@ https://ntrs.nasa.gov/search.jsp?R=19690018375 2020-03-12T03:27:22+00:00Z

General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



SPACE ASTRONOMY

OF THE

STEWARD OBSERVATORY

THE UNIVERSITY OF ARIZONA
TUCSON, ARIZONA

e T A T A

RESEARCH IN FAR ULTRAVIOLET FILTERING IN
SPACE OPTICAL SYSTEMS

N69-27753
S ™7
ChL3ke T

L 4
“ soa

T 69-16




RESEARCH IN FAR ULTRAVIOLET FILTERING
FOR SPACE OPTICAL SYSTEMS

Partially Supported by NASA Grant NGR 03-002-032,
NASA Contract NAS 8-20651 aad NASA Grant NGR 03-002-091

D. J. TAYLOR
. Principal Investigator

D. B. McKENNEY
Coinvestigator

W. G. TIFFT
Coinvestigator

SPACE ASTRONOMY
of the
STEWARD OBSERVATORY

UNIVERSITY OF ARIZONA
TUCSON, ARIZONA

April 1, 1969

T 69-16




INTRODUCTION. . . . . . . . . . o« o o v o o

THEORETICAL PROPERTIES OF ULTRAVIOLET FILTERS .
Method of calculation . . .

Computed properties of the mirror reflcct1on f11ter . .
Computed properties of reflection filters with many layers. .

THE VACUUM SYSTEM . . . . . e e e e e
General con51derat10ns e e e e e
The ultrahigh vacuum system . . .

THE OPTICAL FIiM THICKNESS MONITOR. . . . . .
The optical system. . . . . . e .
The monitor system electrcn1cs e e

EXPERIMENTAL RESULTS. . e .
Properties of single f1lms e e e e e
Properties of very thin metal films . . .
Properties of mirror reflection filters .

Properties of reflection filters with more than three

-

DISCUSSION AND RECOMMENDATIONS FCR FURTHER WORK .

REFERENCES. . . . . . . . . . ..

-

.

.

‘ayers.

-36

.43

-44




INTRODUCTION

This program was initiated to investigate the design and fabricaticn
of rultilayer interference filters for the far ultraviolet. ‘iie roser:.™
has been supported, in part, by NASA institutional grant NGR-03-002-091 be-
ginning in June 1966. This document constitutes the final technical report
for that grant. Most of the ejyuipment utilized was derived through NASA con-
tract NAS8-20651, grant NS56=732, and general funds within the Optical Sci-
ences Center. A Gr-( & ¢ C2-C352)

The imain impetus for this program has been provided by u need for both
reflection and transmission filters to be used in an ultraviolet sky survey
camera which is being deveioped under NASA contract NAS8-20651 and grant NSG-
732 to record ultraviolet light from stellar and nebular objects in the re-
gion from 140 nm tc 300 nm. The most important filters for this project are
reflection filters, which will be applied to the three mirrors of the camera.
For highest system efficiency, the mirrors must be highly refle.tive in a mod-
erately narrow region in the ultraviolet and have low reflectance at longer
wavelengths. Such mirrors are generally referred to as "solar-blind" mirrors.
Ultraviolet transmission filters are also required; these wil! be discussed
briefly.

This report contains five sections following this introduction. First,
computed theoretical properties of two types of reflection filters are pre-
sented, and a systemat.c design method is discussed. Second, problems asso-
ciated with the vacuum system in which the filters are made are -onsideied.
The most critical part of producing interference filters is the control of
the thickness of the filter layers. The ovptical monitor system developed for
this work is descrilLed (third section), and the results are summarized (fourth

section). n the final section, recommendations for further work are given.
?




THEORETICAL PROPERTIES OF ULTRAVIOLET FILTERS

The problem of designing and producing interference filters for the
ultraviolet is basically the same as for any other region of the spectrum
except that one is severely limited in the choice of materials with suitable
optical properties. There are very few materials that are transparent in
the ultraviolet. Rather than searching for '"new" materials, we have limited
ourselves to three materials: aluminum, chromium, and magnesium fluoride,

which have a long history of use down to wavelengths as short as 120 nm.

Method of calculation

For purposes of calculation, we define an interference filter us an
ordered series of plane paraliel interfaces tetween media of different thick-
nesses and refractive indices, which is bounded by two semi-infinite media.
Incident iight is assumed to propagate from the medium of incidence toward
the substrate medium. It is assumed that all layers are homogeneous and
isotropic and hkence can be characterized by a thickness and refractive index.
As a result, we assume that there is a/ﬂiscontinuous change in the refractive
index across a boundary. Previous experience indicates that this is a valid
approximation.

Optical properties (reflectance, transmittance, and phac: change on re-
flection) are calculated in a straightforward manner using a recursion rela-
tion which is a solution of Maxwell's equations with appropriate boundary
conditions. The theory has previously been described by Berning.1 The method
used is called an azdmittance method. The essential parts of the calculation
are described by Berning's Eqs. 151-156.

The computations were initially programmed for the IBM 7072 and, more
recently, for the CDC 6400 computer in a program called THRUSH developed by
the Optical Sciences Center of the University of Arizona. This is a general
program which will compute the optical properties of any multilayer inter-

=  ference filter containing either metal or dielectric layers or a combination

o of them. The prograr can compute optical properties for discrete values of
a variety of variables and will compute refractive indices of layers from
dispersion data if needed. Fig. 1 is a block diagram of the basic program

organization.




START

INPUT
FILTER
DESIGN
—
INPUT
INSTRUCTIONS
SET
VARIABLE
VALUES
- |
, CALCULATE
DISPERSIVE
INDICES
. b - g
- [
1 LS E
(NON-NORMAS.
[CINCIDENCE)
| CALCULATE
OPTICAL
PROPERTIES
OF STACK

Fig. !. Block diagram for THRUSH.




computed properties of the mirror reflection filter

The simplest form of reflection filter is a mirror with an interference
coating over it. We refer to this as a mirror reflection filter (MRF). A
convenient form has been considered previously. It consists of a metal mir-
ror coating with a dielectric layer and semitransparent metal layer over it.
This configuration was considered by Hadley and Dennison.23 They observed
that there would be maxima and minima in the reflectance at wavelengthswhere
the thickness of the dielectric laver was an even or odd multiple of a quar-
ter wave.

