2 with another index o frefraction nrz+ 2, a new centre Cm +I is calculated, a new circle is drawn through
F (broken line), and the procedure is repeated .
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Fig. 8 . Graphical calculation of a (A, x) curve for a fluoride layer with index of
refraction n = 1.29 deposited upon a silver layer with v - i x = 0.1 - i 3 .5 and
thickness f = 350 A . The numbers on the s and the p circles correspond to the
same values of x with ten degrees' interval (e. g. 13 corresponds to x = 130°) .
The corresponding (A, nd) curve is shown in fig . 28 p . 31, unbroken line . In the

saine way also
1

= tg ep can be derived from fig . 8 . Angle of incidence 9) = 75° .
e s

numbers . The different steps in this graphical method (which
enable us direct to determine (m+1, 6m+l) from (em, åm)) are
shown in fig . 7 (1-6) . The procedure employed in fig . 7 is a
modification of a method indicated by COTTON [11] . .

In fig. 8 is shown the graphical procedure in the calculation o f
a (A, x) curve for a fluoride layer with a silver layer at the bottom .
When a polar coordinathograph for plotting complex numbers
(O, S) is used in the graphical method, the deviations in A fro m

the exactly calculated values will be less than - ,which will b e
sufficiently accurate in the case of 95, = 75° .

Nr . 6
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All the (A, nd) curves shown in the following figures hav e
been calculated by means of this convenient graphical method .
(no, ?po) for the bottom silver layers are calculated direct fro m
(1, 1 2) by means of RYBNER ' S tables [10] .

§ 2 . The Accuracy and General Trend of the Polarimetri c
Method .

In fig . 9 is shown (A, nd) curves corresponding to a fluoride
layer with n = 1 .28 (quickly evaporated MgF2) deposited upon

n-9.28

t400~1

~ =75°

	 ~= 60°

105460 .4

nd r, å

1000

	

2000

	

3000

	

4000

	

5000

Fig . 9 .

a silver layer with t = 400 A. The three curves correspond to
different angles of incidence cp = 45°, 60° and 75° .

A is a periodic function of x with 360° as the period or as a

	

function of nd with the period	 A0	 , where A° is the wave-
2 cos y

length of the polarimeter light and no birefringence is assumed .

The steepness
a
	 ~) of the

	

curves increases rapidly wit h

increasing angle of incidence .

s,- a,

250

20 0

950

70 0

50
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If n changes its value during evaporation from n to n + 4 n ,

this gives rise to an uncertainty in the determination of nd and

thus also to a change in the position of the transmission band Al
for the filter we wish to make . If the evaporation of the dielectri c

material is stopped at a value of A corresponding closely to on e

whole period (A ^ Exo), the uncertainty in nd can be determined

from the derivative of

À,o

sin a 99

n2

We get

A (nd)

	

Ao sin' x

	

n,

	

(2, 1 )
2n•cos' x

and as one whole period on the (A, nd) curve corresponds to an

interference filter of the second order, the uncertainty 4 A1 , in

the position of the transmission band 2 1 , will have the same value

as 4 (nd) . In Table 1 A 21 is calculated correspondingly to 20 =
5460 Å when n decreases to n - 0.01 during the total period o f

evaporation . The corresponding uncertainty of GREENLAND 'S

method of control is added in the table . If a change in birefringenc e

np - ns takes place during evaporation, this will give an additional

uncertainty for the polarimetric method in contrast to GREEN-

LAND'S method, where only the s component is used. In column 4

a (E)
is given for the steep part of the curves in the neighbourhoo d

of x = 360° measured in degrees per Ångström and in column 5 ,

TABLE 1 . (AA1 corresponds to An = 0 .01) .

cos x

	

A À

(n = 1 .28) (n = 1 .28) (n = 1 .28) (n = 2 .36 )

Greenland's

method : 0.54500 92 .6 Å 3 .4 Å

Polarimetri c

method :

= 75° 0 .65615 43.3 - 0 .090 degree

	

Å 2 .6 -

60° 0 .73637 24.6 - 0 .045

	

- 2 .0 -

45° 0 .83356 11 .3 - 0 .022

	

- 1 .2 -

nd =
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4 2 1 is calculated for a high-index layer n = 2.36 (ZnS). 4 n =
0.01 will in this case give a negligible change in ;4. .

In what follows = 75° is employed ; however, when a
photoelectric method is used, 9) = 60° would give sufficient
accuracy .

In fig. 10 (0, nd) curves are shown for different values of n ,
all calculated for 9) = 75° and with the same silver layer as

~. 58934 t =5..
„, =7s .

~

	

f}71~

I/
y1.2

	

å̀
26

1f .

~~

lLI `
n-~.f >,~ .

	

1z

	

x : .

/~~n ~~
~

f]•!25 1
- 17Of in 4 .

300°

20 0

for).d

000 4000

Fig . 10 .

