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ABSTRACT

The theoretically predicted optical properties of dielectric 

interference filters are not completely realized in practice. Maximum 

transmittance in the passband is the filter property most obviously de

graded, but bandwidth and minimum transmittance are also different from 

the values predicted by theory. Since there is practically no absorp

tion for dielectric films, the degradation in predicted filter trans

mittance is attributed to losses due to light scattering.

It is known that substrate surface roughness causes light to be 

scattered from metal coatings, thereby decreasing the specular reflec

tance. We have investigated the effect of substrate surface roughness 

on the optical properties of multilayer dielectric filter coatings. It 

has been found that film roughness caused by contouring of the substrate 

profile leads to roughness at the film interfaces. The large index of 

refraction difference and the interface irregularities cause light to be 

scattered.

We have found that the film surfaces also have inherent rough

ness, unrelated to the substrate. This roughness is cumulative for 

multilayers, making the film interfaces progressively rougher from the 

first to the last film. As a result it is no longer possible to con

sider the reflecting.stacks in a filter equal in their optical proper

ties.

The filters are evaluated by measuring the specular and diffuse 

optical properties. The variation of these properties with respect to



surface roughness, filter design, and wavelength gives an understanding 

of why the theoretically predicted filter properties are not realized . 

in the deposited filters.

The measurement of the integrated diffuse reflectance is useful 

in comparing the scattering properties of substrates and coatings. The 

relationship between the diffuse reflectance and the specular transmit

tance gives an understanding of how the distribution of incident energy 

changes as the film scattering increases. The wavelength dependence of 

the diffuse reflectance is also useful in explaining the causes of scat

tering in dielectric films.



CHAPTER I

INTRODUCTION

In optics, a filter is a device used to select radiation of a 

particular range of wavelengths. The term, all-dielectric interference 

filter (ADIF), refers to an interferometer of the Fabry-Perot type made 

by vacuum deposition of dielectric layers. This type of filter is com

monly used because it has certain advantages. The bandwidth is vari-
iable over a large range, the wavelength region may be arbitrarily 

chosen, and radiation that is not transmitted is reflected rather than 

being absorbed. High transmittance is possible because the dielectric 

materials are nonabsorbing.

Optical Properties of Filters 

The wavelength dependence of the transmittance characterizes a 

filter. Transmittance can be predicted using the equations for a 

Febry-Perot interferometer. The maximum transmittance is unity, re

gardless of the mirror reflectance, because we assume the absorption is 

zero. In practice, however, the higher the mirror reflectance, the 

lower the maximum transmittance usually is. The largest decreases in 

transmittance occur for narrow passbands.• As a result of the lower 

transmittance, the measured bandwidths are wider than theoretically 

predicted. Again, the largest deviation from theoretical values is 

observed for narrow passbands.

' 1



The effectiveness of many thin film devices is hindered by 

their tendency to scatter some of the light that they reflect or trans

mit. For filters, scattering is also undesirable because of the effect 

it has on other filter properties, such as the lowering of the maximum 

transmittance. Scattering is a light loss analogous to absorption in 

metallic coatings. Surface roughness of the substrate will cause a 

coating to scatter. The scattering from metal coatings has been inves

tigated (l) for substrates of different roughness. Scattering proper

ties for. multilayer dielectric coatings are considered in the 

investigation described here.

Description of the Research

ThTs re search rs concerned^pTlma^rrTy with the optical properties 

of filters and how they vary for filters coated on different surfaces. 

The investigation begins with the substrates and considers the surface 

roughnesses resulting from various polishing procedures. A secondary 

purpose here was to be able to specify a polishing procedure to obtain 

a particular surface roughness. Substrates representing a wide range . 

of surface roughnesses were coated simultaneously and uniformly with 

dielectric interference filters. Three different designs were investi

gated. In Chapter II, the preparation and measurement of the substrate 

surfaces are described, as well as the coating of the filters.

It was assumed that the optical properties would show varia

tions indicative only of the substrate roughness. A complete optical 

description of the filters was provided by the specular and diffuse 

properties. These properties were measured as a function of wavelength.
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The effect, on these properties, of changing the design was also ob

served, The measurements are defined, and the procedures used to make 

them are described in Chapter II, The measurement of diffuse proper

ties is shown to be a useful technique for comparing the scatter from 

samples. In addition, the wavelength dependence of the scattering 

helps to explain the reason for scatter in multilayers. An explanation 

is given relating scatter to film roughness.

The results of the measurements are presented in Chapter III, 

showing .the dependence of the optical properties on various parameters. 

The description of the specular and diffuse properties and their rela

tionship to each other are discussed. It is found that roughness of 

the films in a multilayer strongly affects the optical properties. The 

film roughness is only partially due to substrate rpughness. The Fabry- 

Perot interferometer equations are considered with regard to the ob

served optical properties. In particular, it is shown that the 

reflecting stacks may be considered as unequal mirrors. The usual 

equation for the bandwidth is shown to be in error because lossless 

mirrors are assumed in deriving it.

Some observations and conclusions based on the research are 

given in Chapter IV. In addition, two suggestions for future research 

are given. Both could make use of techniques .described here to evalu

ate surface roughness and scattering.



CHAPTER II

EXPERIMENTAL DETAILS: MAKING AND MEASURING THE FILTERS

To investigate the optical properties of dielectric interfer

ence filters, we have produced three filter designs on substrates with 

a variety of surface roughnesses. In this chapter we describe the pro

cedures and equipment used to prepare the substrates and filters. The 

measurements of substrate surface roughness and the optical properties 

of the filters are also described.

Although the irregularities in a surface are three dimensional, 

we .describe the surface, roughness .as a. height .fluctuation about a. mean 

surface level. This is due to the difficulty of measuring the lateral 

dimensions of the irregularities and to a lack of the necessary equip

ment to do so. More than one technique was used to measure the sur

faces because of the wide range of roughnesses considered.

It was not the aim of this investigation to produce substrates

or filters with exceptional properties. Rather, the intent was to in

vestigate the properties of conventional interference filters, on sub

strates produced by common techniques, to determine how the optical 

properties were affected by the roughness of the substrate. Meaningful 

conclusions regarding behavior of the optical properties demanded ac

curacy and uniformity in the deposited filters; considerable effort was 

expended to achieve these requirements.

V : . ' : . .  ' 4 . ... ■■



To evaluate the effect of surface roughness on filter charac

teristics, diffuse and specular optical properties were measured as a 

function of wavelength. Definition of these measurements and details 

of the equipment and techniques used are given. We describe an instru 

ment built to measure either specularly and diffusely reflected light 

or just the diffuse portion. The specular transmittance measurements, 

using existing equipment, will also be discussed.

Surface Roughness Measurements

Surface roughness can be described by the height and width of 

surface irregularities. There are, in general, two techniques used to 

examine the surface irregularities in detail, electron microscopy and 

interferometfy. With electron microscopy very 'high lateral resolution 

about 1 nm, is possible; the depth resolution, however, is too coarse 

to be useful in examining polished surfaces. This technique was not 

used since an electron microscope was not conveniently available. The 

interferometric method, using fringes of equal chromatic order (Feco), 

gives depth resolution down to almost atomic dimensions, 0.2-0.3 nm, 

making it well suited to examining the smoothest polished surfaces as 

well as rougher ones. Feco and Fizeau interferometers and an optical 

microscope were used to evaluate surface roughness in terms of the 

heights of surface irregularities.

The surface roughnesses of the polished samples were measured 

with a Feco interferometer. This technique has been described in the 

literature (l); details of the instrument and procedure used in this 

work are described in Appendix A. A multipie-beam interferometer (2)



is formed with the silvered surfaces of the sample and a reference 

flat; the surfaces are placed almost in contact and adjusted until mu

tually parallel. If we reflect white light from this interferometer . 

and disperse it in a spectrometer, we find that the continuous spec

trum contains dark fringes. The fringes occur at wavelengths (X) for 

which the portions of the incident light reflected from the first and 

second mirrors are out of phase by an odd multiple of 77- and, therefore, 

interfere destructively. ' The required phase difference will exist when 

the optical path (the product of geometrical separation d and the re

fractive index of medium n) between the mirrors is equal to an integral 

number (M) of half wavelengths; we can express this quantitatively as 

follows:

optical path = nd + jy—  = M = (N + 1) (l)
Z 77 Z Z

where 8  is equal to 7 7 - / 3 , and j3 is the phase change on reflection 

from the silver coating; N is the order of interference. If the mir

ror spacing is decreased slightly, all of the fringes will move toward 

shorter wavelengths, and similarly if the spacing is increased, the 

fringes will shift to longer wavelengths.