The reflectance ac a minimum depends on the thickness of the semitrans-
parent metal layer. They considered the infrared region o¢ the spectrum
where they could make the approximation that the real and imaginary parts of
the complex refractive index were approximately equal. They found it conven-
ient to relate the thickness to the electrical resistance of the film such
that, for a square film of thickness h and sides ¢, the film resistance is
inversely proportional to the thickness. For a resistance of 377 Q (a thick-
ness of 377 Q/Q), they computed and produced reflection filters with zerc re-
flection minima. These investigations were extended into the visible spec-
trum by Turner“ using aluminum and magnesium fluoride. He was able tc pro-
duce filters in the visible with peak reflectances of (.90 and minima near 0.
The form of the spectral reflectance, which was observed experimentally, was
a number of fairly broad minimum reflection regions separated by narrow high
reflection bands near the wavelengths where the dielectric film was a nultiple
of A/2 optically thick. The chapes of thc high reflection bands were symmet-
rical (somewhat like a Gaussian curve). Two problems arose in predicting the
reflectance. First, the thickness of the semitransparent metal layer required
for zero minumum reflection did not agree with experimental values, and sec-
ond, the shapes of the computed curves were just the opposite of the measured
curves (i.e., the reflection minima were narrow and tne maxima were broad and
asymmetrical). This same type of filter was also made in the near ultraviolet.
For these filters, Turner found that better stability was achieved when the
semiiransparent metal layer was changed from aluminum to inconel. The opti-
cal properties were essentially the same as all nievious results.

Natawa® tried to resolve the discrepancy between the computed and mea-
sured results by chaning the optical ccenstants of the outer aluminum layer

in such a way that the reflectance of the bulk material would be unchanged.




He found it necessary to change the indices from their normal value of N =
1,36 -6.05 1 to N=8.0-12.0 i, a change that is hard to believe.

We also tried to resolve the differences between the well accepted the-
ory and the experimental observations. Our approach assumes that the optical
constants do not depend on the thickness of the metal film. This assumption
is known to be invlaid when the films are very thin. We have tried to find
the thickness for which a particular refiectance will be a minimum. A series
of computations has been made for the MRF using the combination opaque Al,
MgF,, semitransparent Al. From these calculations we had hoped to find (1)
the properties of such an idealized filter and (2) whether the optical con-
stants of the semitransparent me ~ are similar to thick film constants.

The results of the first calculations were unexpected. On checking the
theory and computer program for possible errors, we found immediately that
it was necessary to compute optical constants of the metal layer as a func-
tion of wavelength. Figure 2 shows how dispersion affects the optical prop-
erties of an MRF; curve A includes the variation of index with wavelength,
and curve B uses a constant index. This indicates how strongly the optical
constants of the metals affect the properties of an interference filter. The
optical constants of aluminum used for this and all subsequent computations
are shown below; the values were obtained from the American Institute of

Physice Handbook’ (for the region 700 - 220 nm) and from Hunter® (200 - 100 nm).

Optical comstants of evaporated aluminum
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Between data points the constants are computed from a modified form of the

Sellmeyer equation: B .
n(d) = Ay + 37 + Cn 7 (1)

KO = A e - (2)

k

_where the constants A B, and C are. computed-from the three closest values
in the previocus table. The values of the-optlcal constants below 200 nm are

extrapolateﬂ‘but. .r.nnuyﬁt tO be reasonably closesznce computed f1lter prop-.

erties aéree 'ﬁh;tantrﬁll;Pulth'measuzzment S

#

rather exn,dp ‘ualltatzve haﬂn x'

separated, ﬁ>-,u gotric " When the amp11tudes of the waves re-i
flected fre~ fkojfgpng,and,b ct Sn-taces are approxxmately equal there will
be a maxlmum leflectance when the waves are in phase and a minimum when they
.are out ol phase. One coulu argue that a good - approx1mat10n to the’ th1ckress'v
for the semitransparent metal layer should be such that its reflectance is less
than the reflectance of the opaque layer by a factor of T2, where T; is the
Atransﬁittance of the semitraniparent meté} layer. This value.of the thickness
depends on the wavelength of the minimum because of the dispersion of the opti-
cal constants, and this, in turn, depends on both fhe thickness of the metal -
and the thickness and index of the dielectric spacer layer. Thus, the design
problem is no longer simple.

The properties of the mirror reflection filter consisting of opaque Al
and MgF, and semitransparent Al are shown in Fig. 3 for a variety of metal
.thicknesses but constant dielectric spacer layer thickness. It is seen that
a metal layer 10 nm thick gives a good minimum on the long wavelength side of -
the principal maximum, but the short wavelength minimum has not developed. A
valve of 20 nm seems to balance the two minima as seen in Fig, 2(curvé A). It
is apparently impossible to get the two minima to have zero reflectance simul-
taneously.

The shapes of these curves are in good agreement with earlier calculated
results but still disagree with experimental results. It can be argued that
the computed results seem correct since they correspond to a Fabry-Perot or

Fizeau interferometer in reflection where narrow dark fringes (corresponding

to the narrow reflection winima) are observed agzinst a hright background.
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For this same reason, we cm argue that broader minima could be produced by
using a2 semitransparent metal layer which has a lower reflectance. Metals

with a lower ratio of k:n (imaginary:real part of t_he complex index) have

this property. 'l:he eo-puted reflectance of an MRF with chromium instead of
aluminum as the outer layer is shown in Fig. 4. The 'nar'rewer, 'nore 'sy-etri- .
- cal reflection ‘peak provides a better filter for broadband ultraviolet appli-
cauons and the lower backgro\md reflectance at long wavelengths provides a
better solar-blind mirror. This type of filter has not been extensively in--
vestigated theoreucnny since the optical constants of chromium films are

not well known. We ‘have used limited data and considerable interpolation to
arrive at the curve. It does not represent an "optimum" design using these
‘materials. It may be possiblé to adjust the thickness of the chromium layer

. teo balmce the reflection minima and still retain the high peak reflectance.
The shape of the reflection. curve in Flg. 4 corresponds more closely with
'l'umer's experilental results than when aluminum is used as the semitranspar-
ent film. The opt;cal properties of chromium and inconel which Turner? used
are similar. It is therefore reasonsble to assume that the aluminum semitrans-
'perent films used by Turner were contasinated with eluiinm oﬁde, which is
known to increase theabsofptmce of aluminum. Experimental results discussed
later support this assumption.

" No simple means of designing MRF's has been found. In any iterative
approach, the greatest amount of time is spent in finding the proper metal
thickness, and it is necessary to do the computations as a function of the )
wavelength as previously discussed. As shown in Fig. 3, there is alwavs a
zero minimum, but its _kocation for a given thickness of the dielectric layer -
would be difficult to predict without preliminary computations.

