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ABSTRACT

An investigation has been made of three-layered reflection-
reducing films similar in principle to those recently developed in
Germany. Very effective coatings have been produced by use of materiale
of the type developed by the American Optical Company. The maximum ex-
pected reduction in reflection has not been obtained, however, because
none of the available materials has a high enough refractive index.

The difficulty involved in the preparation of the coatings
probably makes them undesirable for general use but they may be smitable
for special uses where the greatest possible reduction in reflection is
required, For the latter cases, it might be desirable to produce-these
coatings through use of an evaporation process similar to that now used
to produce magnesium fluoride coatings or through a vapor-deposition
process similar to the German one, since materials of higher index are
available through these techniques and three-layered coatings of lower
reflection are thus possible,

The three-layered reflection-reducing coatings produced through
the use of the American Optical Company type solutions are sufficiently
durable to withstand normal usage btut they are not as resistant to
abrasion as the best grade of evaporated magnesium fluoride coatings.,
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I, INTRODUCTION

a. Authorization
1, Bureau of Ordnance letter to the Naval Research Laboratory,

NP 14 (IRe4e) dated 11 February 1944.
B. Statement of Problem

2. The U.S. Naval Technical Mission operating in Europe at the
close of the war reported that the Germans had developed a method of
reducing reflection from optical surfaces through t?i)use of three
superimposed films of different refrac?%ye indices. An examina~-
tion of some samples of these coatings showed them to have very

low reflection for practically all wave lengths of the visible spectrum.
The object of this investigation was to examine critically this process
for reducing reflection and to determine whether or not the American
Optica% Cq?pany type of coatings (used for two-coat reflection-reducing
£i1ms)(3-5)" could be adapted to produce effective three-coat reflection-
reducing films.

C. Known_Facts Bearing on the Problem

3. Previous work on the subject of reflection-reducing coatings(3 5)
done at this Laboratory had given some familiarity with the principles
involved in multi%iyered films, Also, a report of the Naval T?gh930a1
Mission in Europe and microfilms of several foreign patents‘™?
dealing with the subject of three-layered and multilayered reflection-
reducing films wer? 3vailable. According to the report of the Naval
Technical Mission, 1) the German coatings were composed of a quarter-
wave film (éptical thickness) of mixed titanium and silicon dioxides
(n = 1.80) deposited on the glass, followed by a half-wave film of
titanium dioxide (n = 2.40), and finally topped by a quarter-wave film
of silicon dioxide (n = 1.45). These coatings were most satisfactorily
applied by use of a vapor-deposition method though some coatings had
been applied through use of colloidal solutions of titanium and silicon
compounds which revert to the oxides on heating,

IT, THEORETICAL CONSIDERATIONS

AN The analysis of the reflcction from a three-layered film on a
transparent surface involves the evaluation of the sum of the reflections
from the four interfaces (glass-film 1, film 1-film 2, film 2-film 3,
film 3-air) and must account for interaction (interforence) between the
various reflections and multiple reflections. This has been simplified
by the use of the general theory developed by Dr. B, Salzberg(8) for the
evaluation of the reflection of coatings of ™" layers. One form of

this theory was applied previously to the analysis of two-coat films.(S)
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The équation for the reflection of three-layered films is necessarily
more complex, but may be used with no great difficulty when in the fol-
lowing form (which assumes the incident light to be normal to the coated

surface):
| ¢ 2 vos g 2 "
R = (Kﬁ-l)/!_é/l3
RN FARY "
where gg = (n2n3n4 - n§n4tan wotan wy - n%nB tan wytan w;.....
o

-nzngtan g tan WA) /i (nlanatan W, 7 nynon, tan ws
{nln2n3tan W, - nln§ tan wotan wytan w;) 7 nlnéanA....
-nlngnétan Wy tan wg - n1n3n2ﬁan Wy tan w, - nlnzni.....
tan wyten w4) i (nganAtan wy nzngnktan W3 esen

