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0. Abstract (Continued) Rela t

problem is that the values of 8¢ usually are much greater than the corresponding bulk
values Bﬁ?’l‘hv most likely source of this extra film absorptance is contamination of the
Tilm. The/numierous contaminants include water and such other molecules or molecular
ons as O3, HCO3, C103, etc. Contamination, particularly by water, occurs both during
deposition and upon exposure of the films to the atmosphere (where absorption by porous
films and surface adsorption are important), At 10, 6 pm only two molecular layers of
water or a packing density of 99,959 are required to give Ag=10"4, Spectroscopic and
L calorimetric measurements of Af(w) on very thick films and on normal-thickness films,
both on attenuated-total-reflection plates, should be madee Material-sclection guidelines,
including a bulk absorption coefficient less then L and a value of the index of re-
fraction in the Tequired range, arc developed and used to select the following 106 um ¢
candidate materials: ThEy, NaF’, Baly, Srhy, NaCl, KCl1, KGaF4, AsyS3, A52503, ZnS,
ZnSe, and T.', A method of distinguishing between surface and bulk ai)sorption in coat-
ings by utilizi g the fact that the electric field is zero on the surfaces of certain types of
coatings anc¢ nnzero on others is proposed.pnclusion damage of coatings is expected to
be similart . aclusion damage of bulk materlals, with the damage threshold being 1-10
J/em? for - wosccond pulses or 10 to several hundred J/cm2 for microsecond pulses, In-
trinsic damage is expected to occur at ~ 100 | cm? for a 10us gulse as a result of linear
heating of the coating for the case of Af =10"9 or at ~10 J/cm2 (i.e. | = 10GW per cm2)
for a 10 ns pulse of 1 to 10um radiation as a result of clectron-avalanche breakdown or
perhaps another nonlinear process. ‘Lhe lincar absorption (below the damage threshold)
by strongiy absorbing 1-ym-radius inclusions spaced 175 ym apart in the coating gives
risc to absorptance Ag = 1074, The calculated value of 25 K temperature rise (~D?) for
a typical detached film segment of diameter D = 2 mm is surprisingly small. The ther-
mally induced stress ccrresponding to 25K has a typical value of 20 MPa (3 x 103 psi),
which may be sufficient to cause additional detachment and a runaway process.
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PREFACE

This Sixth Technical Report describes the work performed on Contract
Number DAHC15-73-C-0127 on Theorctical Studics of High-Power Ultraviolet
and Infrared Window Materials during the nominal period from July 1, 1975
through December 31, 1975. The work on the current contract is a continuation

of that of the previous Contract Number DAHC15-72-C-0129.

In view of the urgency of the problem of obtaining coatings for high-power
infrared windows, a thcoretical program was initiated during the report period.
This program was given top priority, and the report period was extended ap-
proximately three months in order that the present report could be devoted to

coatings,

Results of our other ongoing programs will be presented in subsequent
reports, These programs include studies of impurity absorption in the vacuum
ultraviolet; multiphoton absorption; clectron-avalanche breakdown; source of
the long, strong, post-Urbach absorption tails in the vacuum ultraviolet; the
sources of current difficulties in explaining the optical absorption (cven the
position of the absorption edges) in alkali halide.; and surfacc-statc and re-

Jated absorption in wide-bandgap insulators.
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I. SUMMARY OF RESULTS

The results summarized below and the recommendations for future coatings

programs given in Sec, li afford an overview of the present report,

The most important result is that film contaimination must be avoided by

obtaining high-packing-density films and using ultraclean-deposition conditions,

including thorough baking of the entire system before deposition, high-purity

single-crystal starting materials, special care in evaporation, special substrate

preparation, and ultrahigh vacuum,

Y ) Absomtancc

e The major current problem with Ligh-power infrared coatings is obtaining

a sufficiently low optical absorptance.

e Valucs of film absorptance Af per surface of Af = 10-4, or absorption
coefficient Bf = O.Scm"l for film thickness £, = 2um, are desired in order to

avoid greater film absorptance than bulk absorptance.

e As a result of the coating absorptance usually being orders of magnitude
greater than the value corresponding to the absorption coefficient of the bulk
matcrial, the problem of obtaining low optical absorptance tas been even morc
difficult than the severe problems of obtaining stable coatings with ultralow re-

flectance plus the usual requirements for field operation.

e The most likely source of the great infrared absorption in coatings is

contamination, which can occur during deposition, after deposition as surface
adsorption or pore contamination, or before deposition as contamination of the

starting material,



Sec. 1

e Important contaminants include water, such other moleculea or correspond-
ing molecular ions a3 03, HC03. CIO3. NG,, COZ' NZO' CO,, HDO, SO4, CH4, and
various other hydrocarbons, and other less likely contaminants discussed in the
text.