6000 8000

"bottom" layer . Fig. 10 shows that even if a dielectric materia l
was available with n as low as 1 .15, the polarimetric method o f
thickness control would give sufficient accuracy . From fig . 10
we are further able to calculate the uncertainty of nd caused by
a change in n for all values of nd.

Fig. 10 shows that as n increases Amin will decrease an d
Amax increase . Amax - Amin (which can be determined during
evaporation and which, as calculations show, is independent o f
small changes in (so, ?po) for the silver layer) determine n of the
dielectric layer . If desired, the values of Amax and Amin can be
exactly calculated by means of (1, 8) (nsd is determined in such

a way that	
å(as)-	 å (gyp) = 0) . In Table 2 a few calculation s

a (nsd) a (nsd)
of this type are added . 92 = 75° v - i x = 0 .1 - i 3 .6 and
t = 400 Å for the silv er layer .
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TABLE 2 .

~max

243°28

250 .7 6

256 .6 1

261 .2 7

n

	

I
A mi n

65°7 1

63 .9 7
62 .6 0

61 .46

Amax - Amin

177°5 7
186 .7 9

194 .0 1

199 .8 1

1 .25

1 .3 0
1 .35

1 .4 0

(no birefringence is assumed )

TABLE 3 . cp = 75° .

n

	

cos x -rs -pp

1 .1 5

1 .2 0

1 .2 1

1 .2 2
1 .2 3

1 .24

1 .25

1 .2 6

1 .2 7
1 .2 8

1 .2 9

1 .3 0
1 .3 1

1 .32
1 .3 3
1 .34

1 .3 5

1 .3 6
1 .3 7

1 .3 8

1 .3 9
1 .4 0

1 .51 8
2 .36

0.5426 9

.5933 6

.60227

.6108 6

.6191 0

.6270 6

.6347 2

.6421 1
.6492 4

.6561 5

.6628 2

.6692 7

.6755 1

.68155

.68742

.6931 0

.6986 1

.7039 6

.7091 5

.7142 0

.7191 0

.7238 6

.77132

.91240

0 .4137 1

.4668 2

.4758 4

.4844 6

.49266

.5005 2

.50805

.5152 6

.5221 8

.5288 6

.5352 7

.5414 5

.54741

.5531 7

.5587 4

.5641 2

.5693 2

.57438

.5792 8

.5840 3

.5886 4

.5931 2

.6378 8

.78540

0.2916 1

.3128 3

.3157 0

.3184 6

.3208 2

.3229 1

.3247 6

.32637

.3277 7

.3289 9

.3300 3

.3308 9
.3316 4

.3322 1

.3326 6

.3329 9

.33320

.33331.

.33332

.33325

.3330 7

.3328 1
.3251 4

.19799

(glass)

(ZnS )

In Table 3 (rs, rp) are calculated for q) = 75° and different

values of n (from ([A] 1, 1-3)) .

For values of nd, where A is near a minimum or a maximum ,

it would be impossible to determine nd with sufficient accuracy .
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However, the wavelength 20 of the polarimeter light can be changed
which alters the position of minimum and maximum on th e
(A, nd) curve, and in this way all values of nd can be controlled

with sufficient accuracy on a steep part of a (A, nd) curve .
(Figs . 27-28, p. 31) .

Before the detailed procedure is given which enables us t o
calculate a (A, nd) curve which best fits to the experimenta l
results, it should be emphasized that nd for filters 11 I L2mM of the
second (or higher orders) (m > 2) can be determined in th e
simplest manner when the wavelength A0 for the polarimeter

light is chosen in such a way that x is near 360°, i . e . 20 =
2 do •cos x (or 20 = do cos x) (for 99 = 75° 2 2 = 5050 A corre-
sponds to 20 = 5461 A) .

In this case the nd determination will be independent of Ao
(the value of A when the evaporation of the dielectric layer i s
started), and without any knowledge of the theory the polarimetri c
method of control can be used empirically also for compound
filters with three or four silver layers (and two or three dielectri c
layers) and even with a glass bell jar (free from strains) as vacuu m
chamber .

20 can be altered in practice by means of interference filter s
in connection with a tungsten band-lamp .

As a (A, nd) curve with a silver layer as bottom layer onl y

shows a small dependence upon t (for t > 350 A), an empirical
(A, nd) curve can be determined and also filters of the firs t
order controlled .

However, theoretical calculations of (A, nd) curves or (A, 2m )
curves, which best fit the experimental results, will be of grea t
value for determining the physical properties of evaporate d

thin films and for more complicated filters, such as ML' H2 L' M,
or at all-dielectric filters empirical determination of the (A, nd)
curve would be much too complicated .

This procedure is more complicated, as previously assumed,
because of the following important experimental facts :

1 . x for a silver layer of thickness t 400-500 Å is differen t
from x for an opaque silver layer .
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TABLE 4 . 4 = bp-bs .

	

TABLE 5 .tgy'_epr(s .