From our calculation, we conclude that a good solar-blind mirror can-
not be made from three-layer combingtions of aluminum and magnesium fluoride
if the optical constants of aluminum are valid. The minimum is too narrow
and reflectivity . ..es too rapidly again in the visible. It is obvious from
older experimenta' results that there are certain conditions under which
improved solar-blind properties do exist, but they are dependent upon such
things as pn't{al- oxidation of the metal layers or ilpui'ities. and deter-
mining the best conditions would be a long task and would be difficult to
reproduce using different coating apparatus. A more feasible approach seems
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to be that already pursued by Turner.3 Either chromium or inconel will pro-
ducergood three-layer solar-blind mirrors that would be durable and relatively
simple to make. 7 ' '

- One. further point can be derived fro- the theoretical work. When won-
itor1ng the thickness of the metal layers during deposition, it is best to
lopxtpr»each'layer separately, in an attempt to get each layer as close to
- the optimm as possible. Finding the proper -ét;l layer thickness for the -
se-i:ransbnrent layer would otherwise be extremely difficult since a minimum
reflectance is not necessar1ly the best thlckness 1f there 1s a slight error
_ in the dielectric thickness.

- Computed propertie »f reflection filters with?nany layers

The spectral resolving power of the relatively simple filters d1scussed

-above is poor. The resolving power of any interferometer -or 1nterferen;e
_phenomenon -is increased as the number of coherent amplitude contr1but1onsv1s
1ncrea$ed. Turner’® demonstrated this by adding more transparent d1e1ectr1c'
. Semitransparent metal layer coqunat:onstothe three-layer mirror:reflection
- filter. Using an elpirical approach to find proper thicknesses, Turner found
some good combinations. In this research, we have attempted to better under-
stand the properties of these filters from theory'to reduce the number of
coating trials requlred and to try to find the optimum filter for a partic-
ular job. 7 ' »

) We have begun by 1nvestlgat1ng what we call DMD stacks. The D stands
for a dielectric layer which is one quarter wave optically thick and the M
represents a netalriayer. The three layers DMD represent a sinsle Ssymmetri-
cal pericd, and the period may be repeated as (DMD)por DMDDMDDM. . .MD. This
class of filters has been found to have some interesting properties.

A series of calculations were carried out for DMD stacks in which
both the number of periods p and the thickness of the metal h, were changed,
always keeping the dielectric layer thickness constant (250 nm quarter wave
optical thickness). The results are shown in Figs. ‘S and 6. We have plotted
the reflectance and l-transmittance. -This procedure shows the absorptance
as well since it mus. account for the gap between the two points. In Fig.

-5, the number of periods p is varied. It can be seen that a relatively broad
high reflection bana is formed in the neighborhood of 250 na and that the
bard becomes sharper and approaches a limiting width as the number of peri-

ods is ircreascd. 7The thickness of the metal layers is changed in Fig. 6
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for S-period stacks. Two changes in the form of reflectance can be noted.
Both the width of the high reflection band and the backgrouad reflection
et longer wavelengths decrease with decreasing metal layer-thickness., A
#00d solar-blind mirvor could be made with a metal thickness of ~4.3 nm and
8 or more periods, accordiig to our computations.i The changirg properties .
for ghih metal layvers may prohibit optimum filters of this type from being
- fully realized experimentally, however. 7
Some observations regarding the form of the spectral reflectance

“curves in Figs. S and 6 can be made which lend some insight into the prop-
erties of met.l-dielectric interference filters without in&oking detailed
mathematics. First, we note that whe. dielectric films are A/2 optitally,
thick, they act just as though they were not there. - When two or more DMD
periods are joined, the films separating the metal layers will be A\/2 thick
at.ZSO nm in the above examples. The reflectance and transmittance at this
uavelehgth is thus just that of a single-period DMD stack with the appropriate
metal thickness. Iﬁ this case, -we can imaginé that the strength‘of the elec-
tromagnetic field, viewed as a standing wave, arrives at the next metal sur-
face just as it left the preceding,ohé; except with opposite sign. When
the nodes in the electric field are at the metal surfaces, these surfaces
will offer a minimum resistance, and the wave Qill pass on, giving a trans-
mission maximum. With metal films, the phase .change at metal-dielectric in-
terfaces is important since we add amplitude with‘phases. The phase change
on refiection for the interface between two dielectric medié of different
" refractive indices is always 180°. The phase change on reflection from the
boundary between a metal and a dielectric is always less than 180°. The
phase change is dependent nn the two refractive indices. This phase change
causes the dielectric layers which separate two thin metal layers to act as
if they were thicker than they actually are. Thus, for a given dielectric
thickness, the standing wave pattern will be shifted to longer wavelengths.
This can be shown in Fig. 5b,where the first transmission maximum is associated
with a standing wave pattern which is of the lowest order (A\/2 optically thick).
The peak is shifted from the normal half wave position at 250 nm to approxi-
mately 340 nm.

 The positions of the antinodes are associated with the effective quar-
ter wave optical thicknesses (odd multiples) of the dielectric layers. With
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an antinode condition, onc generally expects to have a high reflectance and
low transmittance. For the combination of materials shown in Fig. 5, these
positions are at about 600 nm and 215 nm. For the relatively thick metal
layers, there is a high reflectance. Where the thicknesses of the layers
Are actually A/2 thick (250 nm) the reflectance is also high because films
which are A/2 thick act as if they were.absent, and hence the reflectance
is the same as for a thick metal €ilm. The region between the actual A/2
thickﬂess and the effective quarter wave thickness determines the width of
the:high reflection band. The reflectance at the one-quarter and three-
quarter wave positions is slightly diffeient because of the differehce in
the optical,consténts and ratio of thickness to wavelength at these two
wavelengths. By decreasing the thickness of the metal layers, we decrease
the reflectance and increase the absorptance for each layer, giving the lower
long wavelength reflectance énd a narrower high reflectance band shown in
Fig. 6. o :

From Fig: 5, it can be seen that one cannot further decrease long
wavelength reflectance by adding more layers. The transmittance is very
low at long wave.engths, so more layers of the same type will have little
or no effect. As a general rule one should think «f adding layers on the
side of emergence where they can have an effect only when there is a trans-
mission "window" to provide light with which to work.. i

A parallel between the high . 2flection band of the DMD stack and that
of an all-dielectric stack can be drawn. Two DMD stacks separated by a spacer
layer form the equivalent of an all-dielectric Fabry-Perot filter. The com-
pu-2d properties of such a filter are shown in Fig. 7 where, again, only alu-
minum and magnesium fluoride layers have been used. Although the transmis-
sion "leaks" look obiectionable, such a filter used in conjunction with re-
flection filters of the type shown in Figs. 5 and 6 would be useful in iso-
lating narrower spectral regions than would be possible with a reflection
filter alone.