e There is ample evidence in the literature for such contamination both
during deposition and upon exposure of the films to the atmosphere after deposi-
tion and for further contamination from longer exposure to the atmosphere, from

cleaning solvents, and from plastic packing materials.

e High-packing-density films are expected to be necessary to avold exces-

sive absorptance from contamination of the pores.

e Additional possible sources of the greater film absorptance are deviations

from stoichiometry and other 'ess likely sources discussed in the text.

e The ultraclean deposition conditions mentioned above are requirced in order
to avoid film contamination during deposition and substrate contamination before

deposition and to obtawmn stable films in some cases.

e Substrate-suriace preparation is important since the substrate condition
affects the coating quality, and the substrate-surface absorptance can be much
greater than 10-4 even before the coating is applied. In addition to infrared ab-
sorption by adsorbed layers on the surface, a damaged surface layer (resulting
from polishing, for example) could absorb water or ¢ her contaminants that in-

crease the absorptance,

o Assuming that the contamination of the substrate can be reduced suffi-
ciently by baking, that the contamination of the film during deposition can be

reduced sufficiently by the :ncthods suggested, and that the contamination of
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pores on exposure to the atmosphere can be reduced sufficiently by obtaining

high-density films, there still remains the problem of adsorption of contaminants

on the surface of the coating.

e As a result of this surface adsorption of contaminants, it may be difficult

to reduce the total optical absorptance of field-operated, 10, 6 um optical elements

bzlow ~4 X 10-4. Two molecular layers of adsorbed water formally give absorp-

tance Af e 10 per surface. A 99,95 percent dense, two-micrometer thick coating

with the remaining 0,05 percent occupied by water gives Af = 10-4 per surface.

e Limitations set by the surface adsorption of contaminants conceivably
could be avoided in some systems by using such precautions as cleaning the
window before use, possibly even by increasing the laser intensity slowly, or

maiutaining the window environment at an elevated temperature.

e Concerning the greater film than bulk absorptance, the only material
known to be depositable with film absorptance as low as bulk absorptance at
10,6 ym is ASZS3, with film and bulk absorption coefficients Bf = ﬁb =0.8
cm'l, which would correspond to a film absorptance A; = 1.8X 1074 for a

quarter-wave optical thickness of 2.2 ym.

The emphasis on the current importance of great film absorptance should not
be taken .o imply that there are no other problems with high-power infrared coat-
ings. Indeed there are other problems as discussed in the following sections,
These other problems, which do not appear to be as serious as the absorption
problems, will of course have to be conside ced if they are not solved automati-

cally in the process of lowering the absorption.
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¢ ¢ Mcasurements

Spectroscopic measurements of film absorptance Af as a function of frequency
w on very thick films and on coated attenuated-tot il - reflection plates, and calori-

met~ic measurements of Af at specific laser frequencies conceivably could be the

only absorptance measurements necessary if the high-density films deposited under

the ultraclean conditions are satisfactory. However, the films surely will have tobe
carefully characterized, and since it ix the rule rather than the exception that some
difficult es will be encountered in research programs, additional measurements

probably will be desirable, Measurement results are as follows:

e Attenuated-total-reflection (ATR) measurements of film absorptance at the
level Af % 10-4 are difficult to perform and to relate to the calorimeter value (nor
mally incident transmission, as spposed to oblique ircidence, with total internal
reflection at either the film surface or film-substrate interface). Nevertheless,
even measured values of Af greater than 10-4, with the interpretaticn difficulties,

arc useful, especially in showing characteristic absorption bands of impurities.

e Previous usc of 45° ATR plates for all substrates and films is snown to
cause difficulties in interpreting data as a result of non-total internal reflection.

Appropriate ATR-plate angles should be used in the future.

® Spectroscopic measurements of Af(w) on very thick films, both at normal
incidence and on ATR plates, should be useful for materials which can be depos-

ited as thick films.

e It may be possible to distinguish between absorption at the surfaces of
coatings, in the bulk of the coating, and at the coating-substrate interface by

calorimetric studies of three films evaporated simultaneously, one with half-wave
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opt.cal thickness on a mectal substrate (electric field E = 0 at surface and
interface), one with quarter-wave optical thickness on the metal substrate
(E # 0 at surface and E = () at interface), and one with half-wave optical

thickness on a transparent substrate (E # 0 at surface or interface).