4 nznanztan w, - ngnztan w, tan w3 tan w&)

and where Wy = 2 ny dj

3

Y

index of coated material (glass)

n
Ry = index of first (bottom) layer, d its thickness
ny = index of second (middle) layer, dy ite thickness
n;, = index of third (top) layer, d, its thickness
;. = wave length of incident light
[ = (-1)%

IIT. OUTLINE OF PROCEDURE

5. The method of attack consisted in working out the conditions
necessary. for the preparation of quarter-wave films having reflection
maxima at a given wave léngth and having the desired refractive indices.
This was done by preparing a number of series of glass discs coated with
single films of different compositions under various conditions and then
determining the desired coating procedures from the positions and values
of the reflection maxima, The values of the refractive indices of the
films were determined from the values of the maxima of the spectral re-
flection curves and the index of the glass coated, by use of the follow-
ing relations:

Nez[nga/m) / a-mh] b
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In cases where the refractive index of the film is less than that of the
material coated, the minimum of the reflection curve is used.

6. Half-wave films (optical thickness) of the desired thickness
and index were preparcd by superimposing two quarter-wave films of the
desired index and gave indication of the feasibility of this method of
superposition for producing multilaeyercd films whosc final thickness
was the sum of the thicknesses of the individual films.

7. Al11 of the sample discs were coated on both sides. The
reflection per surface was calculated from the reflecetion for the
pair of surfaces by the rolation,

- R
SR WS

where R% is the reflection from a single surface and Ry is the total
reflection from the pair of surfaces,

IV. METHODS

A, Apparatus

8, The apparatus for applying the coatings consisted of 4 cen-
trifuge modified by a special head which would hold e two-inch glass

disc and rotate it in a horizontal planc, The speed of rotation was
controlled by mcans of a variable woltage transformer ("Variac") con-
nected to the centrifuge motor and was measured by means of a "Strobotac®
mounted above the centrifuge, All coating was donc in a2 room of low
humidity (10-20% relative humidity).

9. Spectral transmission curves werc obtainced by use of a Beckman
Quartz Spectrophotomcter, Reflections were calculated from transmissions
assuming no absorption lossecs. A number of spectral reflection and trans-
mission curves werc dctermined at the Naval Gun Factory through use of a
General Electri¢ Recording Spectrophotometer.

B. Materials

10. (a) Glass dises, 2" diamcter x 1/8" thick, about 1,528 index
from Scmon-Bache & Company, New York.

(b) Solution #155(a). Titanium tetrachloride in ethyl alcohol
(sece appendix).

(c) Solutions #158-C, #158-D, #158-F, Titaniun tetrachloride
and cthyl orthosilicate in a solvent cssentially cthyl
alcohol (sce appendix).



(d) Solution #50~Z. Ethyl orthosilicatc in a suitable solvent
(sce apoendix).

(e¢) Titanium tetrachloride, C.P.,, from Eimer and Amend, New York.

(£) Tetrocthyl orthosilicate, ("passed"), from Carbide and Carbon
Chemicals Corporation, New York,

c, Preparation of Films

11, The disc to be coated was mounted in the chuck of the centri-
fuge, spun at the desircd rate, and a few drops of the coating sclution
applied to the center of the dise with a dropper. The solution was ap-
plied in one operation - no evaporation was permitted to take place until
2ll of the solution had boen added., The disc was spun for 20-30 seconds
to dry the coating, allowed to stand 15-30 minutes and then heated at
50-~60°C for ten minutos in the room of low humidity, It wes finally
baked at 400°C for onc hour to harden the coating, For the multilayered
films the above process was repeated using the appropriate solutions and
rates of rotation until the desired number of layers had beeapplied.