0 .0 0.1 0 .2

	

x

	

v I 0 .1 0 . 2

2 .0 63 .28 63 .29 63 .33

	

2 .0 0.9644 0.9301

2.1 65 .34 65 .35 65 .40

	

2 .1 .9649 .931 0

2 .2 67 .37 67 .39 67 .43

	

2 .2 .9654 .9320

2 .3 69 .37 69 .38 69 .44

	

2 .3 .9660 .933 1

2 .4 71 .33 71 .35 71 .40

	

2 .4 .9666 .934 3

2 .5 73 .26 73 .28 73 .33

	

2 .5 .9672 .9355

2.6 75 .15 75 .17 75 .23

	

2 .6 .9679 .936 7

2 .7 77 .00 77.02 77 .08

	

2 .7 .9685 .938 0

2 .8 78 .82 78 .84 78 .89

	

2 .8 .9692 .939 3

2 .9 80 .59 80 .61 80 .67

	

2 .9 .9698 .940 6

3 .0 82 .33 82 .34 82 .40

	

3 .0 .9705 .941 9

3 .1 84 .02 84 .04 84 .10

	

3 .1 .9712 .9432

3 .2 85 .68 85 .70 85 .76

	

3 .2 .9718 .9445

3 .3 87 .29 87 .31 87 .37

	

3 .3 .9725 .945 8

3.4 88 .87 88 .89 88 .95

	

3 .4 .9732 .947 1

3 .5 90 .41 90 .43 90 .49

	

3 .5 .9738 .9483

3 .6 91 .91 91 .93 91 .99

	

3 .6 .9744 .949 5

3 .7 93 .38 93 .40 93 .45

	

3 .7 .9751 .950 7

3 .8 94 .81 94 .83 94 .88

	

3 .8 .9757 .951 9

3 .9 96 .20 96 .22 96 .27

	

3 .9 .9763 .953 1

4 .0 97 .56 97 .58 97 .63

	

4 .0 .9768 .954 3

4 .1 98 .89 98 .90 98 .95

	

4 .1 .9774 .955 4

4 .2 100 .18 100 .19 100 .24

	

4 .2 .9780 .956 5

4 .3 101 .44 101 .45 101 .50

	

4.3 .9786 .957 6

4 .4 102 .66 102 .68 102 .73

	

4 .4 .9791 .958 6

4 .5 103 .86 103 .88 103 .92

	

4 .5 .9796 .959 6

4 .6 105 .03 105 .04 105 .09

	

4 .6 .9801 .960 6

4 .7 106 .17 106 .18 106 .22

	

4 .7 .9806 .961 6

4 .8 107.28 107 .29 107 .33

	

4 .8 .9811 .962 5

4 .9 108 .36 108 .37 108 .41

	

4 .9 .9815 .963 4

5 .0 109 .41 109 .42 109 .46

	

5 .0 .9820 .9643

2. n( V ) (n measured in the vacuum container) for a low index

layer is different from n (A) (n measured in air) when the materia l

is quickly evaporated . (For MgF2 we have n (? ) = 1 .28 and n(A) =-

1 .365) .

3. A fluoride layer quickly evaporated shows a small birefrin-

gence
npv> > n

s
v) (for MgF2 np - ns ti 0 .005) .

For ZnS and other high index layers we have n(v) = n(A ) .

Nr. 6
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TABLE 6 . es .

	

TABLE 7 . 180-Ss (q) = 75 0)

x\ v I 0 .1

	

0 .2

	

ti

	

v I 0 .0 0 .1 0 . 2

2 .0 0 .99073 0 .98160

	

2 .0 13 .29 13 .27 13 .2 2

2 .1 .99135 .98283

	

2 .1 12 .78 12 .76 12 .7 1

2 .2 .99193 .98396

	

2 .2 12 .30 12 .28 12 .23

2 .3 .99245 .98499

	

2 .3 11 .85 11 .83 11 .79

2 .4 .99293 .98594

	

2 .4 11 .43 11 .41 11 .3 7

2 .5 .99337 .98681

	

2 .5 11 .03 11 .02 10 .9 8

2 .6 .99377 .98761

	

2 .6 10 .66 10 .65 10 .6 2

2 .7 .99414 .98835

	

2.7 10 .31 10.30 10 .2 7

2 .8 .99448 .98903

	

2 .8 9 .99 9 .98 9 .9 5

2 .9 .99480 .98965

	

2 .9 9 .68 9 .67 9 .6 4

3 .0 .99509 .99022

	

3 .0 9 .39 9 .38 9 .3 6

3 .1 .99535 .99075

	

3 .1 9.12 9 .11 9 .08
3 .2 .99560 .99124

	

3 .2 8 .86 8 .85 8 .8 3

3.3 .99583 .99170

	

3 .3 8 .61 8 .60 8 .5 8

3 .4 .99605 .99212

	

3.4 8 .38 8.37 8 .3 5

3 .5 .99624 .99251

	