e Self-film growth and characterization, including film-thickness and

single-deposition-vs-multiple-deposition effects, would be useful,

e In situ measurenwx 'ts of Af are needed to distinguish the sources of
absorption generated during and before the deposition from those generated by

exposure to the atmosphere,

® Measurement of absorptance at the water-absorption peaks at ~3ym
and ~6um for polycrystalline films that have been exposed to high humidity
and to water, possibly at elevated temperatures, arc needed to rule out the re-
mote possibility that it may be necessary to use a glassy or perhaps an amor-
phons or polymer film as the outside film of coatings to avoid high absorptance

trom water contamination of pores.

e Film-packing-density measurements are important since high-density
films are required for low absorptance and for stability. Substrate temperature

is important in obtaining high packing densities, at lcast in fluorides.

o e Guidelines for Selcct‘.ng New Materials
b T——— —

Figure-of-merit-type analyses, which were useful for window materials,
arc not wppropriate for sclecting coating-material candidates since the coatings
must satisfy a number of independent requirements, Thus, the following guide-

lines for selecting vandidates are given in place of the figures of merit:

.
P 2.
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e The value of the bulk absorption coefficient B, must be less than a

required value such as 0.5 cm™J,

® If the recommendations of Sec, II fail to produce values of the film ab-

sorption coefficient 3f less than 0,5 cm-1 (for materials with Bb < 0.5 cm-l),

a guideline for obtaining ﬁf < U.5 cm-l will be sought.

o The value of the index of refraction ny must be within the required range.

In multilayer coatings, at least one low-index and one high-index material is re-

quired.

e The stress in a film is cetermined by the thermal-expansion-coefficient
mismatch, by contamination, and by an intrinsic contribution. The former should
be calculated for all new films to verify that it is sufficiently small to prevent
failure. Other available information on film stress should be used as discussed

in Sec, VI.

® Nonhygroscopic materials are desirable, although it is presently believed

that hygroscopic materials possibly can be used as an inside layer of a multi-

layer stack.

e High-purity, single-crystal starting materials must be obtainable. The

single-crystal requirement may be relaxed later in the program,
® Matcrials must be nonradioactive and nontoxic for some applications.

® The hardness of the outside materials should he great for coatings that

must pass abrasion standards.

® Previous experience with the materials In question should be ~onsidered,

but caution is required to avoid misleading negative results,



® The following properties are desirable, but are difficult to predict for

matcrials that have not been prepared previously in thin-film form:
film packing deneity
stability (water or other chemicai attack, thermal or photo decomposition)
deposition compatibility in multilayer coatings
adhesion to substrate
stoichiometric in thin-film form

no adverse diffusion cffects at interface.

e o Candidate 10,6 yum Coating Materials

Materiais for 10. 6 uim coatings are discussed in Sec, XI, and a list of
materials selected as the most promising for immediate study is given at the

end of Sec, II.

ee Candidate 2-6 um Coating Materiais

Materials for coatings in the 2-6 yum region will be considered in subsequent

reports. Some general comments about 2-6 ym materials are given in Sec, XII.

o0 Humldig Protection

o Glassy films such as A8283 offer the greatest potential for protecting

underlying materials from moisture attack,

& In a subsequent report, the possibilities of using polymer films for protect-
ing substrates or antireflection layers from moisture attack and of reducing ad-
sorption cf water on the surface of antireflection coatings will be considered. In
addition to the technical problem of obtaining nin-hole-free films, there are poten-

tial basic problems of high moisture-vapor transmission through the films and of

high infrared absu-ptance by the films,
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e It is not likely that polycrystalline films can protect large arcas of alkali

halides from moisture attack.
. certain, that polycrystalline films can be

0-4 to be attained

e It is probable, though not ye

sufficiently dense and sufficiently hygroscopic to allow Af =1

in carefully prepared films.

e Priority of future rescarch on amorphous semiconductor films is low

since the likelihood of obtaining Bf less than 0.5 cm-l is small.

ee Lascr Heating

e For cqual film (two surfaces) and bulk absorptances, 2 Af = Ab =2X 10-4,

the film and buik contributions to the spatial average of the window temperature,

which determines the thermally induced optical distortion, are equal and have the

total value Ttot = 1.0K, which is sufficient to causc thermally induced optical-

distortion failure in some cascs.
e In a typical system with repeated short pulscs, only the time-average heat-
ing nced be considered (apart from inclusion damage, nonlincar cffects and possible

more stringent conditions of future systems -- SCC Sec. VIIl).

e The linear absorption (below the damage threshold ) by strongly absorbing

((rabq = ﬂaz) one-micron-radius inclusions spaced 175 ym apart in the coating
-4

gives risc to absorptance Af =10 .