The interferometer is imaged on the entrance slit of a spec

trometer; thus, the Feco fringes all describe .that strip of the inter

ferometer whose image falls on the slit opening. Each point along the 

strip corresponds to a point on each fringe in the spectrum. Point to 

point fluctuations in the height of surface irregularities, and there

fore mirror spacing, cause corresponding fluctuations in the wavelength
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of the dark fringese Figure 1 shows Feco fringes from three surfaces 

with different roughnesses; note that each fringe detail is present 

also in the adjacent fringe. The jagged wavelength fluctuations of the 

fringes are interpreted as surface contour variations. Fringe details 

corresponding to lateral surface dimensions of about 0.01 mm are re

solved. The spacing between the mirrors should be as narrow as possi

ble (the order of interference should be as low as possible) to obtain 

maximum detail in the fringes. Three or four fringes across the visible 

wavelength region is sufficient. The corresponding order of interfer

ence is about 6 for the central fringe.

on a rough mirror in the interferometer. If M is the number of half 

wavelengths equaling the optical path separating the mirrors, Eq. 1 

gives us, for the two positions:

Translating fringe fluctuations into surface roughness is ex

plained in the literature (1,3). Let us consider two adjacent points

(2a)

M (A_lAX) = n (d +Ad) + (X + AX)8 
2 ir

(2b)

The peak to peak surface roughness ( C T f o r  these two points is the 

difference in the mirror separation:

cr
pp

(3)

■If we solve Eq. 1 for M, assuming that - ̂  —  remains fairly constant
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Fig. 1. Fringes of equal chromatic order for three substrates 
with different surface roughnesses.

The surface roughnesses are given at the left of each 
spectrum.



over a limited wavelength region and assuming is small (1,3) we ob

tain:

A N  X' A X
S p = (X- X ' ) T  (4)

whereAN is the difference in the orders of interference for the 

fringes; it is 1 for adjacent fringes. Finally, we define the root 

mean square roughness as:
C7

(7 PP (5)
rms 2/2

’ ' . . . . -

Throughout the remainder of this paper we will refer to the root mean 

square surface roughness as simply surface roughness and we will desig- 

% t'e ft wl'th"the tinsubscf 1 p16% symbd 1 ^The quantities in Eq, 4 are
illustrated in Fig. 1, and sample calculations for two surface rough

nesses are given in Appendix A.

The spectra were recorded, each with a reference spectrum for 

wavelength calibration, on photographic plates. A precision-measuring 

engine (Gaertner) was used to obtain the fringe widths and separations. 

A computer program converted the measured distances to wavelength in

tervals and calculated the roughness. Fringe separation is easy to 

determine because the fringes are identical; this is an advantage the 

Feco method has over other interferometric methods. The fringe width 

was defined by the widest fluctuation^ excluding features due to dust 

particles or unusual sample surface defects. For samples with CT less 

than 1 nm, no jagged detail was visible.. Judging fringe width was more
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difficult and, therefore, the surface roughnesses of these samples are 

considered simply as less than 1.0 nm. Determining the fringe boundar

ies was somewhat subjective■and resulted in most of the measurement 

error. The resulting uncertainty in the surface roughness was about 

10%, determined from the statistical distribution of values for one 

sample.

The measured roughness is due to both the reference and sample 

mirrors. Some samples are sufficiently rough that the effect due to the 

reference mirror can be ignored. For the smoothest polished samples 

discussed here, however, the roughnesses were comparable to or smaller 

than the reference mirror roughness of 1.1 nm. It was necessary to 

consider how the roughnesses of both sample and reference mirrors com

bined to yield the roughness calculated from the Feco fringes. We as

sumed a normal distribution of surface irregularity heights for both 

sample and reference surfaces; hence, the probability of a point being 

at a surface height x is given, for either surface, by an equation of

the form: 2
1 - [ —

P(x) = •-==-—  e 2 CT (6)
/2-cr

where CT is the root mean square roughness of the surface, and x is the 

surface height variable. For both the sample and reference, surface 

heights are independent random variables. The probability density of 

the sum of two normally distributed independent random variables is 

also normal (4) and, therefore, the probability of the average separa

tion (d) of the interferometer mirrors is given by the following equation:



whereAx is any separation, (7̂  is the roughness of the sample surface,

and CT is the roughness of the reference surface. The measured rough- 
r

ness is, therefore, given by:

cr m ^cr2 + cr2 (8)

and the roughness of the sample is given by:

°"s ■ /(T 2 - cr 2 <9)m r

We have found it necessary to use this correction for surfaces with 

roughness less than 5.0 run.

Fizeau Method

The two sets of substrates that were polished but extremely 

rough were also measured with the Feco method but, in addition, a 

Fizeau interferometer (Sloan) was used to check the results. The 

Fizeau interferometer is adequately described in the literature (l) 

and will not be described here in detail. The sample was prepared in 

the same way as described previously for the Feco measurements. The 

sample is placed in contact with a reference flat and illuminated with 

monochromatic light, wavelength (X). The separation and alignment of 

the mirrors are adjusted until low order fringes of equal thickness
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are observed in a low power microscope.. A measuring eyepiece is used 

to determine fringe widths (Ax) and separations (x - x f). The follow

ing equation is then used to calculate the peak to peak roughness, .CT^:

- r r r  *
The root mean square roughness is given by Eq. 5, As for the

Feco measurements, judging the fringe widths is the predominant source 

of error. Since the uncertainty inAx is about 10%, the resulting un

certainty in the surface roughness is also about 10%. The surface 

roughnesses determined by the Fizeau method agreed with the roughnesses 

determined by the Feco method within the uncertainty of the measure

ments. The two measurement techniques are complimentary, rather than 

redundant, for samples with large roughness. The Feco technique pro

vides a clear idea of the surface contour along a submillimeter strip of 

the surface; the Fizeau method describes surfaces with coarser resolu

tion but over a larger region (l-cm diameter).

Microscope Method

Approximate surface roughness values for the ground samples were 

obtained with a microscope; the interferometric techniques were not ap

plicable because the samples were sufficiently rough to eliminate spec

ular reflectance. The microscope used (Leitz) has a fine focus adjust

ment calibrated in units of 10  ̂meters. With a high power objective, 

whose depth of field is of the order of a wavelength of visible light, 

the roughness of a ground surface could be determined by focusing from
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peaks to valleys and noting the change in the fine adjustment. As with

the other techniques, the measurement yields the peak to peak roughness

(CF ); the root mean square roughness (CF ) is obtained as before by PP rms J .
using Eqe 5. Determining the proper focus was somewhat subjective. The 

resulting error produced an. uncertainty in the resulting surface rough

ness of about 20%.

Substrates

Substrates with various surface roughnesses were produced by 

optical shop polishing and grinding procedures. It was intended that 

the surfaces should be representative of optically worked surfaces pro

duced under a variety of conditions and, therefore, artificial roughen- 

'ing^technTques, such a-s'"coating or acid • etching, 'were not used. The 

above requirements meant that it was not possible to produce surface 

roughnesses of any arbitrary value. The available techniques re

stricted' the obtainable surfaces to three groups, polished, intermedi

ate, and ground.

The surfaces were produced on otherwise identical substrates. 

Uniform material and size were necessary to eliminate variations in the 

optical properties of the filters due to substrate index and to sub

strate temperature during coating. All substrates were fused silica 

(Homosil), having a 3.2-cm diameter and 0.64-cm thickness. Fused 

silica was chosen because it can be polished smoother than other com

monly used substrate materials.

Table 1 summarizes the grinding and polishing procedures for 

all samples and the measured surface roughnesses. The surface roughness



Table 1. Polishing procedures and resulting surface roughnessese

Polish
No. Polishing medium Lap 

■ material s Time Force
applied Blocking Roughness -(rms) 

nm

Aa cerium oxide (milled 
2000 hrs) 

distilled water

pitch
ii

40 hrs . 

24 hrs

4 Kg 

4 Kg

7,1 in cntr 
n

< 1.0

e» ’ ,
Ba . cerium oxide (unmilled) 

" 'M . (milled
2000 hrs)

ii
. „ 19 hrs 

4 hts
11 Kg . 
11 Kg

II
II 1.0

Ca ; 11 ,f. (unmilled) M 
” M (milled 240 hrs) n

18 hrs 11 Kg' 
11 Kg

II
II 1.5

. Da n " (unmilled) ii 12 hrs 11 Kg II 1.8 .

Eb ' M n (unmilled) pitch im
pregnated wool

3 • min 10 Kg done individually 3.0

. Fb aluminum oxide (0.003 mm 
diameter)

ii 6 min 10 Kg n ii 60

Gb . " ff (0.012) ii 6 min 10 Kg ii ii 70

H " " (0.030) 
(0.012) 
(0.003) .

A1 15 min 
15 min 
15 min

5 Kg 
5 Kg 
5 Kg

5,1 in cntr 2000

I. " (0.030) A1 20 min 5 Kg 3 5000

ae Fine ground before polishing. Grit sizes: 0.030, 0.012, 0.003 mm.- 
b. High speed polishing machine.



of a sample was measured for at least three areas on the surface. The 

polished samples are of the greatest practical importance and, there

fore, this rather small range of surface roughnesses includes four sam

ple groups. The intermediate roughness range between polished and 

ground was difficult to produce; only two groups of samples were ob

tained. Some ground samples were included in order to demonstrate the 

effect of surface roughness which is larger than wavelength dimensions 

and for which there is no specular reflection. The figure of the pol

ished pieces was about one-quarter wavelength over the center 1.3-cm 

diameter. Wedge angle between front and back surfaces was held to a 

minimum and each piece was engraved with an identifying number and an 

arrow toward the test surface.