3 .5 8 .16 8 .15 8 .1 3

3 .6 .99642 .99288

	

3 .6 7 .94 7 .94 7.9 2

3 .7 .99659 .99322

	

3 .7 7 .74 7 .74 7 .7 2

3 .8 .99675 .99354

	

3 .8 7 .55 7 .55 7 .54

3 .9 .99691 .99383

	

3 .9 7 .37 7 .37 7 .36

4 .0 .99705 .99411

	

4 .0 7 .20 7 .19 7 .1 8

4 .1 .99718 .99436

	

4 .1 7.03 7 .03 7 .0 2

4 .2 .99730 .99461

	

4 .2 6.87 6 .87 6 .8 6

4 .3 .99741 .99484

	

4.3 7 .72 6 .72 6.7 1

4 .4 .99752 .99505

	

4.4 6 .58 6 .57 6 .5 6

4 .5 .99762 .99525

	

4.5 6 .44 6 .43 6.4 3
4 .6 .99773 .99545

	

4.6 6 .30 6 .30 6 .2 9

4 .7 .99780 .99563

	

4 .7 6 .17 6 .17 6 .1 6

4 .8 .99789 .99579

	

4 .8 6 .05 6 .05 6 .0 4
4.9 .99797 .99595

	

4 .9 5 .93 5 .93 5 .92

5 .0 .99805 .99611

	

5 .0 5 .82 5 .82 5 .81

§ 3. Determination of (es , (5s ) for a Silver Layer .

To be able to calculate a (0, nd) curve it is necessary to kno w

not only (Do, Oo) (A° = åp-å, ; tg po =

	

but also (es, 8s)
P s

for the silver layer first evaporated .
The first step will be to calculate tables of (A , p ` and (es, ô 8)

Qs
2Dan . Mat . rys. Medd . 30, no .6 .
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for an opaque silver layer at 9) = 75° as a function of v - i x .
The results of such calculations (carried out by means of ([A ]
1, 12-13) are given in Tables 4-7 .

The next step will be to calculate the same quantities fo r
different thicknesses t of a silver layer and also for different
values of v - i x by means of (1, 1-3) . This has been done onl y

for values of x in the neighbourhood of Ao = 5461 A, the re-
sults being shown in the figs . 11-14 for v = 0.1 and in the figs .

15-18 for v = 0 .2 .

Now the most obvious method would be first to determin e
v - i x by means of Tables 4-5 from measurements of (Ao, yo)

for an opaque silver layer . However, experiments show tha t

when the thickness t of a silver layer is increased, A reaches a

maximum for some definite thickness to 450 A and then
decreases, which according to fig. 11 and fig. 15 means that x

reaches a maximum for t < to .
As only two observable quantities (no, yo) are available, we

may assume a definite value for v ; when this is done, x and t
can be determined from figs. 11-12 and figs. 15-16. (As a

first approximation v determined for an opaque silver laye r

can be used). When x and t are determined for the silver layer ,

(2s, 6s) can be determined from figs . 13-14 and figs . 17-18 .

It should be emphasized that (Qs, å 8 ) in contrast to (ep, ôp) only

shows a small dependence upon v and x .
As an example of the above procedure the following experi-

mental results should be given in Table 8 .

The measurements are carried out just after evaporation o f

the layer. The thickness of a silver layer is controlled by trans -

mission measurements at test plates (placed perpendicularly

above the evaporation source for silver) . A silver layer of thick-

ness t ' = 200	 250 A is evaporated in one step (only one tes t
plate used) but a silver layer of thickness t " = 400-500 A is

evaporated in two or three steps (two or three test plates are used

placed in position in. succession) . In this way a definite valu e

t"
of i, can be obtained (by means of a photocell) . When the curren t

from the photocell is the saine for the test plates, we should in

theory have t 2

	

2 ti ; 13 = 3 t i , etc. in Table 8 .

From the measurements it seems as if v is near 0 .1 ; however,
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not until measurements of 'max and W2 for the finished filter

have been made, (after the filter has been removed from the

vacuum chamber) is it possible to determine v .

x depends upon the speed of evaporation, but seems to b e

independent of the pressure when this is below 10- 4 mm I-Ig .

TABLE 8 . (The transmission through each of the test plates is

the same) .

a7

~ v = 0 .1 v = 0 . 2
.- ô~--~

	

~

N
E. t x es 1

	

es a s

1 82°80 37?1 210 Å 3 .46 0 .955 169 .54 236 Å 3 .32 0 .954 169 .7 4

2 90 .53 42 .5 380 3 .60 0 .989 171 .60 423 3 .55 0 .987 171 .7 0

3 90 .40 43 .6 504 3 .53 0 .993 171 .7 4

4 90 .00 44 .0 650 3 .48 0 .995 171 .7 5

5 88 .74 3 .4 0

6 87 .80 3 .3 3

7 87 .10 3 .29

8 86 .40 3 .24

For a wavelength A',j near 5461Å figs . 11-18 can still be use d

A
if the t-scales are transformed to t ' = t • -	

5461

§ 4 . Determination of ns and np .