In conclusion, the DMD stack shows promise as a basis for ultravio-
let filtering where a wide range of materials is unavailable. It is,
theoretically, possible to control the reflectance in the ultriviolet as
well as at longer wavelengths, making solar-blind mirrors possible. The
greatest problem in realizing such filters experimentally is obtaining very

thin'metal films with good optical properties:




ot 191113 3019d-L1qed . (awa) xededs ¢ (awa) ® 3o uuﬂﬁ&&am poindeo)y 7 814
WU HLSNIT3IAVAM
009 00s 00 Oa-vn CA.VN 00l
, T n: 1 11TY _p | T 1 T 1 T T ]
2 ﬂ ~ A o » » . — »
L . ] ” . X 4. R +—|
,. . ...- ! » THx + Y
::l : ll .n. 4- » * } "
»® % 39 3¢ 0
X
o ) » ! . -
A _
‘ + -
* 1
b
’ L 3 x
. vt. + u x b ,— L
| \ ) »*
) b Y + T
i . " +

+ x x
* ; _ —

, H , +x x 4*
+* + x ¢ -

Jins e it
...ﬁv 0# vt R ~ -
* +
+ .
) kA S Al 44
26222

JONVLOIN43Y = X
. JONVLJEOSEY
IONVLLINSNYYL -0} = +

0

v0

90

ol




17

THE VACUUM SYSTEM

General considerations

Most thin film interference filters have been made by vacuum evapora-
tion. Chemical coating and vacuum sputtering can also be considered. In
general, however, it is felt that evaporation is preferable because of higher
film purity, more precise control of the thicknesses of the films, and betier
reproduceabilitf. Simply stated, the evaporrut (a solid) is heated in vacuum
to form a vapor. The vapor strikes a cocl susface (the substrate), and, under
the proper conditions, most of the vapor sticks and forms a thin, uniform
solid layer--a thin film. The essential parts of a vacuum coater are a means
of producihg a vacuum, a way of heating the evaporant, and, if the thickness
of the film is important, a means of monitoring the thickness during deposi-
tion. ' 7 .

One of the early reasons for evaporating in vacuum was to alléw the
vapor'to reach the substrate without hitting too many air molecules along;
the way. For some types of coatings, a vacuum is undesirable (for example,
“tin oxide coatings are prepared by evaporating stannous chloride in air.) -
Aluminum, however, is an active substance, especially in the molten or vapor
state. To obtain "pure" aluminumAcoatihgs, the evaporation must be performed
unde: pure conditions. Considerable work has been done to determine the best
way of preparing aluminum films.!0 The current thinking is that the films
should be evaporsted in vacuum where the pressure is less than 10-3 torr
and at high rates onto a cool (room temperature) substrate. The rate of evap-
oration is supposed to be greater than 60 nm/sec.

At such high rates, thickness control becomes a serious problem. There
are basically chree ways of controlling the thickness. First, one can pre-
weigh the evaporant and evaporate all that there is. The accuracy using this
technique is usually poor, since, in a violent situation, there is likely to
be splashing or inconsistant distribution at the source. Alsc, the rate of
evaporation depends on the amount of material. The second possibility is to
evaporate at a predetermined rate for a certain period of time. This is in-
accurate also since rate is difficult to control and the required mechanical
shutters tend to be inaccurate. The third means is to monitor the thickness
during evaporation. This, tco, must rely on the accuracy of a mechani-
cal shutter in addition (usually) to the uncertainty of human reaction time.
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To get a feeling for the accuracies needed, consider that at the "minimum’
rate of evaporation of 5-nm-thick film takes only 0.08 sec to evaporate,
which for 10% accuracy would mean that the shutter would have to be hetter
than t8 ms. Considering that the shutter must work in vacuum, this secins
nearly impossible to achieve, )

Ne have reviewed the evaporation process to see if there might be some
way to achiave the samé results with a2 lower evaporation raté. Let us sup-
pose that the aluminum vapor consists primarily of atomsand small molecules
of aluminum which are mixed with some of the residual gas in proportion to
the rate of evaporation. If the aluminum combines chemically with the resid-
ual gas, then the impure aluminum arriving at the substrate will be inversely.
proportional to the rate of evaporation. These contaminants will affect the
entire film, as opposed tc a surface contamination which occurs after the evap-
oration has stopped. On the basis of this argument, one shouldAgét the same
results if the ratio of rate of evaporation to pressure during evaporationis
constant, all other things being constant. This argument is valid over at
least a few orders of magnitude and is the reason for going to an ultrahigh
vacuum system for precise control of thin metal films.

The composition of residual gas in the vacuum system during and after
evaporation will also have a large effect. One would not be concerned if re-
sidual gas were predominantly hydrogen or a rare inert gas, for example. Ox-
ygen must be avoided as much as possible.

The ultrahigh vacuum system

For most of our evaporations, we have used an ultrahigh vacuum coater.
Most of the system was built by Varian Associates and purchased under NASA
contract NAS 8-20651. The system is completely free from oil pumps. The
chamber is a cylinder 60 cm in diameter by 150 «¢m high. Rough pumping is ac-
complished with a gas asnirator pump in combination with cryogenic sorption
pumps. The combination will pump the system to approximately 10-5 torr in 2
hours. The remainder of the pumping 1s accomplished by a 500 €/sec sputter
ion pump and cryogenic titanium sublimation pump rated at 10,000 {/sec.
Fig. & is a schematic diagram of the system. When the system is clean, it
can be pumped to better than 5 x 10~1! torr in 24 hours. After two years of
use without cleaning, the system can he pumped to 2 X 10-10 torr. The low
pressures can be realized only after a prolonged bake-out at about 250°C.
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After the bake-out, the only significant gases that can be detected with the
partial pressire gauge are nitrogen and hydrogen. This sesms to be a suit-
able environment for evaporation of aluminum films under controiled conditions.
The evaporant can be heated either by directly hesting a filasent or metal
boat by psssing a high current through it, or by electron bosbardment. The
latter method is preferred for sll materials since siloying of tungsten fros
the filsment with aluminum could be & source of impurities, although there
is no avldence this has occurred. Tho electron beam evsporation source focuses
a stream of electrons, by crossed electric and magnetic fields, onto the svap-
orant which is held in a water-cooled cryclblo. Because only the area which
is being evaporited is hested, the svaporant in effect acts as its own crucible.
We have found that evaporation takes place st lower beam currents, hence lower -
pressures, if the alusinue is insulated from the water-ccoled crucible by
_another crucible msde from HDA (a boron nitride-titanium diboride substance
produced by Union Carbide Company). | '