In polish No. A, the objective was to produce the smoothest 

surface possible with existing techniques. A slurry of milled cerium 

oxide (2000 hours) was continuously pumped onto the lap, with no new 

material added. Scrupulous attention to cleanliness and a plastic tent 

over the polishing area prevented introduction of foreign matter to the 

slurry. Inside the tent a humidifier kept the atmosphere moist enough 

to prevent the lap and slurry from drying out and helped control dust. 

After 40 hours, all slurry was eliminated and the polishing was contin

ued for another 24 hours with distilled water only.

Three groups of samples were produced by standard fresh feed 

techniques in which new polishing material is continuously added to the 

lap. These polishes correspond to common polishing practice for high 

quality optics. As with polish No. A, cerium oxide was the polishing
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medium, but only polish No* B was finished with the 2000-hour milled 

material. Polish No. C was finished with 240-hour milled material, 

and polish No. D was finished only with unmilled material. Again, 

cleanliness was strictly maintained.

Rougher surfaces than the above ones were obtained using a high 

speed polisher such as used for eyeglass lenses. Polish No. E was done 

with unmilled cerium oxide on a pitch-impregnated wool pad. This is 

similar to the way commercial plate glass' is polished. After many un

successful attempts to produce a rougher surface with polishing mater

ials, a compound normally used for grinding, aluminum oxide, was tried. 

This material is very hard and grinds glass when used against an iron 

tool'; when a soft pad is used, however, very rough polishing takes 

place. This was the technique used in polish No. F with 3-micron par

ticle size and in polish No. G with 12-micron particle size. Again, 

the high speed polishing mechine was used.

The last two polishes. Nos. H and I, produced ground surfaces. 

The procedures were similar to the grinding steps in polish Nos. B, C, 

and D; a conventional slow polishing machine was used. Aluminum oxide 

was used against an aluminum lap.

The substrates were thoroughly cleaned by hand-scrubbing with 

liquid detergent (liquinox) followed by several rinse cycles in an 

ultrasonic cleaner. Further details of the cleaning procedure are 

given in Appendix B. Careful handling prevented scratches and other 

cosmetic defects. Each substrate was stored in a separate plastic 

box, the test surface down. A brass holder supported the piece by its
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rim. This arrangement meant that the sample was always picked up from 

the back. Also, since the good surface was facing down, dust could not 

settle on it.

Making the Filters 

Three groups of substrates were coated with different filter 

designs. Common designs, with 8, 12, and 16 layers, were used in order 

that.the filters would be typical of those which are commercially avail

able. Care was taken to assure" accuracy and uniformity in coating the 

designs. No attempt was made, however, to produce filters with excep

tionally low scatter or other unusual optical properties.

Table 2 gives the three filter designs that were made. Each is 

ba'sically a cdmmbh1'hesign, ‘but with an ahded'layer of low index mater

ial, magnesium fluoride, between the substrate and the rest of the

Table 2. Filter Designs.

Number of layers Design

8 GL (HI,)2 (LH)2

12 GL2 (HL)3 (LH)3

16 GL (HL)4 (LH)4

G - Fused silica substrate

L - Quarter-wave optical thickness, at 575 nm, of magnesium 
fluoride

H - Quarter-wave optical thickness, at 575 nm, of zind sulfide
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design. It has been found (5) that multilayers made in this way adhere 

better to the substrate and show little tendency to crack and peel off. 

The equipment used and the techniques followed are similar to 

those employed in commercial production of thin film interference fil

ters. The filters were made in vacuum by thermal evaporation and depo

sition. Substrates for a particular filter design were all coated 

simultaneously because conditions in the vacuum chamber are difficult 

to reproduce exactly. The group of substrates was mounted in a disk 

and rotated during evaporation for film uniformity. Magnesium fluor

ide and zinc sulfide were evaporated from tungsten sources and deposited
oon the substrates at 70 C. The oil-vapor diffusion pump evacuated the 

-5chamber to 2 x 10 torr before evaporation and kept the pressure under 

1 x 10~4 torr throughout the evaporation. Quarter and half wavelength 

optical film thicknesses were monitored optically by measuring changes 

in reflectance from a separate monitor substrate. A detailed descrip

tion of the equipment and procedures used in making the filters is 

given in Appendix B.

Scatter Measurements

Description of Instrument

The light scattered on reflection from coated and uncoated 

sample surfaces was measured with the instrument shown schematically 

and pictorially in Fig. 2. It consists primarily of an integrating 

sphere, 305 mm in diameter, coated on the interior with magnesium ox

ide. The sample is located on the sphere circumference as is standard 

practice when an integrating sphere is used for reflectance
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Fig. 2. The instrument used to measure the integrated diffuse 
reflectance.

The optical system and the integrating sphere are shown 
in the photograph.



spectroscopy (6,7). Monochromatic light strikes the sample at normal 

incidence; the reflected beam leaves the sphere through the entrance
oport. The diameter of the entrance port is 12.7 mm, defining a 2.5 

cone about the normal to the sample surface. Light scattered outside 

of this cone will be diffusely reflected by the coated interior of the 

sphere. The irradiance of the sphere is measured with a photomulti

plier tube (EMI type 9514B) at 90 to the optical axis. The tube is 

located outside the circumference and is shielded from the sample port 

to avoid- erroneous signals due to specular glints from sample,surface 

defects.

The light source is a tungsten ribbon-filament lamp. A regu

lated power supply keeps the lamp output constant to better than 1% 

over several hours. The lamp and other electronic equipment operate • 

continuously to eliminate warmup drift. Visible.wavelengths and band

width s are selected from the source spectrum by a monochromator (Oriel 

Optics Cat. No. F-ll-20). The output slit of the monochromator is fo

cused on a 0.5-mm diameter pinhole; the pinhole is imaged at one sphere 

diameter behind the sample position to provide a well-defined beam to 

exit the sphere after reflection. A light trap consisting of a tube 

lined with black felt absorbs any light transmitted by the sample. The 

sphere irradiance is measured by detecting the output current from the 

photomultiplier tube, used at 750 volts; an ammeter (Hewlett-Packard 

model 425A) is used for the measurement. The photomultiplier tube re

sponse was checked for linearity at this voltage. The polarized out

put from a laser was transmitted through two linear polarizers, the



orientation of which determined the intensity reaching the photdcathode 

of the tube. The photomultiplier output current changed linearly with 

the incident intensity over the range used in sample measurements,

1 x 10  ̂ to 1 x 10 ^  ampere.

Two important problems are background light from outside the 

instrument and stray light from unwanted reflections. The effect of 

background light is minimized by the construction of the sphere and by 

a diaphragm in front of the entrance port. A source of unwanted re

flection is the lens immediately before the sphere; it is tilted 

slightly to direct the reflected light away from the entrance aperture. 

The area around the pinhole has been blackened since it is also imaged 

in the sphere. A 5-cm diameter annular.area surrounding the sample has 

also been blackened to absorb light reflected from the edges of the de

fining apertures and off-axis light which can be scattered into the 

sphere.

The Measurements

We define the diffuse reflectance (R.) as the ratio of thed
sphere irradiance with the beam striking the sample (I ) to the irradi-s
ance with the beam striking a diffusely reflecting reference surface 

(l^), measured by inserting a magnesium oxide coated sample. The equa

tion used in calculating the diffuse reflectance from measured quanti-



The irradiance in the sphere with no sample in. place (l ) is measuredns
to account for that part of the beam which strikes the area around the 

sample. It also accounts for aerosol scattering and light returned to 

the sphere from the light trap. The irradiance due to beam spread and 

aerosol scattering in the reflected beam is measured by placing a sec

ond identical sphere behind the first when no sample is present* The 

part of the reflected beam which strikes the area around the entrance

port is thus accounted for. This value (l* ) must be adjusted for thens
specular reflectance of the sample (R ) and for the ratio of the in

tensities recorded by the two spheres. The measurements were done in 

an environmentally controlled room that was practically dust-free; 

therefore, aerosol scattering was minimized.

Another useful quantity is the ratio of the diffuse reflectance 

to the specular reflectance. We use the integrating sphere to measure 

the specular reflectance of a sample. The .sample is tilted so that 

specularly and diffusely reflected light are both detected. The por

tion of the signal due to the diffuse reflectance is then subtracted 

out. The ratio R^/R^ can be considered as a noise to signal ratio and 

is useful in comparing samples with different reflectances, especially 

coated samples and their uncoated substrates. Appendix C gives sample

calculations for R , and R ,/R , A discussion of the uncertainty ind d s
these quantities due to experimental errors is also given.

Range of Measured Values
— 5For the samples we have measured, R^ ranged from 1 to 10 

Some typical values are shown in Fig. 3. Uncoated, clean, and well
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polished glas§ samples have the lowest scatter; R is typically 

2 x 10 0 If an ordinary silver or aluminum coating is applied, Rd
rises to 6 x 10 ^ „ The ratio R /R . is useful in comparing these sam-

-4 .pies. For the uncoated sample it is about 3 x 10 and for the coated
-4sample it is about 7 x 10 ; the difference can be considered as the

amount that the coating has contributed. For an uncoated piece of fused 

silica, with a ground surface sufficiently rough to eliminate specular 

reflection, is about 0.064, This about the fraction which would be 

specularly reflected by a polished sample of the same material. For the 

ground sample with a silver or aluminum coating, R^ will equal about 

0.90.