When a FABRY-PEROT filter of higher order (e . g . M L 1oM)
is produced, Amin and Amax for several periods of the t, curv e

can be measured during evaporation.

Experiments for cryolite and MgF2 both quickly evaporate d

now show that small deviations from periodicity are present .

We have Amin, > Amin p > Amin, . . and Amax, > Amax >

Amax, . ., which indicates that the evaporated layer is bi-

refringent and that np > ns . The film acts as a uniaxial crysta l

with its optic axis normal to the film . When no is the ordinary

and ne the extraordinary index we have according to BORN [12 ]
or BILLINGS [13] :

no = n s

	

(4, 1 )
and



(xp is determined by np sin xp = sin T) .

'When birefringence is present, (åp, nsd) and (6s, nsd) curves

must first be constructed separately, and next A (nsd) can be
calculated from these curves .

This procedure is illustrated in fig . 19 calculated for ns = 1 .2 8

and np = 1 .29 . By means of the p-scale (of nsd) above and th e

s-scale (of nsd) below in fig . 19 the corresponding (A, nsd) curve
is constructed in fig . 20 (for nsd < 8000 Å unbroken line and for
8000 Å < nsd < 16000 Å broken line) .

As rp only varies slowly with n (Table 3), fig . 19 can still b e

used for another value of n, = np if the p scale (above) is trans -

formed to

(n 8 d) ' =

	

np •cos xp
nsd•	 	 .

np -cos xp

For M g F2 we have np - ns 0 .005 . (ne -no 0 .009) .
From measurements of Amin, Amin, . . . and Amax,, Amax, . . .

during evaporation it should be possible to determine n(: ) and

n(; ) (v means measured in vacuum), and from these values an d

from (Ao, gip and (es,ds) for the silver layer the (A, nsd) curv

e can be constructed.

As mentioned above, a great change in n for MgF2 takes plac e

when air (and H20) is admitted to the vacuum chamber and thi s

change in n from n(v) (= n(:) ) to n (A) must be taken into account
when we desire to make an interference filter with transmission

band at a.(„;:'-) (at normal incidence) .

We have ([A] 3, 8)

m am ) = 2 dn«) + Z (e, n('t )) .

	

(4, 4)

(Z (A ~, n(g)) can be determined by means of ([A] fig . 8)), and

the evaporation has to be stopped at a value of A corresponding t o

__

	

(4, 2)
(
n-p )

2
cOS 2 xp

n s

np • sin xp
ne =

(4, 3)

ns(v) d

	

2n(A>
• (m . Am(A) - Z ( d) , n(g))) •

	

(4 , 5 )



Nr. 6

	

2 5

	 6
y	

;

o

.

	

i

	

.

	

.

	

.

	

,

	

i6 .

______------- ------

~ = 546CÅ

--

t-350Å

----- ________

92 -75 '

_ ______-

r;

nP

_-___

128

-1 .29

~

. k~.

	

~

	

f

	

. .

	

j

	

. .

	

3

	 . .,

Fig . 19 .

,15460J,
k

=
r;=1,2 8

=1,29
i°350Å â a75 °

MIR K
L--

	

. ---- --' ~

2000 40 I ~

~

6000

.

80

n,d in Å	 >	 1_

	

_

	

L

P scale

150'

10 0

SO' 150'

0 100'

- 50 50'

-10 0

- 150 - 50'

- 200

R d
s scale

12

- 100 '

3

6

~

b,-d,

2

70

0'

8 1200 -

	

_ 14 6	 1600 0

Fig . 20 .



26

	

Nr . 6

With the apparatus now in use can be measured with a
spectroscope (at normal incidence) before air (and H 2O) is
admitted to the vacuum chamber .

We have

m4 ) = 2n(,v) •d+Z(24 , n (sv) ) .

	

(4, 6 )

Z n(s li) ) can approximately be calculated from ([A ]
fig. 8) when the 2-scale is transformed . If (2) has the value
adapted in [A], the observed value of 4 ) should be equal to
the value calculated from (4, 6) .

From the observed values of 2 t) and a,(m ) it is possible to de -
termine n ( -I) from (4, 4) and (4, 6). As Z(v) Z('4), we approxi -
mately obtain

: %(g) - -
(.v) =

n(A) n~v (

m

	

n(A)

Z (,1 (nA ) n(A )1
(4, 7)

I n

i . e . the shift in wavelength of the transmission band towards
red is proportional to the wavelength especially for filters of
higher orders in . For MgF2 we have very nearly n(") = 1 .28 and
a shift of 2za) - 7zv) = 400 Å is observed when Ala) = 6560 Å .
From (4, 7) we then get n(A) = 1 .365 .