The intense heat that is required to ovnporato most materials generates
' large amount of gas both from the evaporant and from the walls of the SYStGI.r
There are very few pumps which are capable of handling this gas load. We have
estimated tha: our pumping speed would need to be increased to 107 L/sec to
‘cope with our typical gas loads. The high tesporature bake-out considersbly
reduces the problem. It is also highly desirable to outgas the evaporants
with heat just below the vapor point. Alumimm i2 relstively easy tc outgas.
It can be held in its molten state and is usually outgassed sufficiently after
3 to S hours. The dielectric materials are s groater problem, however. Their
thermal conductivity is generally lower than for metals, and because of the
tixed electron besm size and position in our configuration, it is difficult
to get rid of ges without oveporating the material. Degassing combined with
the small availsble crucibles renders the system incapable of producing very
sany lsyers per change. The very low heat allowed and low thermal conduc-
tivity require an outgassing time of from 10 to 20 hours with constant atten-
tion. Te achiove the lowest pressure ovsporations therefore requires nearly
10 4nys of preparation for all five crucibles in vacuum. This has two effects.
There is a relativaly low yield of data and results, and one is afrsid to make

experimental changes for fear of losing half of the month's experimental yield.
We have been sble to evaporate in the system helow 10-? torr, but only

at very low rates. The ratio of rate to pressure 1s cbout s factor of 5 below




21

that which is most desirable. However, even at the slowest rates {approxi-
mately 0.02 nm/sec), the resulting films are of a quality that is comparsble
to, if not superior to, films prepared in the conventional manner. An unex-
pected bonus in using the ultrahigh vacuum system i3 an unusually hard adher-
ence of films t> the substrate. Generally speaking, the filss cannot be re-
-moved except by poushiu the surface clean with sbrasives. The films are
spparently more. eolpl:ct nnd perhaps have s higher density.

:meroperatiion of the coater is fairly straightforward, with one excep-
tion: We take great pains to svoid the glow discharge which is commzaly ss-
sociated with high pressure opornvion of the ion pumps. This can be rvoided
by roughing with the cryogenic sorption pumps to a lower than normal pressure.
We try not to start the ion pump umtil the pressure has resched ~ 7 x 10-3 torr.
~ We feel that this prevents contamination of the substrate by impurity ioms in
. the glow discharge. A good cleaning pmudui‘c before installsticn of the sub-

strates, followed by a high temperature bske-out in vacuum, sppesrs to leave
the substrate surfaces clean. | |




THE OPTICAL FILM THICKNESS MONITOR

The major problem with any thin film deposition process is the means
- by which the thickness of the filpfis sonitored during depcsition so that the
final multilayer stack will have the desired properties. There are many ways
of monitoring film thickness. !l Iilis,impoftant that the quantities of in-
terest be directly measured. We speak, for convenience, of a3 film thickness
in nanometers, but we mean that it must have a certain reflectance, transamit-
. tance and phase change on reflection. We have elected to measure reflectance
as the basic film ﬁroperty to be controlled.

The optical system

Generally speaking, the cptical system is used only for transmission of
energy, and the guality of inages need not be considered. Light used to mea-
sure film reflectance must comz only from the surface of interest, and must '
be free of contaminant light. The system must further be stable enpugh to pre-
vent vibrations from confusing the measurements. 7 , ’ o

The use of ultrihizh vacuum imposes some restrictions on the monitoring

" system. We have found that first-surface mirrors do not last in the system
regardless of overcoating. Damage seems to occur during high te-peréture'bake-
out. The reasons for this are not presently known, but they should be inves-
tigated, as this may be important for certain types of space flights vhere
mirrors may be subject to heating from solar radiation. Another limitation
with ultrahigh vacuum is the difficulty of prdvidiﬁg for mechanical motion in-
side the vacuum. Mechanical motior feedthroughs exist but are expensive and
one is limited in the number of available feedthrough ports.

Fig. 9 is a schematic diagram of the system we have used. The light
source S is imeged on the pinhole D;. This light is then chopped techanically
at 90 Hz, and the pinhole is imaged on the monitor plate G by the lens L,
after being bent by the prism P;. It is essential that the lignt be chopped
as clos to the source as possible so that it can easily be distinguished from
the bright background light in the chamber which arises from ionizetion gauge
filaments and the evaporation sources. The light reflected from the monitor
plate is returned out through a feedthrough and imaged on the entrance slit of
of a monc.chromstor. An end-on photoﬁultiplier senses the light at the exit
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slit. It is necessary to have the monochromator or filter at the photode-
tector to protect it from the bright light inside the chamber during evapo- -
ration.

r
6
st |
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80K
Chovpe VACUUM SYSTEM

N e

Fig. 9. Schematic diagram of the optical components of the
monitor system.
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The monitor system electronics

The ability to monitor and control the film thickness during evapora-
tion is limited in accuracy by a combination of the inherent quality of the
photometer electronics and the skill of the operator. It is desirable to
let the humsn element be the limiting factor.

Change in reflectance with film thickness may take two forms, For
dielectric layers, the reflectance changes approximately as a sine wave.

For metals, the reflectance generally continously increases in a nonlinear
manner. In some instances, in multllayer work, the reflectance of a stack
will decrcase to a minimum before increasing. When working with all-dieiec-
tric stacks that involve only quarter-wave layers, one evaporates to naxila'
or minima in the reflectance. As discussed above, with metals, the maxima

and minima occur at the "effective'" quarter-wave positions. Thus, for metal-
“dielectric iultilayers, one must evaporate at one time or another to specific
reflectance valdesjrather than maxima or ninina. For this reason, thé =onitor
electronics must be linear and accurate over a wide dynamic.range. »

A typical requirement for a DMD evaporation might be to evaporate fron
a reflectance of 0.082 to a minimum of 0.053 and then evaporate from 0.053
to 0.620. One must be able to amp11F/ the small reflectance changes so that
they can be seen easily. -

The electronic circuit, developed with support from graht NSG-732, is
shown in Fig. 10. The circuit is built upon an assemblage of seven operational
amplifiers. The signal from the photomultiplier is a negative current: A
small dc current in phase with the 90 Hz signal combined with the noise back-
ground. The current signal is converted to a voltage which is the product
of the input current and the resistor chosen at the preamplifier (#7). We
select the 90 Hz signal by the active filter (#6) for which the central fre-
quency and quiescence are initially adjusted. The signal is inverted by the
buffer circuit (#2) and amplified by the ac amplifier (#3). The amount of
amplification is set by adjustment of the 500 ki 10-turn potentiometer. Ab--
sclute value circuits (#4 and #5) convert the ac signal to a dc voltage which
is prc-ortions' to the peak-to-peak difference in the ac signal. The dc sig-
nal passes through an amplifier (#8) and is added to a positive or negative
zero bias signal for presentation on a strip chart recorder. By proper &d-
justment of the full scale, zero level, ard gain potentiometers, a wide

range of reflectance levels and reflectance changes can be recorded on a
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10-inch chart. The preamplifier resistance is selected to provide a small 7
encugh signal so that later stages of amplification will not saturate.