Spectrophotometer Measurements 

The specular transmittance of the filters as a function of wave

length was measured and plotted with a spectrophotometer (Perkin-Elmer 

model 450). Several important filter characteristics are determined 

from the transmittance versus wavelength plot. The position, width, 

and maximum transmittance in the passband, the minimum transmittance 

away from the passband, and the free filter range are all obtained from 

the spectrophotometer curve. In addition, the measured wavelength re

sponse can be compared to the theoretical, indicating unusually large 

thickness errors.
. . - - • - 

The spectrophotometer is a double beam instrument which meas

ures the ratio of the energy transmitted by a sample to the energy of 

a reference beam. The transmittance of a sample, over the wavelength 

range from 350 nm to 750 nm, is measured and plotted on a linear scale
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as a continuous curve„ The resolution varies from 0.1 nm at 350 run to 

0.7 ran at 750 ran, and the wavelength accuracy varies from 0.2 nm at 350 

nm to 1.5 nm at 750 nm. The transmittance readings are accurate to 

±  0.5% of full scale.

Transmittance was measured only for a small spot, 0.64 cm in 

diameter, in the center of each sample because of slight variations in 

the film thickness across the pieces. Each group of filters made at 

the same time will be most uniform at their centers because they were 

mounted on a common radius of the rotating work holder. An accessory 

■was built to fit the sample compartment of the spectrophotometer. It 

holds a filter normal to the sample beam and centered on the optical 

axis, while masking the clear aperture to any required diameter.



CHAPTER III

MEASURED RESULTS

The effect of surface roughness on the optical properties of 

interference filters was investigated for three filter designs. In 

this chapter we describe the specular and diffuse properties of the fil 

ters we produced. Theoretical prediction of the optical properties of 

an ideal interferometer is contrasted with the observed properties for 

real filters.

Of the possible quantities which might be measured, the specu

lar transmittance and the diffuse reflectance characterize the filters 

sufficiently. The wavelength dependence of these properties and their 

variation with substrate roughness and design are considered.

The diffuse reflectance, due to scattered light, is consid

ered as a loss of energy. The specular properties are affected by 

scattered light and the descriptive equations for the Fabry-Perot inter 

ferometer must be modified to account for it.

Transmittance Properties 
of the Filters

The total amount of light transmitted through a filter is the 

sum of the light transmitted in the specular direction and the light 

transmitted in all other directions. The specular direction is deter

mined by the laws of geometrical optics. For a plane parallel plate 

with light striking the surface at normal incidence, the direction of

26
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specular transmittance is also normal to the surfacee The quantity we 

define as the specular transmittance is determined by the acceptance 

angle of the spectrophotometer used to measure it. . For the measurement 

configuration used here, the instrument detected light transmitted in 

the specular direction and light transmitted within a few degrees of 

that direction. The light transmitted outside of the instrument accep

tance angle is defined as the diffuse transmittance. The specular op

tical properties were determined from the wavelength dependence of the 

specular transmittance. The transmittance at each wavelength was meas

ured and plotted by the spectrophotometer described above. The maximum 

transmittance and bandwidth of the filter passband were determined from 

the measured curve, as well as the minimum transmittance outside the 

-passband.

Specular Transmittance:
Measured and Theoretical *

Comparison of measured and theoretical curves for transmittance 

as a function of wavelength determined if the filters were correctly 

made. The shape of the transmittance curve and the specular optical 

properties are affected by large thickness errors in the deposited 

films. The measured curve for each design was obtained from the smooth

est sample, polish No. A. The theoretical curve, calculated by com

puter, assumed an ideal filter with infinitely sharp film boundaries 

and homogeneous, isotropic films. The calculation is based on the so

lution of Maxwell!s equations for the propagation of electromagnetic 

radiation in a stratified medium (8).
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Figure 4 shows.the theoretical and measured transmittance 

curves for the 12-layer design. The wavelength interval of interest 

here, 490 nm to 700 nm, is defined by the free filter range or the 

wavelength region over which the filter provides sufficient blocking of 

unwanted wavelengths. The transmittance rises at both ends of the 

curve, indicating higher transmittance outside this region. The two 

curves coincide, within measurement error, except in the passband. 

Similar agreement between measured and calculated curves was found for 

the 8- and 16-layer designs. In each case the passband transmittance 

was lower than predicted. We assumed that the filters had been cor

rectly made due to their measured wavelength dependence.

.Xomparhson ■ ,.of -the JThree 
Filter Designs

A filter is characterized by its.transmittance versus wave

length curve. In Fig* 5 we have plotted a representative measured 

curve for each filter design. The plotted data are all from samples 

having smooth substrates of the same roughness to eliminate differ

ences in filter characteristics due to substrate roughness. The three 

filters were designed for the same wavelength range but they have widely 

different bandwidths, 6, 15, and 36 nm. The differences in design ac

count for the differences in minimum transmittance. The maximum trans

mittance in the passband should be the same for all three designs, but 

this is not observed. As the figure shows, the transmittance is low

ered significantly as the number of layers in the design increases.

Low transmittance for filters with narrow bandwidths is a common prob

lem in making interference filters.
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Although the passband transmittance for any filter should be as 

high as possible, in practice it is more important that the minimum 

transmittance be low. This is to maximize the ratio of the energy 

transmitted by the passband to the energy transmitted at other wave

lengths. Comparing the 8- and 16-layer filters, for example, we see 

that while the maximum transmittance decreased from 0.93 to 0.60, the 

minimum transmittance decreases by more than a factor of ten, making 

the 16-layer filter much more effective in blocking energy at unwanted 

wavelengths.

The dependence of the specular optical properties on the number 

of layers in the filter is summarized in Fig. 6 for the filters dis

cussed above. The figure includes both theoretical curves and measured 

-data. The plotted data for the minimum transmittance have been multi

plied by 5 for clarity.

Theory predicts that the minimum transmittance will decrease as 

the number of layers increases. The data agree with the curve, within 

the error of the measurements. This is not surprising in view of the 

close agreement between the theoretical and actual transmittance curves 

(see Fig. 4 for example).

The bandwidth is defined as the full width of the passband 

where the transmittance is one-half of the maximum transmittance. For 

the theoretical curves the maximum transmittance is the same, but the 

measured values depart increasingly from the ideal value as the number 

of layers increases. Correspondingly, the wavelengths where the trans

mittance falls to one-half of its maximum value correspond to wider
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bandwidths. Figure 6 shows that for each design .the measured bandwidth

is wider than the predicted value by about the same percentage.that the

measured passband transmittance is lower than the predicted value.

Maximum transmittance in the passband is the specular property 

most affected by increasing the number of layers in the design. The 

data in Fig. 6 indicate that not only does the maximum transmittance de

crease but it decreases more rapidly as the number of layers increases. 

The maximum transmittance should not decrease, according to theory, as 

the number of layers in an ideal filter increases.

We can compare these Fabry-Perot interference filters to a con

ventional Fabry-Perot interferometer to help understand the loss of 

transmittance. Increasing the number of layers in a thin film interfer

ence filter corresponds to increasing the reflectance of conventional 

interferometer plates. It is usual to expect that the transmittance of 

the interferometer will decrease due to scattering and absorption and, 

therefore, we should expect similar behavior in coated filters. Sepa

rate interferometer plates can be coated simultaneously to ensure equal 

reflectance. The coated filter is made by depositing a reflecting 

stack followed by a spacer layer and another reflecting stack. Thick

ness errors can cause the reflectance of the mirrors to be different, 

thus causing the passband transmittance to decrease.

Effect of Substrate Roughness

The effect of substrate surface roughness on filter character- . 

istics was revealed from the measured transmittances, as a function of 

wavelength, for all of the filters. The filters of each design were '



coated simultaneously and uniformly, as .explained in Chapter II, to be 

sure that observed differences in optical properties were due to sur

face roughness differences. Transmittance-curves for the same design 

coated on three substrates of different roughness are presented in Fig. 

7. The transmittance curves for one design (12-layer) are shown be

cause the effect of substrate roughness was similar for each filter de

sign. The curves for just three substrate roughnesses were plotted 

because each is typical for one of the three groups of substrates, pol

ished, intermediate, and ground.

The most obvious effect of a rough substrate surface is the re

duction in passband transmittance. Within the group of well-polished 

samples, we have observed little variation of transmittance, but these 

cover only a small range of roughness, from 1 to 3 nm. These roughness 

values are typical for fused silica worked by various techniques but 

other substrate materials are usually rougher even if polished by the 

same procedures. For example, it has been reported (l) that flint 

glass (DF3) polished by a technique similar to polish No. D yielded a 

surface roughness of 4.1 nm. With a technique such as polish No. E 

applied to soft glass, the roughness can be much higher. We have meas

ured a sample of commercial plate glass with a roughness of .15 nm. 

Figure 7 shows the filter transmittance for a rougher surface, 60 nm. 

The transmittance shows a significant decrease compared to the curve 

for the well-polished sample. For the samples with ground surfaces, 

such as the sample for which CT = 2000 nm, the coating does not function 

effectively as a filter. However, some indication of the filter
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passband is present even though surface.roughness is much larger than 

wavelength dimensionse For all substrate roughnesses, the transmit- 

tances were lower for the filter coatings with more layers. The ground 

surfaces with the 16-layer coating showed no evidence of the passband.