ee Lascr Damaﬁc

e Inclusion damage is expected to occur at energy density Itp

= 1-10 J/em?

for nanosecond pulses or at values of Itp ranging from approximately 10 to sever-

al hundred joules per square centimeter for microsecond pulses. In principle,

values of ltp < l]/cm2 are possible for nanosecond through microsecond pulses.
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e Intrinsic damage of coatings is expected to occur at ltp > losj/cm2 for
a pulse of duration tp = 10uds and Af = 10-3 as a result of linear heating of the
coating, or a. ltp > 100 J/cm2 (or 1 =10 GW/cmz) for a 10 ns pulse of ~1to

10 ym radiation as a result of electron- avalanche breakdown or perhaps another

nonlinear process.

e Intuitively it appcars unlikely that all inclusions could be removed from
a large window., Thus the lower-threshold inclusion-damage process, rather

than an intrinsic process, is expected to determine the damage threshold.

ee Damage of Detached Arcas of Film

Large areas of coatings that are thermally isolated from the substrate could

cause coating failure:

e The calculated value of 25K temperature rise for a typical detached film

segment of diameter D = 2 mm is surprisingly small.
e The cemperature is proportional to D2.

e The thermally induced stress corresponding to T = 25K has a typical value
of 20MPa (3 x 103 psi) which may be sufficient to cause further detachment, then
further temperature increase since T ~ D2, and possibly a runaway condition re-

sulting in damrage.
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Sec, 11

Il. NEAR-TERM RECOMMENDATIONS

The following recommendations are based on conversations with tnvestigators
having expericnce .n deposition of thin films, on information obtair.ed from the lit-
erature, and on the simple anaiyses in the following sections. The recommenda-
tions are for a near-term program having the goal of obtaining satisfactory high-
power infrared coatings. Studies of such longer-range problems as developing
additional film aeposition methods, developing improved methods of measuring
the frequency dependence of optical absorption at low absorptance levels, or
studying basic phenomena are not considered. Only the preparation of films
under rescarch-laboratory conditions, which is the first step in obtaining usable
coatings, arc considered directly. The ultimate applications and the problems of
production of ficld-use coatings should of course be kept in mind throughout the
near-term program to avoid obtaining a brilliant solution to an uninterestirg

problem,

It is hop=d that once the problems of obtaining low-absorptance stable ccat-
ings with the desired propertics have been solved, the stringent deposition con-
ditions can be - elaxed. Indeed, the engincering problems of cariying out &
successful laboratory film to the production stage could be more difficult than
the problems considered here of obtaining successful laboratory films, Concern-
ing scale-up to large deposition arcas, several laboratories already have large-
deposition-arca capabilities. The question of whether or not these facilities can
be used to deposit low-absorptance films cannot be answered at present of course

since even the near-term laboratory-film results are not yet available,

10
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Substrate preparation, film deposition, and film measurements should be
carried out at a single location. Such a program will be larger than the individ-
ual coatings programs supportcd in the past. The need for such a large single

program is dictated by the severity of the high-power coatings problems,

ee Film Deposition

e ac substrate and the entire vacuum chamber should be baked at a hﬂ.{ﬂ

tempera.ure for a long time in order to remove adsorbed material, to prevent f

readsomption and contamination during deposition, and in some cases to obtain

stable films,

The required temperature and time of bake vary from one film-substrate
combination to another, In one case, 600 C for one day was required to prevent
a film from leaving the substrate on removal from the vacuum system. The
baking temperature will in general be different from the substrate temperature

at deposition,

In other numerous cases films will adhere to substrates without special pre-
cautions, However, in order to obtain low values of absorptance, and in view of
the known sensitivity of absorptance to trace amounts of impurities, extreme care
must be exercised in deposition, substrate preparation, and selection and purifica-
tion of starting materials, Such preca  .uns are especially important in the near-
term programl when the sour-cs of the film problems are being sought and when
new film materials are being tried. Films which could not be deposited success-
fully in origiunal tries have been entirely satisfactory when proper depo sition care

was exercised.



e State-of-the-art ultrahigh-vacuum deposition systems should be uscd.

Even though ultrahigh-vacuum systems (less than 1,3 x 10.7 Pa, or 10-9 torr)
are expensive to construct and to operate, they should be used since contamination
of films during deposition has been identified (Sec. 1V) as a major problem in high-
power {ilms, Even though there arc cases in which film quality is reported to be
insensitive to substantial changes in the deposition pressure, the best available
vacuum system should be used in the study of low-absorptance films. First,
ultrahigh vacuum alone, without all the other precautions, is not expected to be
effective. Ultrahigh-vacuum deposition of contaminate starting material is not
expected to give low-absorptance films in general, Second, a lowering of absorp-
tance for values below ~10-2 would not have been detccted in most previous film
studies. It is possible that lower vacuums may be tolerable at later stages of the

program after the initial problems are solved, Indeed, it may be impractical to

Nt o

produce coatings on large windows under ultrahigh-vacuum conditions.