"The system has been shown to be linear to 1% over a range of letter
than 1000:1 and has the versatility required for our monitoring work. Moni-
tor noise is generally a serious problem, but for this system less then 0.1%
noise is observed. _

A7t oo

Fig. 10. Amplifier electrrnics for optical film thickness monitor.
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EXPERIMENTAL RESULTS

Three basic questions must be answered from observations of the exper-
imental results. Fiist. there is the possibility thet optical properties (op-
tical constants in particular) of films which sre evaporated in ultrahigh vac-
uum are different from those of films prepared in more conventional vacuum
s,stems. Second, we know that optical constants of very thin metal films are
not the same as those measured for thick films or for bulk materials: what
is the thinnest film that can be used which will have the same optical con-
stants as those used for calculations? Finally, the filter calculations dis-
cussed above should be shown to agree with actual results, and filter produc-
tion must be feasible for use in actual applications.

Properties of single films

" ‘Several films of several different materials have been prepared in the
ultrahigh vacuum chamber under a variety of conditiens. The two main pérane-
ters which we varied were the evaporation rate and the pressure. Because of
pumping limitations of our chamber, we were not able to vary these parameters
independently. The highest rates of evaporation were achieved only at higher
pressures. o

The properties of the aluminum films are of the greatest concern. We
have needed to reduce the rate of evaporation to a point where the film thick-
nesses can be accurately monitored and controlled. The deposition rates we
investigated ranged from about 0.0l nm/sec to 10 nm/sec. The rates are in-
ferred from the measurements of film thicknesses and the total evaporation
time. It is possible that the rates were nonuniform; however, by keeping the
power on the electron beam source constant, the rate should be nominally con-
stant. Pressures during evaporation ranged froa 10-? torr te 10-3 torr.

The observations we made were as follows: general observations of the:
fi'm and its durability, reflectance and transmittance, and visual inspection
of the films for scattering or roughness. The scattering observations and
durability are only subjective comparisons.

Generally speaking, all aluminum films evaporated in the ultrahigh vac-
uum chamber were durable and free from excessive scattering. The films were
not recdily removed by vashing in a sodium hydroxide solution, even after be-
ing exposed to air for several months. This indicates that the films are of
relatively high density and that any spontaneous formation of aluminum oxide

is limited to a thin surface layer.
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The reflactance of an aluminum film evaporated at the start of the
prograx was measured in the vacuum ultraviolet. Measuring difficulties at
that time caused ninute-to-ninufe changes in measured reflectivity at Lyman
a (121.6 nm), so final data were not recorded. The sample had been exposed
to air for about 2 hours and had been in the vacuue system for 3 days after
e aporation. The initial reflectqnce which we observed, however, may have
been as high as 0.80. These observations should be confirmed. A slow time
decay of ultraviolet reflectance could bs useful in some situations. After
the reflectance had stabilized, th@ measured reflectance is as shown in Fig.
il in the vacuum ultraviolet. At wavelengths longer than 200 nw, the reflec-
tance is the same a3 films prepared under older "ideal" conditions (oil-pumped =
system st 10"3 torr at high rates). Our measurements of reflectance are lim-
ited to an accuraéy of about £2%, so (stailed comparisons are not possible.
We do observe that the refiectance of the ultrahigh vacuum aluminum films is
slightly higher than those we prepare under normal conditions.

The best material for the dielectric layers in ultraviulet interference
filters is magnesium fluoride. Although, in crystal form, lirthium fluoride
is transparent at shorter wavelengths, it was not considered here because
it is slightly water soluble and less durable. The trensmitzance of magne-
sium fluoride films prepared in ultrahigh vacuum has been measured and can
be considered to be free from absorption for all wavelengths from the in-
frared to 120 nm. The optical properties which we observed were essen-
tially the same as those observed for films prepared under ather conditioms.
Since we wish to form filters consisting of alternating layers of aluminum
and magnesium fluoride, we avoid heating the substrates in order to obtain
the best optical properties of the aluminum. All of our evaporations were
‘on substrates at room temperature (v~ 20°C). These films were durable ard
relatively free from scattering. Although it is generally recommended that
the best magnesium fluoride films are prepared by evaporation ontc wam
(™ 300°C) substrates, we have not found that this is necessary to obtain dur-
able films.

One problem encountered was that properties of combined films often
indicated that they were more absorbing than they should have been according
vo single film observations and the thezory. This is ascribed to impurities.

We ha.> .xperienced difficulties in obtaining pure films when two
_materials are cvaporated during the same vacuum cycle. Both aluminum and
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pagnesium fluoride films appear to be more absorbing than when they are evap-
orated during separate cycles, The apparent difference is due to a mixing

of the materials on the hearth of the electron beam gun. We normally assume
that materials in vapor form will travel in straight lines, sticking to the
first surface that they hit. It is possible that some of the molecules are
reflected from surfaces and zppear not to travel in straight lines. This is
thought to be only a minor source of contamination, however. A more important
problem :ppears to arise rrum charged molecules which ar2 deflected by the

_electric and magnetic ficlZs near the vapor source. The effect is m st evi-

dent for aluminum, wherce, ifcer some time, we can obsefve a heavy deposit of
aluminum near the Lottom of the chambir where it is "impossible" for the atoms
to condenge., Apparently, some molecules migrate from one crucible to another
during evaporation. This effect is irssened by greatly enlargingAthe shields
between the crucibles. We have been abie to control this effect to a large -
extent in this manner,

Another problem is that we have cifficulty getting enough material into
the evaporation region of the electron gun to be able to déposit as many lay-
ers as desired. This is due to the natuve of the electron gun (Varian Associ-
ates Model 980-0005),'which has five erusibles that can be moved in front of
the filament, and uses a fixed accelerating potential and magnetic field. With
the fixed field configuration, it is impossible to change the focus of the beam
or the position with respect to the crucible. Shifting the crucible distorts
the fields in such a manner that the electrons still hit the center of the
crucible. Evaporation occurs only cver a small (about S to 10 mm wide) area,
leaving a large amount of material around the edge which cannot be evaporated.
We have tried to evaporate from conducting crucibles in the manner of resis-
tance heated sources, but the boats have evaporated before enough material has
evaporated. There is a ncticeable amount of contamination from the bhoat in
these instances. We have also tried to premelt the evaporant in a vacuw fur-
nace so that we would be evaporating from a solid piece. When this is done,

the selid usually falls apart from thermal stress, leaving less material than

when a powdered form is used.