For the ground samples, the spectral response associated with 

the filter has been essentially eliminated. The evidence of the pass

band indicates that the bandwidth has widened considerably and the cen

ter wavelength has shifted toward shorter wavelength. This wavelength 

shift is due to the coating being applied to large steep-sided irregu

larities on the substrate surface. When a thin film device operates at 

non-normal incidence, the interference features shift to shorter wave

lengths.. Portions of the coating are working at different angles and 

the plotted curve indicates the integrated result.

The minimum transmittance occurs where the coating functions as 

a high reflector. Only the roughest samples had a noticeable effect. 

For these, the specular reflectance is reduced by light scattering and 

the transmittance increases.

Figure 8 shows the effect of surface roughness on the maximum 

specular transmittance for all of the substrates coated with the 12- 

layer filter. The other filter designs were affected similarly by sub

strate roughness. The data for these designs followed the trend of the 

plotted curve, although the values were higher for the 8-layer filters 

and lower for the 16-layer filters. The transmittance of the uncoated 

substrates at the passband wavelength is also plotted.
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As shown by the data, the small variation in substrate rough

ness among the polished samples has little effect on the maximum trans

mittance. The intermediate surface roughnesses of 60 and 70 nm were 

large enough to affect the transmittance, and the ground surfaces, for 

which the coating no longer functioned as a filter, showed very low 

transmittance. The curve was drawn to aid in following the trend of 

the data.

The specular transmittance of the uncoated substrates is also 

shown in Fig. 8. The decreasing specular transmittance as the rough

ness increases is due to increased light scattering. More light is 

transmitted by the sample than is indicated from the plotted curve, but 

the transmittance changes from specular to diffuse as the surface rough- 

„ness to wavelength ratio becomes larger. The spectrophotometer detects 

very little of the diffusely transmitted light and, therefore, as more 

light is scattered the measured transmittance decreases. The transmit

tance of the coated substrates is due to a combination of substrate 

transmittance and the transmittance of the coating. The curve shows, 

however, that the roughness of the substrate influences the coating 

transmittance. For a particular roughness, the difference of the curve 

ordinates indicates how much transmittance is lost due to the coating.

In the region where surface roughness is comparable in size to a wave

length of light, the resulting transmittance of the coating is particu

larly low.
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Scattering Properties
of the Filters -

The total amount of light reflected from a filter consists of 

the light reflected in the specular direction and the light reflected 

in all other directions. We define the diffuse reflectance, by the
otechnique used to measure it, as the light reflected outside a 2.5 

cone about the specular direction. Light reflected in the specular
odirection and inside the 2.5 cone about that direction is defined as 

the specular reflectance. The diffuse optical properties were deter

mined from measurements, of the diffuse reflectance as a function of 

wavelength. The instrument and procedure are described in Chapter II.

. The diffuse reflectance .is ..due. to 1 ight so.attar.iTig and is an un

desirable characteristic of thin film coatings. It affects the specular 

optical properties of interference filters. The diffuse reflectances 

are influenced by both coatings and substrates. Light is scattered 

from uncoated substrates due to their surface roughness. We have meas

ured the diffuse reflectance for substrates with a wide range of rough

nesses. When a coating is deposited, several factors contribute to in

creased scattering. Film roughness is caused by substrate roughness 

and by the film deposition process. Inhomogeneity of the deposited 

films (fluctuations in index over microscopic dimensions) can be due to 

impurities in the evaporated material or the conditions in the vacuum 

chamber. In addition particulate impurities may lodge inside a film or 

at a film boundary. The impurities may be foreign matter or chunks of 

evaporation material. Single films, both metal and dielectric, were
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measured because they are the simplest coatings and help in understand

ing multilayers. The filters were also measured; information concern

ing substrates and single film scattering was used to help explain the 

scattering from the filters.

Scatter vs. Wavelength

In Fig. 3 we presented typical diffuse reflectances for pol

ished and ground fused silica substrates. The increase in the diffuse 

reflectance due to coating the substrates with opaque silver or alumi

num was also shown. For these coatings the diffuse reflectance is di

rectly related to the specular reflectance. The diffuse and specular 

reflectance are not strongly wavelength-dependent for fused silica, 

*ailver, 'atid" aluminum and, therefore, the value of the diffuse reflec

tance is given for only one wavelength.

In contrast to the surfaces discussed above, for dielectric 

films the diffuse reflectance and specular reflectance are strongly 

wavelength-dependent. In addition, the diffuse reflectance is not 

simply related to the specular reflectance. For a zinc sulfide film, 

the specular and diffuse reflectances, as a function of wavelength, are 

plotted in Fig. 9. The film was deposited on fused silica to an opti

cal thickness of one full wavelength at 540 nm. As is to be expected, 

the specular reflectance of the film equals that of the substrate at 

this wavelength. The diffuse reflectance, however, has a maximum in 

this wavelength region. It is about twenty times higher than the dif

fuse reflectance of the uncoated substrate. The diffuse reflectance of 

the coating decreases toward longer and shorter wavelengths, but it
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remains at least an order of magnitude higher than R for the substrate.
d

The ratio R^/Rg emphasizes,that the diffuse reflectance for this coating 

is not a simple function of the specular reflectance.

The spectral dependence of the diffuse reflectance suggests that 

an interference phenomenon is responsible for the maximum. Let us con

sider the electric field in the layer for a wavelength equal to the op

tical thickness. Theory predicts a standing wave pattern with antinodes 

at the surfaces. For this resonant condition the electric field 

strength is maximum at the film boundaries and most sensitive to sur

face roughness there. If surface roughness were the predominant cause 

of scattering, this would explain why the diffuse reflectance is maxi

mum where the specular reflectance is minimum. For any dielectric coat

ing, interference phenomena occur at shorter wavelengths as the angle 

of incidence increases from the normal. We think that the slight shift 

in the scatter maximum toward shorter wavelengths is not surprising be

cause we are measuring only that scattered light which is at non-normal 

incidence.

The diffuse reflectance for multilayer films shows wavelength 

dependence similar to the single film situation discussed above. We 

have plotted the diffuse and specular reflectance for a 16-layer fil

ter in Fig. 10. The substrate was prepared by polishing procedure No.

A, but the plotted curve is typical for all of the polished substrates 

coated with this design. The transmittance was measured at about forty 

wavelengths, although the individual data points are not shown. The
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monochromator,bandwidth was kept as narrow as possible; available 

energy limited it to about 1.8 nm at 575 niru

The diffuse reflectance shows a sharp maximum at the passband 

wavelength where the specular reflectance is minimum. Just as for the 

single layer? at the passband wavelength a resonant condition exists 

in the multilayer and the electric field is maximum at film boundaries. 

If roughness at the film interfaces is a primary source of scattering, 

this would qualitatively explain what we observe. For a multilayer fil

ter with a large number of films, the reflectance changes rapidly as 

the wavelength increases or decreases away from the center of the pass

band. It seems reasonable that scatter near the maximum in R , shouldd
also change rapidly, if it is caused by standing waves due to interfer

ence. There was no shift toward shorter wavelength observed. The dif

fuse reflectance maximum and the specular reflectance minimum both 

occur at the same wavelength, to the accuracy of the measurements. The 

curve shows that the maximum in at the passband is a local maximum 

in a curve which is rapidly increasing toward shorter wavelength. In 

spite of the fact that the high reflectance region for this coating is 

above 500 nm, most of the scatter is found below this wavelength. If 

the film is examined visually with white Light, the scattered light is 

blue, although the specularly reflected light is" red. The increase in 

scatter toward shorter wavelength is due to a combination of the larger 

roughness to wavelength ratio and the interference effects due to the 

standing waves. The combined effect of these two sources of scattering



change the apparent location of the scatter maximum toward longer wave

lengths.

We overcoated the filter with silver to measure the diffuse re

flectance of the outside surface. The diffuse reflectance was measured 

for several wavelengths and the values increased monatonically toward 

shorter wavelength following the trend of the minima for in Fig. 10. 

The diffuse reflectance for a silver coating applied directly to a sim

ilar fused silica substrate is about an order of magnitude smaller9 and 

the rate of increase toward shorter wavelengths is also smaller.

The substrate surface roughness of the overcoated filter was 

1 nme We attempted to measure surface roughness of the outside layer 

in the filter, but we found that the lateral dimensions of most of the 

surface irregularities were just beyond the resolution of our equipment. 

Enough fringe features were visible to determine a surface roughness of 

at least 3 nm, but some indication of wider fringe detail appeared as 

the fringes were displaced. It is clear that the surface roughness has 

increased to several times the substrate roughness. In addition, the 

surface profile is different from the profile of the polished surface.

Scatter vs. Roughness

To investigate the role of substrate surface roughness we silver 

coated a set of substrates with roughnesses ranging from 1 nm to 2000 

nm. The diffuse reflectance was measured, and its ratio to the ideal 

specular reflectance is plotted in Fig. 11. The curve, suggested by 

the work of Bennett and Porteus (9,10,11), was fitted to the data; the 

best fit was obtained for K = 20.2. The measured data for the silvered
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samples fit the curve rather well except for the smoothest, surfaces.