-

e The optimum substrate temperature must be determined and used.

Substrate teinperature is critical in obtaining maximum film density (for
minimum water uptake on cxposure to the atmosphere) and maximum film sta-
bility. Trial and error are nccessary to determine the optimum substrate tem-
perature. Substrate-temperature requirements arc known for some materials,

but even these requireuients could cliange wiien the strict deposition conditions

are maintained.

e Only vacuum-evaporation deposition should be used in the near-term

P rog rams.,

Although there are a number of deposition techniques that appear tc be

promising, previous difficulties in depositing stable, low absorptance films

12
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by methods other than vacuum vapor deposition strongly suggest that only vacuum

iz . 1
deposition be used in the near-term program,. Unless the ultraclean, vacuum depo-

|
\
sitions fail to produce acceptable coatings, depositions by other methods should be }
l
considered as studics of advanced deposition methods, not as studies of coatings ‘

\

for high-power infrared optics.

e Extreme care must be exercised in the preparation of the material to be

deposited. Only dense single-crystal, low-absorptance starting material should

be used.

The following comments from Ritter's article,'2 arc highly relevant: '"The
preparation of the material to be evaporated is of consicerable importance for
the deposition of high quality optical coatings. Crucial properties are purity, .
gas content, and grain size, It is highly recommended that one uses vacuum
sintered and outgassed materials or even pieces of dense single crystals to
avoid gas outbursts and spattering during the evaporation process. Powders
are normally not sultable, since they have too much adsorbed gas, which is
desorbed during heating and leads to pressure rlse and spattering of material,
even to jumping out of the boat, Sume fluorides tend to form oxide or carbonate
l:yers on the surface. These layers may impede free evaporation nd causc
sudden spattering of the evaporants,” Ot'ier precautions such as particle filters
and great distances to the substrate should be exercised. Hughes Research Lab-
oratories 1"ound,*3 that commercially available A3283 was no?'a’satlsfactory for

high-quality A52 S3 films,

e Stoichlometry must be obtained.

Nonstolchiometric fllms are unstable and have great absorption,

13
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e e Substrates

e Only substrates with state-of-the-art surface preparation should be used.

The Importance of surface absorption at absorptance levels even as great as

10-2 and wtne importance of substrate smoothness and cleanliness on film quality

arc now £nown.,

e ATR plates with one third of the plat> uncoated, one third coated with a
film of normal thickness, and one third coated with a very thick film should be
uscd as substrates. The appropriate angle for the given substrate-coating com-
bination should be used and the Raytheon-plate dimension, 2 mm thick and Scm

long, shouid be used.

e The thick and thin films should be codeposited by shuttering the area of
the thin film until most of the thick film has been deposited. It should be verified
that the absorptance of this thin film is the same as the absorptance of a similar

thin film grown in a separate deposition without the long shuttered time.

e Later in the prograin it may become desirable to make depositions
simultancously on substrates of fire-polished quartz, the most highly trans-
parent material available, the coating material (self film), and the substrate
material to be studied, and on a metal. The fire-polished quartz substrate is
‘or ultimate smoothness. The highly transparent material is for attenuated-
total -reflection and calorimetric studies of film absorptance. Later in the
program, quarter-wave and half-wave optical thickness on highly reflecting

surfaces may be useful as discussed in Secs. V and 1.

14
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ee Measur ments

e The near-term nrogram should include spectroscopic measurements of
Af(w) on very thick films, on attenuated-total-reflection (ATR) plates coated
with standard-thickness films, and on ATR plates coated with very thick films
(cven though difficultics in interpreting the experimental results have prevented

accurate dctermination of the magnitude of Af in the past).

e Lasecr-calorimetry measurcements at specific wavelengths also should be
included in the ncar-term program  since small values of absorptance can be

measured,

e Measurement of absorptance at the water absorption peaks «t 3 ym and
6 um for polycrystalline films that have been exposed to high humidity and to
water, possibly at elevated temperaturcs, should be made to rule out the remote
possibility that it may be necessary to use a glassy film, or perhaps an amor-
phous or polymer film, as the outside film of coatings to avoid high absorptance

from water contamination of pores.

e Military-specification tests for adhesion, abrasion, and humidity resis-
tance already are routinely used and should be continued. Accelerated humidity-

resistance tests should be added.