The okvious soiution is to use an electron gun with a heam control. This
requi}es_an siectromagnet to produce the field. None of the manufacturers of
this type of gun recommend their product for iltrahigh vacuum systems such as
ours. Further experimentation with electrostatic deflection will have to be
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done before this problem can be solved. We are therefore presently limited
to investigating designs ‘that contain only a few dielectric lavers.

Contamination of dielectric material is ecasily ohserved during depusi-
tion when the films are deposited directly on a glass monitor slide (withaut
meral films). For a homogeneous noashsorbing film, the reflectance varies
nearly sinusoidally with thicknesx. When the film is slightly absorbing,
the mexima and minima do not have constant values. :

We have concluded from our observations of single films that evapora-
tion in a clean ultrahigh vacuum syatem gives films which have neariy the
same optical properties as those evaporated in a more conventional otl-pumped
system, The optical constants are spparentl; close enough to ﬁublished val-
ues that they may De used for computations. %oed optical properties of alu-
minum may be obtained with very low evaporation rates and low pressures;during
evaporation. The physical properties of thesc films are at least satisfac-
tory and quite possibly are superior to those prepared under more normal
~conditions,

Properties of very thin metal films

The filter designs discussed in other scctions of this report require
semitransparent films for most of the metal layers. For the MRF's, the film
thickness should bYe about 20 nm. This thickness has been used for many MDM
type filters with moderate success. The optical constants of fiims thinner
than 20 nm may change with thickness, however.!?Z The DMD filters require
thicknesses between 4 and 5 nm to realize optimum theoretical characteristics.
Whether the optical constants of aluminum are a function of the thickness for
such thin films had not heen determined for ultrahigh vacuum evaporations.

The optical constants given in the table on page 5 are reported to be valid
for films as thin as 10 nm when eveporated under normal conditions.!3 It had
not been determined whether the limit was a function of the evaporation con-
ditions, however.

There are several problems associated with working with very thin alu-
minum films. Probably the greatest problem is that the pure metal is very
reactive, An oxide layer forms very rapidly on the surface, and this affects
the optical properties of the "films."” When the film is very thin, it is dif-
ficult to determine whether there is any pure material left. The thickness
of the film may be affected because of the increase in the total numbher of

atoms. Changes in density also cause uncertainty in the nature of the film.
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We have investigated the properties of DMD sirgie periods for diffev-
gnt wetai thickpesses. Tn this way, we can study the properties of metal
fiimsi iR the eRvifonment in whica they will eventually be used. In princi-
ple, the optical constants of a metal film can be determined from a knowledge
of threc guantitiea, One of the ordinarily necessary parameters is the thick-
ness of the film, Film thicknesses of 4 to 5 nm are, at best, difficult to
measure with any precizion. We have found that such measurements do not need
to be nmade to determine 1 “limit” for the thickness of the film that will have
the “thich” film optical constants., We are unable, however, to determine the
optical conitants ax a function of film tnickness; only deviation from assumed
values can be determined. The method used is to evaporate a number ol sepa-
rate DMD periods with different metal thicknesses. The outside dielectric
iayer protects the aluminum from oxidation. fﬁe "thicknsss" of the metal layer
is chosen by evaporating »0 a certain value of the reflectance. Comfutéticns ‘
of the refiectance for several metal thicknesses are used as a guide. The re-
flectance and transmittance of the DMD period are then measured and compared
to all possible values computed from the thick-film optical constants (see ta-
ble on page 5). Fig. 12 >hows a slot of the reflectance vs transmittance of
DMD periods where the quarter-wave optical thicknesses of the D layers are 400
rM and the measurements are at 400 nm. Several thicknesses are labeled along
the theeretical curve, which represents all possibie reflectance and transmit-
tance vailues., The measured points show the va.iation. From the data, we car
infer that thicknesses greater than 9 nm can be considered to have the opti-
cal zemstants given ia the table, It was possible to predict the "thickness"
af the fila for these values before measurement. There was no indication, dur-
1ng the evaparation, that oxide layers were responsible for the deviations of
measured aRd cemputed values. Unader less-than-ideal conditions, it is possi-
hie ta observe the change in reflectance with time of the unprotected aluminum
iayers whem the films aFe very thin. Such changes were not observed with these
films foF perieds up to 10 minutes in ultrahigh vacuum.

These evaporations were Jone in the UHV chamber using the teochniques de-
sc¥ibed abeve with the pressure und evaporation rates among the higher values.
The Pesuits aFe Felatively insensitive to small (about one order of magnitude) p
chaages in the pressure. Typical values for the aluminum films were a total

pressufe of 1 x 10°% tory and an evaporation rate of about 10 nm/min.
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Properties of mirror reflection filters

The three-layer mirror reflaction filter will be (he easiest type of
filter to mske. First, the number of layers is minimal, and second, the re-
flectance iz the only quantity which needs to be compared with the theoreti-
cal value. As discussed earlier, however, there have been sighificsnt diffor-
ences between theoretical and measured results. )

One of the most difficult problems in making an MRF is the monitoring
of the film thicknesses. As discussed earlier, the minimum reflectance and
the wavelength of the minimum depend on many fictors, and slight errors in
the dielectric thickness or unexpected changes in the optical constants of
the oonltrlnspsrint metsl layer can cause large errors in the thickness of
~ the final layer. '

' We have had good success monitoring each layer on s separate piece of
gisss as it is deposited. The main disadvantage in this method is that onre
cannot cospensate for small errors as the filter is formed.