12. Quarter-wave films (a quartcr-wave in optical thickness for
 light of 5250 A° wave length) of modium index (about 1,80) were deposited
on the glass discs by applying solution #158-F at 2000 r.p.m. according
to the above procedurec. The desired conditions were determined from
spectral curves of a scries of dises coated with the above solution at
various rates, Other solutions werc tested but were recjected because
the index of the resulting coatings was not of the desired value: #158-C
produced films having an index of about 1,90 and a maximum at 5000 A°
whoen applied at 1500 r.p.m. and #158-D produced films having an index
of about 1,77 and a maximum at 5250 A® vhen applied at 2500 r.p.m,
Solution #158-F evolved from a combimtion of the above solutions,

.13, Quarter-wave films of high index (about 2,09) were deposited
on glass discs by applying solution #155(a) at 1500 r,p.m. according to
the above technique, Half-wave films of this material were produced by
the superposition of two quarter-wave films. Examination of the speetral
cuiyeglof the quarter and half-wave films indicated this procedure to be
rcliable,

1. To find the best conditions for applying the top layer of the
three-layered films, solution #50-Z wns applied at various rates to a
sericg of discs alrcady coated with the correet quarter and half-wave
films, Examination of the spectral curves of the members of this series
indicated which specd was best for the application of the top layer,
This rate was found to be about 5000 r,p.m., under which conditions a

film of low index (1,47) approximatoly a quarter-wave length in optical
thickness was deposited,



v, RESULTS

15, Examination of the equation for the reflection of three-layered
coatings indicated that with the layers respectively a quarter-wave, a
half-wave and a quarter-wave length in optical thickness zero reflection
could be obtained only when the following relation held:

# 2)%

n2 - (nlnA
This expression is independent of the refractive index of the half—wgve
film. Thus, by having ny = 1.53, ny, = 1.80 and n, = 1.47, values which
are obtainable expcrimentally, we have a combination that will give
essentially zero reflecetion for some wave longth regardless of the
index (n3) of the half-wave thick material, However, the index of the
half-wave thick matcrial will have o marked cffcet on the spectral ro-
flection curve obtained as is shown in Plate I. Thesc calculations
indicate that the high index (half-wave) film must have a refractive
index of about 2,40 for maximum effectivencss; that is, to give low
reflection over the entire visible range,

16. In Plate IT is shown the spcetral curve obtained with o film
a quarter-wave length in optical thickness and hoving an index of 1,80,
For comparison, the theoretical reflection curve of such a coating

is included,

17, Plate IIT shows the speetral rcflection curves of o quarter-
wave and half-wave films (from two quarter-wave films) of the high
index material and indiecates that a half-wave film may be prepared

by superposition of two quarter-wave films, The index of this material
is only 2.09, the highest valuc that could be obtained using the out-
lined procedure, Films of highor index have been prepared from this
same solution by heating the coatings to 500°C, tut it is felt that
400%C is the practical limit for such troatment.

18, The thoorotical and experimental reflection curves for coat-
ings composed of a quarter-wave film of 1.80 index and a half-wave film
of 2.09 index on glass arc shown in Plate IV. This is one of the com-
binations involved in the threc-coat reflcetion-roducing films, The
lack of coincidenco of tho two curves is probably duc to the failure

of the thicknesses of the films to be properly matched and to varia-

;§og€ of the refractive indices with the wave length of the incident
lg [ ]

19. The theoretical and experimental reflection curves of a
typical three-layercd refleetion-reducing film are showm in Plate V,
This coating mas prepared from superimposed films applied to glass

n = 1,53) in the following order: (a) a quarter-wve length film of
1.80 index, (b) a half-wave length £ilm of 2.00 index, (c¢) a quarter-
wave length film of 1,47 index, For cach film the wave length con-

5=



sidered as o standard was 5250 A°, Here also the divergence of the.
theoretical and exporimental reflection curves may be due to variations
in the refractive indices of the materials for different wave lengths or
to the failure of the thicknesses of the layers to be properly matched.
Whatever the causes, some flattening of the refleetion curve has taken
‘place, resulting in lower reflection than wmas to be expected,

20, The transmission of a glass disc coated on both sides with a
three-layered reflection-reducing film is compared with that of a simi-
lar uncoated glass dise (Plate VI) and the curves clearly show the

large increase in transmission resvlting from such a treatment, The
tronsmission, however, is not as great as an examination of the re-
flection curve (Plate V) would lead one to expect it to be. This
divergence is due partly to the absorption of light on passage through
the glass disec but primarily to a slight haze that developed in the
éoating during its prcparation, Properly prepared coatings should not
have this scattering loss and thus should give evon better transmission,