e Improved methods of measuring small values of absorptance in the range
of 10-4 as a function of wavelength ¢-om Z through 14 pm are badly needed and
should be supported., However, previous attempts to make such measurcments
using a variety of different techniques have all encowrtered serious technical
difficulties. Thus it is strongly recommended that the near-term coatings pro=
gram should proceed independently of any measurement-devclopment program

and should not await the results of these measurement-development programs,

15
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The requirements for additional measurements, discussed in Sec. V, will

depend on the outcome of the first phases of the recommended program,

ee Film Materials

e Studies o_f new miaterials should not be undcrta'_cn for conditions other

than those specified above,

Even though new coating materials are urgently needed, it would be eco-
nomical to first obtain the state-of-the-art vacuum-deposition systems and the
methods of measuring low values of B(w). Any failures of coatings of new ma-
terials deposited under noneptimum conditions would be of limited value and
could be misleading since it is known that good films ha'e been deposited with

s . : - 4
sufficient care after failures under nonoptimum conditions.

e 'The following 10. 6 um candidate film materials are sclected as the most

promising:

Low-index materials High-index materials
ThF‘4 ZnS
Naf* ZnSe
BaF2 A8253
Ser As2503
NaCl T1l
KCl1

KGaF4 + othe~ Cryolic-

tyy » materials

The Cryolite-type materials are mixture - of (Na, K, Rb)F and (Al, Ga, In)F, .

e The material-selcction guidelines of Sec. X and the information in Secs.
X, XI, X11, and X111 should be used in selecting coating materials for the ncar-

term program,

16
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11I. BACKGROUND INFORMATION

In this section coating requirements and problems are discussed in general

terms, a.d some uscful backgi ound information is given, Results of this scction

include:
e Coating requirements and coating problems, listed below with heavy dots,

illustrate the severity of the high-power coating problem,

e Problems of surface absorptance and substrate preparation are as impor-

tant as problems of coating materials.

e A rcasonable current required value of absorptance per coated surface of

Af = 10-4, which corresponds to absorption coefficient Bf =0.5 cm-1 for film

thickness £, = 2 um, is obtained by requiring the film absorptance to be no greater
than a typica! bulk absorptancc.

e The following typical valucs of parameters arc chosen for usc in examples

3W/cmz, film

throughout the report unless specified othierwlse: irradiance 1=10
and bulk thermal conductivity Kf = Kb =5x 10-2 W/cmK, film absoiption coeffi-

! cm-l, film thickness

cient Bf = 0.5cm-1, bulk absorption coefficient Bb =10
ki = 2 ym, window thickness £, = 2 ¢, film absorptance per surface A, = szt.
= 10-4, bulk absorptance A, = B & = 2% )0-4, wavelengta X = 10, 6yin, and lascr

pulse duration t = 10 sec.

Excerpts from the literature are included in Sec, X1iI, which Is an Important
part of the report, Most of the results from Sec. XIII are not repeated in the other
sectlons. Our comments interjected in brackets are Intended to inter-relate the

references and to relate the results of this report to those of the references.

17




Throughout the report, asterisks denote references that are excerpted, Sec. I,

Summary of Results, and Sec, I, Near-Term Recommendations, together scrve
as a summary of the results of the report, Short section summaries zre included

at the beginning o1 each section.

The overall objective of current Department of Defense high-power infrarcd-
material coatings programs is to obtain antireflection coatings that can withstand
high powers as well as having the usual properties required for low=-power use,
The specific objective of the Xonics program is to provide theoretical studies for
use in current and future coatings programs. The potential impact of the pro-
grams is great in view of the importan~e to high-power laser programs of obtain-

ing satisfactory coatings and the current difficulties in obtaining such coatings,

The motivation for the study is as follows: The success of the recent high-
power infrared-laser-development programs created an urgent need for highly
transparent window materiais, and the subsequent successful developments in the
window-materials programs have now created an immediate need for antireflec-
tion coatings. There is a vast history of antireflection-coating research ard di-
rectly related research. However, only a small fraction of this research has been
concerned with coatings that can withstand high infrared intensities. Some of the
relevant literature is excerpted in Sec. XIII for the convenience of the reader ac

mentioned above,

At the beginning of the Xonics program, it appeared that the coatings prob-
lems were so severe that the current experimental programs were not likely to
yield completely satisfactory results. Thus, there was an immediate need for a
program to provide theoretical studies to Support current experimental coating
programs and perhaps suggest additional programs, The present program was