For these samples the coating is contributing most of the scatter; the 

substrate is no longer a significant influence. The trend of the data 

indicates that no reduction in scattering would occur even if smoother 

substrates were used. '

For the.multilayer dielectric coatings we have measured, the 

diffuse reflectance is larger than for metal coatings and it increases 

as the number of layers increase. The data for the three sets of in

terference filters are also presented in Fig. 11. The diffuse reflec

tance was measured at the passband wavelength. Data for filters coated 

on intermediate and ground surfaces lie close to the curve. For the 

polished surfaces the 8-layer coating shows a slight downward trend 

toward the smoothest sample, but for the 12- and 16-layer coatings, any 

variation due to the surface roughness is completely masked by film 

scattering. For dielectric coatings on ground samples, the diffuse re

flectance is not equal to the ideal specular reflectance and therefore 

the plotted values for their ratio are below one in the figure.

We know that coatings are rougher than well-polished substrates

and the plotted data show this. The data for. each coating level out at

a constant value of R V R  indicating that the coating roughness is re-a s
maining constant even though the substrate roughness is decreasing. If 

we extrapolate the trend of the data to the curve, we can get an ap

proximate value for the coating roughness. For the 16-layer filter the 

extrapolated value is about 10 nm. This value may be correct, but as ' 

we observed above we could not measure it accurately,
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Scatter vs. the Number of . .
Layers in the Design

Each layer added to a design increases the diffuse reflectance

because each added film means an increase in the bulk scattering. The

coating chamber conditions, evaporation rate, and contamination of the 

evaporated material can all cause scattering imperfections to be in

cluded in the films. As a design is coated, these conditions are ap

proximately constant and we would expect the contribution to bulk 

scattering to be constant throughout the design.

Each layer adds another scattering interface. We know that a 

multilayer can be considerably rougher than its substrate, and yet each 

deposited film contours the existing surface,. It seems reasonable to 

expadt that each layer will "be rougher than the preceding layer. If 

each layer adds to the existing roughness, then the final layers in the 

design will be the most important source of scattering. For a coated 

filter, the second half of the design will have a larger diffuse reflec

tance than the first half.

Of course, adding layers to the design increases the reflec

tance of the stack and causes more light to be reflected both specu

larly and diffusely. The high reflectance is necessary for narrow 

passbands, but as we have seen above, the higher reflectance also makes 

the passband transmittance more sensitive.to losses.

-• In Fig. 12, the ratio R^/R^ for the three filter designs have

been plotted to show how the scattering is influenced by the number of

interfaces (or layers) in the design. The value of R^/R^ for uncoated 

glass is plotted on the vertical axis as representative of one
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interface. The data confirm that the diffuse reflectance is signifi

cantly increased by each added layer in the design. The ratio R /R
- d s

is ten times higher for seventeen interfaces than for nine. The dif

fuse reflectance for the passband wavelength is not only higher but it 

is also increasing more rapidly than for other wavelengths. The in

creasing roughness of each added interface and the idea that the inter

faces are primarily responsible for scattering seems to qualitatively 

explain what we have observed.

Discussion

We have described the filters in terms of specular and diffuse 

optical properties. The relationship between these properties provides 

-some-understanding • of ■ the - dis.trib-ution of energy incident on the fil

ters. The theoretically predicted filter characteristics are affected 

by the diffuse properties, representing losses. The diffuse properties 

and hence the specular properties are strongly influenced by film 

roughness.

Specular and Diffuse 
Properties

The specular and diffuse optical properties were measured to 

determine the effect of surface roughness. The detailed description of 

these properties, presented above, considers the effect of roughness on 

each one separately. The properties, specular transmittance and dif

fuse reflectance, are related and the relationship between them is im

portant to a complete description of the filters.
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When light is incident on a filter, part of it is absorbed and 

the remainder is either reflected or transmitted. . The portions of the 

light reflected or transmitted in the directions predicted by geometri

cal optics define the specular reflectance (R ) and the specular trans

mittance (T ). The portion of the light scattered forward defines the 

diffuse transmittance (T^), and the portion of the light scattered back 

defines the diffuse reflectance (R^). The absorbed portion is called 

the absorptance (A). Each of the five quantities is a ratio comparing 

a portion of the incident energy to the total incident energy. Con

servation of energy requires that:

R + T + R + T + A = 1 (12)s s d d

To account for all the energy incident on a filter at least four of 

these quantities must be measured.

We have found that a simplification of Eq. 15 allows us to de

scribe the energy balance for the filters with two measurements. We 

assume that the absorptance is zero because the films are dielectric, 

and we rewrite the equation for conservation of energy:

T + R = 1 - L (13)s d

where we have combined the diffuse transmittance and the specular re

flectance into a loss term (L). The usefulness of this equation is

shown in Fig. 13. The line, R + T = 1.0, from R , = 1.0 to T = 1.0d s d s
represents the theoretical case when L is zero. Perpendicular dis

tances from the line indicate any value of L from zero to one, and
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Fig. 13. Specular transmittances and diffuse reflectances
for the 12- and 16-layer filters.



lines parallel to + IV = :1 are lines of constant Le The plotted 

data are for substrates of different roughnesses coated with the 12- 

and 16-layer filters. The measurements of and were for the pass- 

band wavelength. The curves were drawn in to aid in following the 

trend of the data. The data all lie in a strip defining a constant 

range of L, in spite of the drastic differences in the specular trans

mittance and the diffuse reflectance„ As the roughness increases, the 

energy distribution shifts from specular to diffuse while maintaining 

an approximately constant value for the sum (R^ + T^).

The data previously shown in two plots, Figs. 8 and 11, can be 

presented here simultaneously, since horizontal distances show differ

ences in the diffuse reflectance and vertical distances show differ

ences in specular transmittance.

Effect of Losses on Trans
mittance and Bandwidth

A multilayer dielectric filter of the Fabry-Perot type is simi

lar to any Fabry-Perot interferometer; it has a spacer of nominally 

uniform thickness bounded by two mirrors. The ideal Fabry-Perot inter

ferometer has identical mirrors with no losses due to absorption and 

scattering. The predicted transmittance for such an interferometer is 

always unity regardless of the bandwidth. The usual equations may be 

applied and, in the ideal case, the transmittance will be given by (2):
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AR U tt tand F = — ---- r- ij/= ~r— nd cos 0 + 2 0

(1 - R) X

where T is the specular transmittance of each mirror, R is the specular

reflectance of each mirror, n is the refractive index of the spacer me

dium between the mirrors, d is the separation of the mirrors, X is the
? ’wavelength, 9 is the direction of the beam between the mirrors, and

is the phase change on reflection from one of the mirrors. The above 

equation gives the general trend of the transmittance as a function of 

wavelength. The passband transmittance, when the sine in.theMenomina- 

tor goes to zero, will be unity.

The filter mirrors show scattering losses that are significantly 

large. If .we simplify Eq. 13 we can rewrite:

R + T + L = 1 (15)

where R is the specular reflectance, T is the specular transmittance, 

and L is the total light scattered and absorbed for each mirror. Solv

ing Eq. 15 for T and substituting into Eq. 14 we have, at a transmit

tance maximum: - . %

T m a x - [i - o + r 32 <16>

The transmittance will decrease as the reflectance increases if mirror 

losses remain constant. When layers are added to a design, however, we 

have seen that the scattering increases as well as the reflectance, and 

this will cause the maximum transmittance to decrease more rapidly.
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V. It is, conventional., to assume that interferometer mirrors are

identical and have equal reflectances and losses. This assumption may 

not always be valid for dielectric interference filters. Film thick

ness errors and changing conditions in the vacuum chamber can cause re

flecting stacks to have different specular optical properties. Equa

tion 14 can be rewritten to account for the individual specular reflec

tances and transmittances (12).. The mirror losses will also be 

different, due principally to film roughness. If we account for the

individual mirror losses as well, we can write the following equation

for the transmittance maximum:

• ' [1 - (R + L ) ] [1 - (R„ + L ) ]
T  = — :----     r - ~ ----    (17)
maX [1 - (R1R2)'5]

where the subscripts refer to mirrors 1 and 2. The above equation is 

capable of giving a realistic prediction of the maximum transmittance 

when the individual optical properties are known.

The minimum transmittance is important because it determines 

how much light of unwanted wavelengths will be transmitted by the fil

ter. The equation for the minimum transmittance can be expressed in 

terms of the individual mirror properties. Equation 14 has a minimum 

value when the sine in the denominator reaches its maximum value,

unity. We can therefore write:

[1 - (R1 + L ) ] [1 - (R9 + L9) ]-----_J----1— j— — ---- ?-- 2---  (18)
[1 - ( R ^ ^ r  + 4(R1R2)'
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If increased scattering reduces the reflectance of one mirror, the min

imum transmittance will rise.

We have found that the expression for the filter bandwidth, de

rived for a lossless interferometer, can be significantly in error when 

losses become large. In Fig. 6, it was shown that filters with reduced 

transmittance in the passband also show wider bandwidths than predicted 

theoretically. This was because the bandwidth is defined as the full 

width at one-half the maximum transmittance. The usual expression (13) 

given for the bandwidth is derived from the basic interference equation 

for the Fabry-Perot interferometer, Eq. 14. The bandwidth (W) is then 

given by:

W =  . X (19)
TT N R

where N is the order of interference. The equation is not correct for 

real filters with losses. The predicted bandwidth for the 16-layer 

filter, for example, was 4 nm, and the actual bandwidth was 6 nm.