Especially for filters of smaller area (5 X 5 cm) a cover
glass is cemented upon the thin filter layers for protection . The
cement most commonly used is a balsam or better a plasti c
dissolved in xylene or toluene . If porosities are present in the
fluoride layer, the cement will fill the pores and a further shif t
from 2(r,, ) to C towards the red will result . For cryolite quickly
evaporated this shift turns out to be as great as 2,2° ) - 44) 350 A

(4-4) = 6560 A), but here 2V ) - 4'' ) = 100 Å only; however ,
these shifts are rather unpredictable . For MgF2 the shift 4c) -2 r)
is only 50-150 A, but unfortunately this shift seems to be mor e
dependent upon the conditions of evaporation than n(v) and
ß ( z4) - X ,') do . So far experiments seem to show that n(v) is only
slightly dependent upon pressure, when this is lower than 10 - 4 mm
Hg, but is dependent upon the temperature of the crucibl e
("molybdenum boat") . The higher the temperature the highe r
n(v) (or the higher npv) - n (sv)) becomes and 2;,° ) - Â(,A ) becomes
smaller, but 2 ;~) - 4) will be nearly the same. Recent investiga-
tions seem to indicate that this dependence upon the temperature
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of the crucible is partly due to impurities in the MgF2 used and
all the above properties, which are so important when making
interference filters, require much more experimental investiga-
tion with uncontaminated MgF2 powder .

An alternative determination of n (A) or (ns`t) , 14A)) can
according to ([A l p. 39-45) be made from observation of ()Ls) , An ) )
at an oblique angle of incidence .

In fig. 21 and fig . 22 (527 , nsd) and (Ss, nsd) curves are shown
which are calculated for ns = 1 .28, np = 1 .285 and Ao = 5460 Å
(v - i = 0 .1 - i 3 .5) . The solid curves correspond to t = 500 Å
and the dotted curves to t = 200 A for the basic silver layer .

Fig. 23 and fig . 24 show the ratios between the s and p circle s
employed at the construction of figs . 21-22 .

Figs. 25-26 are quite analogous to figs . 21-22, but calculate d
for Ao = 7400 A (v - i = 0 .1 - i 5 .0) . When a red-infrared
sensitive photocell is used as reciever in the polarimeter, the
application of Ao for this spectral region has many advantage s
because of the optimum conditions for silver layers in this region .

Small changes in the constants from ns, n.2,, Ao to ns , np , Ao
can be compensated for in the figs . 21-22 and. 25-26 by trans -

forming the nsd scales to (nsd) ' =nsd np A°'co s	 (p
compo-

n p - A . cos xp
nent) and analogous for the s component.

In fig. 27 the (A, nsd) curves are constructed from figs . 21-2 2
(solid curve) and from figs . 25-26 (dotted curve) in the cas e
of t = 500 Å 4't) and A,n ) scales calculated from (4, 4-6) and
([A] fig. 8) are added . However, it should be emphasized that
fig. 27 may only be regarded as a first approximation . Experi-
ments with uncontaminated MgF2 powder will be continued for a
more accurate determination of np and ns .

From fig . 27 it is apparent that all thicknesses nd up to 6000 Å
can be controlled with great accuracy (better than 10 A), when
the conditions of the evaporation process are constant) .

In fig . 28 two (A, nd) curves have been constructed for np = n s
= 1 .29 . Ao = 5460 A. for the solid line curve (v- i x = 0 .1 - i 3 .5 )
and Ao = 6560 A for the dotted line curve (v b c. = 0 .1 - i 4 .3 )
and t = 350 A for both curves. For a filter of the second order
we obtain for a definite n 5 d, a value of A (for Ao = 5460 A)
in fig. 28 which is near the value for A we obtain from fig . 27,
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s
Fig. 23 . Proportion between s and p circles for t = 200 A O S = (es , ås) and

On = (qv , å) for the' silver layer .

Fig . 24 . Proportion between the s- and the p-circle when t = 500 Å.
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i . e . if it is assumed that there is no birefringence and n is de-
termined from measurement of 2t ) , we obtain too high a value .

Figs. 27-28 further shows that when three different value s
of 2 0 are available, also values of ns' d higher than 6000 Å can

be controlled with great accuracy .

At the control of nd only A is used . However, also p is observe d

~=5460 A n-1.28 99 -75
t

A= 200 A

8~ 350 A

C : 500 A'î':
270'

	

360'

3000 ~ nd 40004

Fig . 29 . y, calculated for different thicknesses t of the basic silver layer . tg y, = PP .
e s

by analyzing the elliptically polarized light reflected from th e
silver-dielectric layers (fig. 2) . Fig. 29 shows (y1, x) or (y, nd)
curves all calculated for n = 1 .28 and for different thicknesses t

of the basic silver layer . As opposed to A, y shows a strong
dependence upon t and v for the basic silver layer . 0max -'Pmin
can be used for a determination of t if v is known and at t = cc

be used for a determination of v, which is independent of smal l

errors in the polarimeter adjustment .