designed specifically to meet this need,

18




The preliminary results are extremely encouraging: (a) The most important
coatings problems have been identified, This is significant since investigators in
the field currently do not agree on which problems are important. Opinions range
from stress in the filins, to obtaining more materials to afford a wider choice of
values of index of refraction, to absorption by surface phonon modes. (b) Suffi-
cient evidence has been found in the literature to afford a good case for film con-
tamination being a major source of high absorptance in films. (c) Suggestions have
been made for measurements that are needed. (d) Recommendations for a program
to obtain satisfrctory coatings have been made. (c) Guidelines for sclecting candi-
date materials have been developed and used to select a set of materials to investi-
gate experimentally, Other results are summarized in Secs. I and Il and discussed
in the following sections. The immediate needs of the coatings program arc now
clear. Specific ultraclean deposition conditions are required, and high-density,

stoickiometric films are nccessary.

The empnasis of this report is on 10, 6 um systems, although most of the re-

sults are gencral and apply to other infrared systems as well. The problem of
obtaining coatings for 2-6 um systems is expected to be less difficult than for

10, 6 ym systems, as discussed briefly in Sec, XII,

The py~“lem of obtaining satisfactory antireflection and/or protective coatings
for high-power infrared windows is difficult, particularly at 10. 6 um, The coatings
must satisfy a number of independent requirements, each of which may put severe
restrictions on the coating. (Thus, figure-of-merit analyses, such as those used
for windew matcrials,s'.8 are not useful at the present stage of coatings studies, )

The resulting overall requirements are so stringent that there are no completely
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satisfactory coatings, and there arc only a few candidate coating materials for

use at 10.6 ym at present, In very general terms, the requirements include:

e low reflectance

e low optical absorptance (A < 10-4, for example)
e low optical scattering

e good adhesion to the substrate

e ability to be prepared as thin films

e homogeneous and flat over large areas

e great hardness

e low radioactivity and toxicity

e high damage ti resholds for short, high-intensity pulses in some
applications

e withstand humidity, temperature changes, abrasion, radiation, and chemical

attack in some applications

e acceptably low cost,

At present no specific requircments, such as the values of absorptance, hardness,

etc., have been established,

It is important to realize frvom the beginning that the coating problem is

strongly related to the surfacc problem, Problems of surface absorption and sub-

strate preparation in general are as important as problems of the coating materials,

There are measured values of absorptance of surfaces, before a coating is deposited,
that are greater than currently acceptable values, Even a monolaycr of some ma-
terials adsorbed on a surface can cause unacceptably great optical absorption,

Since applying a coating to an absorbing surface is not expected to reduce the

20
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absorptance, the surface absorptance problem must be solved before the coatings

problem is solved, It is also known that substrate preparation changes the prop-

*
crties of a coating in general,

As was the case in the window-materials programs, one of the cardinal prob-

lems is the paucity of materials with low absorption at 10, 6 ym. This particular

problem appears at first to be less severe for coatings than for window materials
since the much smaller thickness of the films allows the use of materials with
greater values of optical absorption coefficient 8. For example, a value of B

= 10-4cm“l is currently desirable for a window material, It will be shown below
that a film matcrial for 10, 6 ym use can have a value B; = 0.5cm ! and still be
compatible with a two-centimeter-thick window with g = 10-4cm-1, roughly speak-
ing. The advantage of being able to use materials with greater values of 8 in films
is partially offset by the fact that the value Bf of the absorption coefficient of a
material in the form of a film usually is greater, by two to four orders of magni-
tude in some cascs, than the corresponding value Bb of the bulk matcrial, The
scverity of the absorption requirement for 10,6 um coatings is illustrated by the
fact that the value ﬁf =10 cm-l for the popular and currently important infrared
coating matcrial ’]1‘4 is a factor of 20 greater than the compatibility value Bf

= 0.5 c:m-1 from above, Also, materials with a range of values of the index of

refraction n_ are required for coatings.,

These and other specific problems with coatings are:

o difficulty ir. obtaining low absorption, Bf >> 6b for most coatings

e only a few candidatec matcrials

e nced materials with a range of values of index of refraction n_
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e neced method of measuring frequency dependence ﬁf(w) of Bf in order to
identify source of absorption

¢ some materials craze or detach from substrate, especially for thick

coatings

® some materials lack stability, especially resistance to moisture

e compatibility of layers in multilayer coatings

e good thermal contact with substrate is required

e scme importart film materials are radioactive (ThF4) or toxic (T11)

¢ atmospheric contamination, including water, of surfaces and pores of
films may be difficult to eliminate

e substrate preparation often is difficult

e interface contamination .
|

e diffusion of ions at interfaces

® strcss in coatings

e optical scattering.