Surface Roughness of Films

Vacuum deposited coatings can contour the height of•surface ir

regularities to atomic dimensions (14,15). Frequently, however, di

electric layers have impurities and chunks of the evaporation material 

included in them. These inclusions cause the film surface to be rougher 

than the previous one, and this explains why the surface roughness of 

the 16-layer filter discussed previously was much larger than that of 

the substrate. Microscopic examination of the films, using dark field
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illumination, revealed particulate matter imbedded in the films„ Al

though the coating duplicates the height of surface irregularities quite 

faithfully, it has been shown (16) with electron-micrographs of the edge 

of a multilayer that the lateral dimensions of surface irregularities 

become larger with each added layer. The length of a surface feature 

may be several times its original size after deposition of only three 

or four layers. This has important consequences because scattering in

creases rapidly as the ratio of the size of scattering features to the 

wavelength becomes larger.

The increased roughness of each successive layer means that the 

outside layers in a multilayer are scattering more than the inside lay

ers. In the interference filters discussed here, the two mirrors will 

-have very different scattering properties and hence different specular 

reflectances and transmittances, Equations 17 and 18 describe the 

transmittance of an interferometer with mirrors having unequal proper

ties.

The large electric fields, which occur at film interfaces for 

resonant wavelengths, are very susceptible to perturbing influences 

there. Film roughness and the refractive index difference (2.4 for 

zinc sulfide, 1.38 for magnesium fluoride) mean that the diffuse re

flectance will be large at each interface. The fact that the electric 

field is more sensitive to conditions at the film boundaries at a res- 

.onant wavelength has an analogy in interference photocathodes (17). It 

has been observed that for a resonant situation where large electric



58

fields exist at the boundaries of a photocathode5 the majority of the 

photocurrent is also produced from the regions near the film boundar

ies.



CHAPTER IV

CONCLUSIONS AND RECOMMENDATIONS 
FOR FUTURE RESEARCH

The specular and diffuse optical properties of all-dielectric 

interference filters have been considered in this research. The meas-, 

urement of these properties not only describes the filters optically, 

but their variation with surface roughness, wavelength, and filter de

sign have led to a better understanding of why theoretical filter prop

erties are not always achieved in practice.

Roughness of multilayer film interfaces, whether inherent in 

the films themselves or due to substrate roughness, causes degradation 

of ideal filter properties by scattering part of the light incident on 

them. The film roughness increases with each added layer, thereby 

causing increased scattering for designs with more layers. The rough

ness of well-polished substrate surfaces is frequently negligible com

pared to the film roughness. To benefit from the extremely smooth 

(less than 1 nm) substrates that can be prepared, the roughness of the 

films must be severely reduced. In addition, designs should be used 

that have a minimum number of films.

The use of scatter measurements to evaluate the diffuse proper

ties of substrates and coatings was developed in the course of the in

vestigation, The diffuse reflectance and its ratio to the specular 

reflectance have been useful in comparing coatings. The diffuse

59
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reflectance, when considered with the specular transmittance, helps in 

understanding the distribution of incident energy striking a coating or 

surface. In addition to its use in the evaluation of diffuse optical 

properties, the wavelength dependence of the diffuse reflectance has 

helped in understanding the causes of scatter in single dielectric 

films and multilayers. Scatter maxima at wavelengths for which the 

standing wave condition exists in the films have led to the conclusion 

that the large electric fields at interfaces are sensitive to surface 

roughness there.

Suggestions for Future Research

The surface roughness of films can be minimized if the condi

tions involving evaporation,and_depositlon are.systematically investi

gated. The surfaces produced by varying each parameter could be 

evaluated by techniques discussed in Chapter II. The surface height 

fluctuations can be measured with a Feco interferometer, and the lateral 

extent can be measured with an electron microscope.

Multilayers deposited as inhomogeneous films should be investi

gated for scattering properties. These films do not have the sharp 

discontinuities present in ordinary multilayers, but instead, the re

fractive index changes gradually and periodically through the film.

The absence of rough discontinuities could severely change the wave

length distribution and magnitude of the scattering properties. These 

films can be made with conventional vacuum coating equipment. The only 

modification to standard coating practice is that two sources (high and 

low index materials) evaporate simultaneously.



APPENDIX A

SURFACE ROUGHNESS MEASUREMENTS .

The surface roughnesses of the polished samples were measured 

interferometrically using fringes of equal chromatic or.der (Feco) e The 

interferometer (Hilger Watts Model # N130) consisted of a low power mi-
i

croscope, a three-axis adjustable stage holding the sample and refer

ence pieces, and a constant deviation spectrometer (Hilger Watts Model 

# D1867/7) with attached camera; the instrument is shown schematically, 

and pictorially in Fig. 14. The microscope tube contains a beamsplit

ter (B^) to provide light at normal incidence onto the interferometer. 

The interferometer is imaged on the entrance slit (S) of the spectrom

eter and the Feco spectrum (RV) appears at the focal plane of lens L^. 

With a lOx objective the resulting interferogram is obtained from a 

1 mm strip on the surface. In the measurements described here the 

length of the spectrometer entrance slit has been limited so that the 

fringes correspond to a distance of 0.4 mm on the surface.

The only modification to the equipment was a fixture for hold

ing the reference and sample mirrors in contact. ; It is shown in Fig.

14. It is made of aluminum and has three spring brass clips to press 

the mirrors together. By tightening the spring clips, the air gap is 

made parallel and of the proper size to provide the required order of 

interference. Leveling screws are provided to assure normal alignment 

to the incident beam. A convenient feature of this design is that it

■ 6 1
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R
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Fig. 14. Feco interferometer and holding fixture for refer
ence and sample mirrors.
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will accommodate samples and reference mirrors of various diameters and 

thicknesses„

The Feco measurements usually assume that the roughness of the 

reference mirror is small compared to that of the sample» This assump

tion was not valid for the smoothest samples measured here. Equation 

8, in the text, shows how the roughnesses of the reference and sample 

mirrors combine to yield the measured roughness. Several reference 

mirrors, all 1.3 cm in diameter by 0.25 cm thick, were blocked together 

and polished at the same time and in the same way as the samples in 

polish No. A. It was then assumed that all the mirrors were identical 

because they had been treated uniformly. They were measured against 

each other to determine their surface roughness, each mirror contribut

ing equally to the total roughness. The rms surface roughness of the 

reference mirrors was 1.1 nm.

Preparation of the reference mirror and samples begins with 

thorough cleaning. The cleaning procedure, described in Appendix B, is 

identical to that given the substrates prior to making the filters.

The reference mirrors require a silver coating with a transmittance of 

about 0.04 at 550 nm; the samples are usually given an opaque silver 

coating. In either case, to insure sharp fringes the reflectance should 

be as high as possible; therefore, the silver'evaporation should be done 

quickly. The silver coatings described here were deposited in approxi

mately 10 seconds.

With reference and sample mirrors properly prepared, good 

fringes will be observed in the interferometer if care is taken to set
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it up properly«, The eyepiece and the camera of the spectrometer must 

be focused on the entrance slit. This was accomplished by illuminating 

the slit with a mercury vapor lamp (Oriel Optics Cat. No. C-13-61) and 

bringing the emission lines into sharp focus. The interferometer is 

also focused on the entrance slit, by first adjusting the sample stage 

using the microscope and then readjusting the stage height for sharpest

detail in the fringes. Interference of a fairly low order is important

in order to resolve detail in the fringes; three or four fringes across 

the visible wavelength region is sufficient, giving an order of about 

6 for the central fringe. Pressure is applied with the spring clips to 

adjust the separation and alignment of the mirrors. Parallelism of the 

mirrors is necessary to prevent fringe degradation due to beam wallooff, 

-and to produce fringes that are parallel to the slit direction in the 

spectrum. The measurements were done in an environmentally controlled 

room that was practically dust-free. Keeping mirror-surfaces clean al

lowed small mirror spacing to be achieved with only slight pressure.

The light source, a 150-watt zenon arc lamp (Oriel Optics Cat.

No. C-45-61) allowed a short exposure time, 15 seconds, and helped 

eliminate stability problems encountered with longer exposures. This 

lamp is bright even into the violet, a helpful feature for visual ob

servation of the fringes. The light source for the reference spectrum 

was a low pressure mercury vapor lamp. When photographing the spec

trum, the spectrometer entrance slit must be .0.005 mm or less, to ob

tain the best resolution of detail in the fringes. Kodak spectroscopic 

plates (type 103F) were used to record the spectra in the measurements



described here» This emulsion responds to the entire visible spectrum 

plus much of the ultraviolet. The spectra from three areas on each 

sample are recorded on one plate. The wavelength drum must be moved 

for visual observation between exposures, so that each Feco spectrum 

must have a reference spectrum recorded next to it. The plates were 

developed for 15 minutes in Kodak D-ll developer, diluted to 1 to 1, 

to bring out contrast in the fringes.

Table 3 gives surface roughness calculations for two samples. 