11f
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§ 5 . Control of the Dielectric Layers for Compound Filter s
M'L2 m M"L2

m M' and M'L 2 ,, ., M"L 2p M"L2,n M' .

For these types of filters the polarimetric method for contro l
will be especially well suited because all the measurements tak e
place in reflected light and on the filter base itself and because
reflection from M ' , M" or from the combinations M ' L 2 mM" and
M ' L2 mM" L2pM" (as basic layers for the dielectric layers) result
in about the same value for A and 8s (if Ao not corresponds to
a transmission band for the basic interference filter at cp = 75°)
and the (A, nd) curves above (for t = 500 A) can still be used .

As briefly mentioned above the most direct method of control ,
for a filter of the second or higher order will be to chose th e
wavelength of the polarimeter light Ao in such a way that th e
evaporation has to be stopped at a value of A in the neigh-

bourhood of Lo corresponding to one or more total periods of th e
(t1, nd) curve (2o = 2 do •cosy or Ao = do-cos x) .

Below a table is added which gives A 0 for filters of the second
order (1 period) and of the third order (2 periods) for differen t
values of A(1) .

TABLE 9 .

A(A)

	

2 0
M"L 4 M" 1Vl "L 0 M"

4000 A 4060 A
4500 473 0

5000 5400 4270 A
5500 6060 476 0

6000 6710 524 0
6560 7430 578 0

7100 8100 629 0

7680 8840 6840

In this case the control is independent of the composition of th e
basic system of layers . In the case where this system consists of
a filter M' L 4 M", as shown in fig. 30 A, (A, y) of light reflected
from A will be the same as (A, y) for light reflected from a silver
layer with thickness t ' -1- t" (fig . 30 B) if v - i x is the same for
the three silver layers .

Dan .Mat .Fys.Medd . 30, no .6.
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The small birefringence present acts as if n•cos x is greater

than in reality. Table 9 is calculated in such a way that 2 _
6560 Å (third order) corresponds to the value of .1o actually

measured .

When we wish to make a filter M'L2mM " L2mM " L2mM' i t

should further be noted that n( '4) . d for the central layer is different
from n . d for the outer dielectric layers, as the filters M ' L 2 mM"
and M" L2mM" shall have the same value for Am) . The n(sv) • d

t

nd= A e
2.cosX

Fig. 30 .

values to be used on the (A, ns.d) curve are calculated from (4, 5) .
The differences betaveens the ed values for the central and th e

outer layers vary from about 15 Å at 2,;a) = 4000 Å to 115 Å

at 24,,) = 7700 Å .

§ 6 . Control of the Dielectric Layers for Filters where L an d

H Layers are Added to the Silver Layers .

Also at this type of filters (the theory of which is given i n
([A] § 6)) all the dielectric layers can be controlled on the filte r

base itself (fig. 31) .

The calculation of the (A, nd) curve is carried out graphically

by means of a polar coordinathograph (see fig . 7) .

As an example fig . 32 shows the (A, nd) curve calculated for

the simplest filter of this type M L' H2 L' M in such a way that

grass
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peak transmission occurs at 2 = 6560 A. Here 20 = 5460 Å will

give sufficient accuracy by control of all the dielectric layers, bu t

in most cases (in the case of more complicated filters of this type )

35o Å

L'

35OÅ

~05460d

Q' = 75 °

-X=6560Å

H

L'

I

	

i

~-
~

L' -i

	

H L L'-~~

n;1,29
~

	

1

n=1,29

	

n„= 2.36

300°

A

200

100 `

1000 400 02000

	

3000

Fig. 32 .
5000 nd

the calculation has to be repeated for another value of 2 0 to be
able to control all the dielectric layers with sufficient accuracy .

The control of a high-index layer is much easier than for a
low-index layer as 4') nå = nÄ and because of the smal l
value of 4 21 (Table 1) .

In fig. 32 it is assumed that nx = 2.36 n) = 1 .29 and

n(A) = 1 .37 .

3 *
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§ 7 . Thickness Control in the Production of All-Dielectri c
Filters .

As mentioned above, the usual procedure employed for thi s

type of filters is measurement of the intensity R(d) in reflecte d
monochromatic light at normal incidence from test plates ; at leas t
two test plates are used, one for the low- and the other fo r

the high-index layers . In fig . 33 R(d) is calculated for the tes t

plate with the low-index layer (n(,,') = 1 .29, MgF2 ) and in fig . 34

R(nd) for the test plate with the high-index layer (n$ 2.36 ,

ZnS) . By change of wavelength A 0 or by measuring the differenc e

Rl - R2 corresponding to two different wavelengths as indicate d
in figs . 33-34 it will be possible to control nd for all the layers
with an accuracy of about 30 A (if photocells and an amplifie r

are used) . It should further be mentioned that JACQuINOT and

GlAcoMo [4] have constructed an apparatus which enables the m

to measure the derivative
dR

(which can be used for thicknes s
0

control with great accuracy for thicknesses where R (d) has a

maximum or a minimum) .