2, Plate VII shows a comparison of the reflection curves of the (2)
German three-layered reflection-reducimg ocostipg and its component parts
and Plate VIII shows the corresponding NRL coatings. Analysis of the
Gorman coating indicates the first coating to have a refractive index
of about 1,70 and the second to have an index of about 2.40, The top
coating presumably has a refractive index of about 1,45, This combina-
tion of coatings does not fit the information received as to their

usual method of production tut the reflection-reducing coating is ex-
tremely efficient, Apparently with such a combination of three films

it is not necessary to keep either the thicknesses or the indices of

the first two layers within narrow limits, provided, of course, that

the proper thickness of the low index top coating is applied, Slight
deviations in thickness from perfectly matched quarter and half-wave
thick films seem to actually broaden the band of low reflection in

both the Germand and NRL coatings.

22, Plate IX ghows the rgflection curve of a German three-layered
reflection-reduci ng coatigg (2 prepared by Schott and Genossen (Jena)
from colloidal solutions of silicon and titanium compounds and applied
through a centrifuge process similar to that described in this report,
This coating was of about the same effertiveness in reducing daylight
reflection as the NRL coating but was more effective in reducing the
reflection in the blue end of the spectrum, However, its abrasion

resistence was much lower than that of the NRL coating (Table II).

23, On Plate X arc compared the spectral reflection es of
typica¥ coatings of magnesium fluoride, of the two-layered, 5) and
of the three-layered type on glass, The luminous reflection of the se
coatings toward I.C,I. Illuminant C is shown in Table I, where the
results are given in terms of the responsc of the daylight and night

«6-



adapted eye. The effectiveness of the three-layered coating produced
here approaches that of the three-layered coating produced by Schott
and Genossen through vapor deposition and is better than that of the
Schott and Genossen solution type coating, All of the three-layered
coatings are considerably better than the best of the two=-layered
type both to the daylight and night adapted eye, and these are, in
turn much morc effcctive than the best of the magnesium fluoride
cvaporated coatings.

2. The results of abrasion tcsts on some of these coatings are
listed in Table IT. The threc~-laycred coatings werd not as resistant

to ebrasion as werc two-layercd coatings prepared under thc same con-
ditions. However, they werc durablc cnough to withstand normol handling
and clcaning (rubbing with a handkerchief, ctc.). These coatings werc

much more durable than similar German coatings produccd from colloidal
solutio?s but werc not as durablc as those produced by the vapor-deposition
method ., (°)

VI. CONCLUSIONS AND RECOMMENDATIONS

25. Very effcctive rcflection-reducing coatings of the three-
layered type have becn prepared from solutions of the type developed

by the American Optical Co., The rcduction of rceflcction was greater

than an examination of the theorctical cquation would lcad one to expecct,
probably partly due to cxperimental errors in producing the films and
partly to the variation of the refractive indices of the materials for
light of different wave lengths, However, the maximum effectiveness to

be expected with this type coating cannot be obtained with these materials
as none of them has a refractive index as high (#i = 2.40) as would be rc-
quired for best results, '

26, The recommended procedurc for production of three-layered re-
flection-reducing coatings using the Amcriean Optical Company type
mnterials is as follows: (1) Apply solutien #158-F to clecan glass sur-
faces at 2000 r.p.m. in a room of low humidity, allow to dry 15 minutecs,
then boke 10 minutes at 50-60°C before removing from dry room, and
finally bake at 400°C for one hour; (?) Apply solution #155(&5 at 1500
r.p.m, and treat as above; (3) Re-apply solution #155(a) at 1500 r,p.m,
and treat as above; (4) Apply solution #50-Z at 5000 r.p.m. and treat
as above, Thesc intermediate bakings have been found necessary to pro-
duce films of the desired clarity. When the individual films were not
baked before addition of the next coatings, some scattoring of 1light
mas noted, oven though the actual reflection was gxtremely small,

27, It is recommended that these coatings be usecd only where
the absolute minimum of rcfleetion is dcsired, The difficulty of

producing coatings of this typec prohibits their use on the simpler
optical instruments,



28, It is recommended that other methods of producing these
three-layered coatings be studied, It is suggested that the evapor-
ation technique may be adapted to the production of these coatings,
thus making use of equipment already on hand., Unless directed to
the contrary, this work will be continued.