An exsmple of an MRF with a semitransparent sluminum layer that cor-
responds closely to the theoretical prediction (Fig. 3) is shown in Fig. 13.
Th. evaporation conditions used to obtain this result are essentially the '
sane as those described in the previous section. There is a 45-nm-thick pro-
tactive lsyer of'-agnesiu- fluoride over the sc-itrlnsplrent metal layer.
This lsyer has only s small effect on the properties of the filter. |

The role of impurities in dielectric films is demonstrated in Fig. 14,
which is essen“‘ally the same filter a5 above except that there has been some
contamination. The incresse in absorption is dramatic, even though it was
only slightly observ: »le during evaporation. The resson for the enhunced ef-
foct is that the dielectric layer is inside s resonant cavity where the elec-
tric field should build up, The absorption has two effects. In additjon to
decreasing cthe filter efficiency, there is an errcr in the thickness of the
dielectric laycr of the final filter which is caused by a chauge in the thick-
ness where the monitor raflectance is a winimum, due to the fact that the phase
changes on reflection are no longer 180° ss required. From the shape of the
curve, we can conclude that the opticsl constents of the sluminum layer sre
not seriously affected. These rasults still differ from previous results,
which gave s high pesk reflectance, symmetrically shaped reflectance band,
and low backgrouid (wide reflection minima), These characterisiics were not
observed in this project without a change in the materials used.
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Our earlier conclusion that solar-blind mirrors based v--n only alu-
minrum and magnesium fluoric: cannot be effectively produced in our highly
controlled conditions apperrs to be valid. It has been shown that chanzing
the material for the semitransparent metal layer can produce a filter which
would be a better solar-hlind mirror. A filter with chromium, magnesium
fluoride, and aluminum }as heen made; its reflectance is shown in Fig. 15.
The result is close * that predicted although there is some evidence tlat
the dielectric was : -ightly absorbing. Use of chromium would be recommended
for solar-blind mirrors. A

The observed decxeas: in the reflectance of unprotected aluminum imme-
diately after evaporétibn can be explained by an increase in the real part
of the complex refract ive index. The aluminum thus becomes more lixe chro-
mium. We can perhaps conclude that Turner's earlier experimental results
were for s chromiumlike semitransparent film. That experimental results
which agree with computed results can be achieved has been demonstrated by
this research.

Properties of reflection filters with more than three layers

Design possiblities for ultraviolet filters with more layers based on
the DMD period have been discussed. Applicsvion of these designs to solar-
blind mirrors may not be optimal using aluninui and wagnesium rluoride with
preseﬁt—day techniques and coating chamber facilities. The "minimm" allowed
thickness for aluminum films is more than twice that required for the best
designs. It nas not been established whether the prescnt limitations are due
to techniques or basic physiésx properties. That the films 5 nm thick ave
different is not really surprising since they would be only sbout 10 unit cells
thick (thesize of the unit cell being 0.5 nm).

We were able, however, to make somes of the thicker DMD ctacks to cos-
pare with theoretical calculations. Such comparisons allow us to draw some
definitive conclusions regarding the prcperties of the materials and the va-
lidity of our calculations. -

Filters of DMD stacks with one to four periods have been made, with a
10 nm metal layer thickness. The prcperties of the single period stack were
discussed abzve, and further measurements confirmed the predictions of Fig.
S(a). An example of a two-period stack is shown in Fig. 16. This result
can be considered to be in agreeement with the computed result shown in Fig.

5(b). The absolute value of the differences between theory and observation
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is less than 0.03, which is only slightly greater than the uncertainty in the
measurements. The differences, though slight, are thought to be real. Their
source is not known, however. -There méy be some residual absorption in the
dielectric layers. 1t is also possible that the aluﬁinum-magnesium fluoride
interfaces are not as abrupt as assumed. The chemically active aluminum sur-
face may be interacting with the magnesium fluoride vapor as the dielectric
film condenses. For the double period, however, such effects can be consid-
ered negligible.

Figs. 17 and 18 show the results of measurements of 3 and 4 period DMD
stacks, respectively. Several of tha features which were predicted above can
be observed. As the number of periods is increased, the peak reflectance
rises, and the high refle.tion band near 250 nm becomes sharper. Since there
is no transmittance at long wavelengths, nothing can be done about the high
long wave reflectance by adding more similar periods. The exact features of
the three- and four-period stacks were not as close to the predicted values as
was the case with the two-period stack. The variances can be attributed to
a combination of a 1 to 5% increase in the real part of the refractive index
of the metal layers, and a 5% or less error in the thicknesses of the dielec-
tric layers. Such errors are within the expected error. To maintain an ac-
cur;cy in the dielectric layer thickness of 5% or better, one must be able
to determine the minimum tc an a~curacy of better than *0.0003 absolute re-
flectance. With the scale expansion features of the present monitor electron-
ics, this represents a reasonable limit,.

Although the propertics of these filters correspond closely to the com-
puted properties, they do not represent an optimum solar-bliﬁd mirror. Ac-
cording to the theory, a better ‘esult would be obtained by decreasing the
thickness of the metal layers. We demonstrated above thit we could not expect
the computed results because of the thickness dependence of the optical con-
stants, Since we have not measured the refractive indices, we cannot compute,
with confi ':nce, any filter properties for metal layers thinner than 10 nm.

We did, however, makea DMD stack with five periods and a metal thickness of
about S nm. The measured reflectance and transmittance are shown in Fig. 19.
The most interesting feature to note is the low visible reflectance. That the
peak reflectance is not high is not surprising since the metal is probably
more absorbing that it would be if it were thicker.
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DISCURSION AND RECOMMENDATIONS FOR FURTHER WORK

. We have studind t -« properties of two types of interference filters in
this research to bdetter u‘derstand their properties and to determine whether
it might be feasible to make mirrors which reflect only ultraviolet light.
Techniques for bath the design and fabrication of such mirrors have been de-
veloped, and it ha> Deen established, for the first time, that under certain
comditions the properties of meta.-dielectric interference filters can be pre-
dicted from tae simpie theory of hopogeneous thin films.

We have found that tne thickness limit for thin aluminum films is 9 na.
Films thicker than this value will have the optical constaats which have been
previousiv puolished., Detailed measurements of the indices of thinner films
should be wade, a3 it appears possible to use the material to>advantgge to ob-
tain salar-blind mirrors, One method that is attractive without further ex-
tensive work is to use thick (10 to 12 nm) aluminum films in a DMD stack with
about five pétiedi, ak . ovar-coat this with cne or mere périods using thia (§
MR) metal ‘¥ .3, Such a combination should leave the desirable square high
reflectam . short wavelength and rapidly kills the long wave reflection.
This sRhould be effective becaise the thin metal films will be locatsd at the
electric vector acdes at short wavelengths and at the antinodes at longer wave-
leagths. If seasurement of the indices proves too difficult, an empirical de-
termin tion of such a design 18 feasible since there are, at most, only one
oF two mets! thicknesses as variables. Work of this sort is continuiw. It
shauyld 3lio be serermined whether good solar-blind miirors could be founa by
using combinatio.s of two dissimilar metals as we did for the MRF's.

We have foumd that the properties of the materials utilized are very
4024 when eyaporated in ultrahigh vacuum. Farther work shoutu Te undertaken
to LapFove those Properties by changing evaporztion parameters in a systema-
tic way. Evaporation rate, residual gas aimosphere, and substrate tempera-
tufe effects should B considered.
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