This rather simple test plate procedure offers good results b y
production of filters of smaller areas . [2] However, as mentioned

above, the filter base in the case of production of filters of large r

areas must be rotated during evaporation and the test plates

placed. perpendicularly above the evaporation source and far
from the filter base . In this case the test-plate procedure for con-

trol would be rather uncertain, and for this reason it would b e

desirable to control all the filter layers (and especially the 3-5

central layers) on the filter base itself . In the case of this type of

filters this is also possible by means of the polarimetric metho d
and with higher accuracy than obtained with the testplate method .

The (A, nd) and (y, nd) curves are calculated by means o f

the graphical procedure shown in fig . 7 p. 9 .

Such a construction is shown in figs . 35-36 . ii = 1 .29 and
ng = 2 .36 . A0 has been chosen in such a way that xx =

180
o
• cos xH is equal to 180° i . e .

o
= 1 .096 . (ç = 75°) .
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Fig. 33. R (d) from a glass surface with n = 1 .518 coated with a MgF, film (99 = 0) .

Fig. 34. R (nd) from a glass surface with n = 1 .518 coated with a ZnS film (ç = 0) .
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74

Fig. 35 . er • ei å P during the build-up of the filter D, Ls D, .

~1
n( v)

	

n L
xL = 180 .

	

nL ) • cos xL and when j[L ) = 0 .9377 we have

xL = 122°.62 (xE = xL = 180° for A = A l and 92 = 0) .

Fig . 35 shows (ep , åp) and fig . 36 (es, ås) (in polar coordinates )

for the filter D 7 L2 D7 as the layers grow simultaneously .

The numbers 1-16 on the spirals denote the values of (e, 6) ,

where the evaporation has to be interrupted and a change to th e

other dielectric material to take place . F. g. the number 8 means

(e, 6) in reflection from the seven layers D 7 = HLHLHLH
(1 means (e, å) for the uncoated glass plate), 9 means reflectio n

from HLHLHLHL 2 , etc . As xff = 180°, the same construction

can be used for the filter D 8 H2D 8 . The number 9 ' in figs . 35-36

means (e, 8) corresponding to reflection from the system Ds =
HLHLHLHL (and 10 ' in fig . 35 means reflection from D9 ; in

fig. 36, 10' is equal to 8) .
From figs. 35-36 the corresponding (A, nd) and (y~, nd)
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Fig. 36 . Ps -eiss during the build-up of the filter D l L2 .D7 .

curves can be constructed (not given here) . The positions of th e
points on the (A, nd) curve which correspond to the H and L

layers would be still better if 20 was chosen still smaller than A l

2 1

	

e . g. -

	

6 = 1
.20 . Unfortunately 2 0 can not be chosen

	

2 0

	

546 1

656 0

higher than or equal to 2i, as in this case Lp would be too low
P s

to enable an accurate measurement of A .

Another procedure by polarimetric control would be t o

measure the difference A (Ao) - A (2o) in A corresponding t o
two neighbouring wavelengths 20 and Aoe (e . g . 5461 Å and 5893 A) .
When this difference is measured with an accuracy of 5 ' (fiv e
minutes of arc) a sufficiently accurate control would be possibl e
for values of nd where A has a maximum or a minimum .
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Summary .

A polarimetric method for thickness control in the productio n
of interference filters has been treated in detail .

Plane-polarized light with wavelength 2 0 is reflected from the

filter layers at an oblique angle of incidence (T = 75°) and thu s
becomes elliptically polarized . Ao is chosen in such a way tha t
measurement of A = å p - 6s for the elliptically polarized light
determines the thickness of a dielectric layer with an accuracy

better than 10 Å (when conditions during the evaporatio n
process are constant) .

This method of control, which follows the growth of the

dielectric layer on the filter base itself, can be applied to all type s

of interference filters (also reflection interference filters) and i s

especially well suited for control of the dielectric layers fo r
filters of the types ML2mM, M'L2m M"L2mM ' and
M' L2mM" L 2DM" L 2 mM' .

A (A, nd) curve for a filter M L 2 mM can be constructed fro m
measurements of (so, ipo) for the silv er layer M first evaporated
and from measurements of Amax and Omen during evaporation ;

and the value of A at which the evaporation is to be stoppe d

can be calculated corresponding to a definite wavelength for th e

transmission band 2m of the filter .

A small birefringence (np - ns 0.005) is present for an
evaporated fluoride layer (cryolite or MgF2) and the index of

refraction for rapidly evaporated 1VIgF2 is much lower in vacuu m

(n('') = 1 .28) than in air (n(°) = 1 .365). Furthermore measure-

ments of (to, po) for silver layers show that x for a silver layer o f
the thickness employed for interference filters is different from x

for an opaque silver layer .

The experiments will be continued in order to obtain mor e

refined information about Hp (A) and ns (2) (in vacuum and air )
for thin evaporated MgF2 films .
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