Vit SUMMARY

1. A study has been made of the adaptation of solutions of the
Ameriean Optical Co. type to the production of three-layered reflec-
tion-reducing coatings and has demonstrated that coatings of the seme
order of effectiveness as the German coatings may be produced,

2. The most effective three-layered films cannot be prepared
using the American Optical Co, type solutions since the material of
highest refractive index has a value of only 2,09 rather than about
2.40. Materials of this higher index are available, however, through
an evaporation process or through a vapor-depositien process such as
that developed by Schott and Genossen, Jena.

3. These three-layered coatings are considerably more difficult
to produce than coatings having fewer layers and therefore are practi-
cal only for special uses where the ultimate in the reduction of re-
flection is required. ‘

L. The study of other methods of production of these coatings
should be undertaken by those acquainted with other techniques, such
as evaporation,
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APFENDIX

Stock Titanium Solution. Prepared by the slow, careful addition of
15 ml. of titanium tetrachloride to 320 ml. of 95% ethyl alcohol.

Solution #155(a). Prepared by mixing two volumes of the Stock
Titanium Solution with one volume of 95% ethyl alcohol,

Solution #158-C, Prepared by mixing 64 ml. of the Stock Titanium
Solution with 80 ml, of a solution composed of 51,6 ml. 95% ethyl
alcohol, 46,9 ml, ethyl acetate, 5.02 ml, ethyl orthosilicate and
4.0 ml, hydrochloric acid, Allowed to stand overnight,

Solution 158~D. Prepared by mixing 64 ml. of the Stock Titanium
Solution with 80 ml. of a solution composed of 52 ml. 95% ethyl
alcohol, 47 ml. ethyl acetate, 10 ml, ethyl orthosilicate and 4 ml.
hydrochloric acid, Allowed to stand overnight.

Solution £128~F. Prepared by mixing one volume of #158-C with two
volumes of #158-D.

Solution #50-7. Freshly prepared every day by adding 4.0 ml, of
ethyl orthosilicate to 25.0 ml., of a stock solvent and allowing to
stand thirty minutes, The stock solvent is composed of 440 ml,
ethyl alcohol (95%), 400 ml, ethyl acetate, 50 ml. butyl alcohol,
and 34 ml, hydrochloric acid.
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TABLE I

Luminous Reflection of Coated Discs Toward
I.C.I, I1lluminant C.

‘ Reflection
{__Coating Type Producer Daylight Night
3-layer Vapor-deposition Schott & Gen. 0.21% 0.35%
3-layer Solution Schott & Gen. 0.56 0.37
3-layer Solution N.R.L. 0.26 0,38
2-layer Solution N.R.L. 0.81 0.50
MgF» Evaporation N.G.F, 1.43 1.31




TABLE IT

Results of Abrasion Tests

Type of Coating Producer Bake Rubs* |- Condition
of
Coating
3-layered N.R.L. 4,00°C 300 Seratched (about
, 1/20 removed)
3-layered N.R.L. 4,00°¢C 300 Few fine scratches
2-layered N.R.L. £400°C 300 Unmarked
2-layered N.R.L. 105°C 300 | Removed
Magnesium Naval Gun - 300 Unmarked
fluoride Factory
3-layered Schott and Gen.,| -- 300 Very slightly
(vapor-deposition) | (Jena) scratched
3-layered Schott and Gen.| -- 150 | Removed
(colloidal solu- (Jena)
tion type)

l

*Powdered magnesium fluoride used as abrasive in abrader developed

at the Naval Gun Factory.
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