The polishing procedures are described in Table 1 in the text. Note 

that the quantities, X* and X - X r, are approximately equal for the two 

samples; this indicates that fringe location and spacing were similar 

in the two spectra. The fringe width,A  X, is quite different, and in

dicates that the sample with polish No. E is much rougher than the 

other sample. Fringe width for the rougher sample is twice that for 

the smooth sample, but the actual roughness is three .times larger. The 

effect on the fringe width of the reference mirror roughness is much 

more significant for the smooth sample than for the rough one.
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Table 3. Surface roughness calculations for two typical samples.

CT rms
measured

CTpp A  N X ? AX l
" 2 /I " (x-"x f) 2 2 /2

CT rms 
sample

^rms^ -CJ’rms^
measured reference

Polish- No» B Polish No. E

A  N 1 1

A X 1.35 nm 2.85 nm

X' 486„69 nm 496.79 nm

X -X 76.81 nm 77.29 nm

O™ rms
measured

1.5 nm 3.2 nm

^rms
sample

1.0 nm

. CT rms ~  ̂  ̂
reference

mm

3.0 ran



APPENDIX B

MAKING THE FILTERS

The filters were made in the coating chamber (Edwards EC-18) 

shown in Fig. 15. A working volume 18 inches (46 cm) in diameter and 

25 inches (64 cm) high is provided by the glass bell jar. A fixture' 

was built inside the chamber, as shown in Fig. 16, to hold both the 

filter and monitor substrates. There are two 6-inch disks, with 10 

substrates in each. The filter substrates, at F in the diagram, are 

rotated to assure identical coatings on all pieces. Rotation is pro

vided by. an external motor that is connected with a system of gears and 

shafts and a rotating feedthrough to the substrate disk. The monitor 

disk, shown at M in the diagram, is similarly connected so that one 

monitor substrate is moved from behind a mask and exposed at a given 

time.

The two-stage pumping system uses an oil-vapor diffusion pump 

to reach the ultimate vacuum and a rotary mechanical pump for rough 

pumping the chamber and backing the diffusion pump. A liquid nitrogen 

cold trap is provided between the chamber and the diffusion pump to 

minimize backstreaming of oil vapor which could contaminate the sub

strates and the chamber surfaces. Pressure is measured with a Pirani
-3vacuum gauge from 1 torr to 10 torr, and with an ionization gauge 

from 5 x 10 torr to 5 x 10 . torr.
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Fig. 15. The coating chamber



Fig. 16. Coating fixture to hold filter.and monitor 
substrates.
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Film thickness was monitored with an Edwards Modulated Beam 

Photometer (model MBP2B). As Fig, 17 shows, the reflectance of the 

films was measured from the rear of the substrates. The photometer 

produces approximately collimated light which is chopped and synchron

ously detected with a tuned amplifier to eliminate the effect of ex

traneous light. This is vital in monitoring an evaporation because 

the evaporation sources are extremely bright. The detector is a photo

cell sensitive to the middle of the visible spectrum. Since film 

thickness is monitored at a particular wavelength, it is necessary to 

include a filter before the photocell. A Fabry-Perot filter was made 

and combined with an Optics Technology high pass filter to provide the 

wavelength response shown in Fig. 17. The rise in transmittance above 

650 ran is of no consequence because the photocell r.esponse drops off 

quickly above 600 nm. The photometer output is displayed on a chart 

recorder (Bausch and Lomb).

The substrates were carefully and uniformly cleaned to prevent 

staining and to make the filters durable. The pieces were scrubbed by 

hand with liquid detergent (Liquinox) three times and rinsed with tap 

water. Then each piece was clamped by its edge in a stainless steel 

band and suspended in an ultrasonic cleaner. A solution of distilled 

water and liquid detergent was used in the cleaner. This was gradually 

replaced with distilled water only. The resistivity of the cleaning 

bath was monitored, and when the resistivity reached that of our pure 

distilled water (l M -CM) the pieces, in their supports, were removed 

and left in a dust-free place to dry. The whole procedure required
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g. 17. Diagram of the monitor system and the transmit
tance vs. wavelength curve for the phototube 
filter.
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about a day to complete but no problems were encountered because of im

properly cleaned substrates. Once clean, the pieces were touched only 

by the edges with clean gloves.

The cleaning of the 1-inch monitor disks required an additional 

step. The pieces were first rubbed with glass polish (cerium oxide) 

and a felt pad, about 20-30 strokes on each side. This cleaning tech

nique would be too severe for optically polished samples, but for the 

monitor disks, where surface quality is of no concern, it is well 

suited. . The remainder of the cleaning procedure for the monitor disks 

was identical to that used -for the filter substrates.

Soon after drying, the samples were loaded in the coating cham- v 

her. The pumpdown took about three hours; during this time the sub

strates were heated by a quartz heat lamp mounted in the top of the •\
chamber. The substrates needed to be heated before deposition began, 

and the trapped gases such as water vapor were removed from the sub

strates at the same time. A simple oven thermometer was used to meas

ure the approximate temperature. The coating was started at a tempera-
o oture of about 70 C, and it rose to about 95 C during evaporation. Once 

heating began, the filter substrates were rotated to provide uniform 

heating, and the monitor pieces were kept behind the shield until coat

ing began so that they too were uniformly heated.

Evaporation was carried out from electrically heated, canoe

shaped, tungsten sources. The chamber is equipped with water-cooled 

feedthroughs desirable for this type of source. All coatings were done 

with magnesium fluoride as the low index material and zinc sulfide as
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the high index material; both were Kodak IRTRAN materials. The materi

als were outgassed before coating of the designs began. They showed 

little outgassing or tendency to pop out of the source.

A folding shutter was mounted about one inch below the sub

strates. This shutter location provided accurate thickness control by 

being close to the work and it did not interfere with visibility of the 

evaporation sources. As Fig. 18 shows, the average deposition rate for 

both zinc sulfide and magnesium fluoride was about 4 nm per second (op

tical thickness)„ This evaporation rate was fast enough to allow good 

estimation of when a maxima or minima had been reached and slow enough 

to allow accurate termination of the layers.

After the complete designs had been deposited and the chamber 

had cooled down, it was brought back to atmospheric pressure. Air was 

vented as slowly as possible to prevent blowing loose material onto the 

sample surfaces. The coated samples were removed from the chamber and 

returned to their storage containers to keep dust from settling on them. 

The samples were kept in the containers except when removed for meas

urements.



Fig. 18. Monitor system strip chart showing the deposition of the individual 
layers in the 8-layer filter.

Layers of low refractive index are indicated by L, and layers of high re
fractive index are indicated by H. The vertical scale is relative 
reflectance.



APPENDIX C

SCATTER MEASUREMENTS

The diffuse reflectance, R , is defined as the ratio of the 

irradiance of the sphere with the sample beam striking the test sur

face (1^) to the irradiance with the beam striking a magnesium oxide

sample (I )* The measured value of I includes, because of beam o s
spread, the irradiance due to part of the incident beam striking the

area around the sample and part of the reflected beam striking the area

around the entrance port; also includes the irradiance due to aero-

"Sol scattering and to light, returned to the sphere from the light trap.

The irradiances due to the incident and reflected beams are measured,
Iq

I and I? R -rrv e These quantities are subtracted from I 5 which is ns ns s I1 s5o '
then divided by I to yield the diffuse reflectance, as follows:

' , VI - [I + I R ■yr ] s ns ns s I

 r —O .

and R g depend on the characteristics of each sample measured, but

1 , 1  I , and I* are constant. Table 4 gives typical values for the o o ns ’ ns .. . J ̂

quantities involved in computing R^ for an uncoated sample and a 16- 

layer filter.
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Table 4. Calculation of the diffuse reflectances for two samples.

Polished, uncoated 16-Layer filter
fused silica: R = 0.067 R = 0.87

I 1.00 1.00o

I 0.000096 0.015
s

I 0.000020 0.000020ns

I' R 0.000060 • 0.0010ns s io

R, = 0.000016 R„ = 0.014U Q

Rj/R = 0.00024 R./R = 0.016d' s d s
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To determine the measurement error5 we can rewrite the equation 

for the diffuse reflectance as follows:

I - N.S
■n __S__________

IO

I
[I + l' R — ■ ]ns ns s Io

To see how errors in the measured quantities combine to produce uncer

tainty in the calculated we find the total differential of the

equation for R^:

dRd - »(Is) + S d(,,s) d<Io)

z x I - NS
dR, = -rr- d(l ) + d(NS) + d(l )d I s i I oo o o

Most of this uncertainty was in the low light level measurements5 Ig 

and drift in the electronics, reproducibility of sample alignment,

and meter reading inaccuracy were the primary error sources. High 

light level measurements such as had a much greater certainty; the 

electronics were more stable and sample alignment was not critical.

The estimated uncertainties for the measured quantities were:

d(l ) = ±  0.1 I ; d(NS) = ±  0.1 NS; d(l ) = ±  0.01 I s s o o

where:

NS =

= f(l , NS, I ) s o
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and the resulting uncertainty in was:

,IS - NSn dRd = ± 0.11 ( ~ --- )

Therefore, the diffuse reflectance and similarly the ratio of the dif

fuse to specular reflectances each had an uncertainty of about 10%.
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