The most pressing of these problems are discussed in the soctions to follow.

It will now be shown that a reasonable current required value of absorptance

per coated surface is Af = 10-4, which corresponds roighly to Bf =0.5 cm'l or

extinction coefficient K = 4,2 x10"> at 10, 6 ym. The goal of recent Department

of Defense programs was an order of magnitude smaller, Af = 10-3. The lowest

9

» 4
value of Af for a 10,6 um coating reported to date is Af =3x10 ¢ for a two-

layer ThF4/ZnSc coating on ZnSe. The lowest value of Af reported for a stable

- »
coating on KCl1 is Af =1,9x10 . per surface, 10 This current desired value of
A; =107 is based on compatibility with the bulk absorption in window materials,

4em ! is now a commonly mentioned value, All of these

for which g, = 107
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numbers are to be taken as typical values. Even smaller values of B for both
films and bulk matcrials already would be highly desirable and may be a neces-
sity for future systems, Finally, it should be mentioned that B =0.5 cm-1 is
only a typical value, and that the value Af = 10-4 can be achiceved with a coating
material having Bf somewhat greater than 0.5 cm-l. An example is a multilayer
coating in which a layer can oc both thin and located at a position of low clectric

*”
ficld, as has been shown at the Hughe~ Rescarch Laboratory. 9

In Sec, VII it will be shown that since thermnally induced optical distortion,
rather than melting or fracture, often limits the values of Bf and Bb’ a conven-
icnt measure of compatibility of the coating and bulk absorption is cqual absorp-

tance by the two coated surfaces and the bulk,

2he = Ay
(rather than equal values of the maximum temperaturc rise from bulk and coating
absorption). For Bblb << 1, where Lb is the window thickness, the absorptance
of the bulk is ﬂbtb, and for Bf .tf << 1, the absorptance of the film is szf.

Equating 2ﬁftf to Bblb gives

By = (£,/2L0)B, ke = (4/2000K,

(3. 1)
1 3.1

(10*g )0.5em™t for 4, = 2cmand 4, = 2pm .

B¢

4

Thus, for Bb = 10 cm-l, the value of Bf from (3.1) is ﬁf = 0.5 cm™! and the

corresponding value of Af is 10'4. as stated above. The corresponding value of

K. at A = 10,6pm is Ke = 4.2 10-5, which follows from the general relatio

x
]

/4w
(3.2)

8.44 x107°8 at 10, 6ym
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. . -1 o - y .
with B in units of cm ~. The extinction cocefficient K is of coursc the negative

of the imaginary part of the index of refraction, n = n. - iK.

High-power infrared coatings to date have consisted of at least two layers.,
1 v : ¢
Harold Posen 1 and coworkers at Air Force Cambridge Research Laboratories
state that three-layer coatings are current state of the art at 10, 6um. There are

i )1/2

cannot be found in gencral. In this regard it should be kept in mind that for other

so few candidate materials that a coating material with n

rcoat ' rwindow

applications mixtures of materials have been used to obtain specific values of n_.

‘The necessity for multilayer coatings puts such restrictions on the coatings prob-

lem as the requirement for materials with both high and low values of the index
of refraction and limitations on the "substrate” temperature and possibly other

deposition conditions for the various layers of the coating.

The current : tatus of 10. 6 ym film materials and of 10, 6 ym antireflection
coatings is sumraarzed in Table 3, 1. Notable fratures of the table are as fol-
lows. 'Ths hest antitvflection coating that passed the adherence, humidity, stabil-
ity, and abrasion tests was a ThF4/ZnS coating on ZnS from the Hughes Research
Laboratories, The value of Af =6X 10'4 is a factor of six greater than the cur-

rer ly desired value of 104, (The value of A; was less than the goal of 1073

for
that program,) The lowest value of Af obtained to date for a 10. 6ym antireflec-
tion coating was 3 x 10_4 for a ThF4/ZnSc coating deposited on a ZnSe substrate
at the Hughes Research Laboratory., This coating passed the adherence, humidity,
and stability tests, but failed the abrasion test. There are seven matcrials that

have values of Bf that are within a factor of three of the required value of 0.5

cm-l. In addition to the current low-index material thorium tetrafluoride, the
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only other of these six matcrials that has a low valuc of the index of refraction
is KC1. It is not yet clear if coatings conta.ning KC1, cven as inside layers, can

withstand high humidity for cxtended pe riods of time,

‘Ihe only material for which the film absorption cocfficicent ﬁ[ is caual to the
bu" »bsorption cocfficicnt Bl) is arscnic trisulfide, with Bf = ﬂb 0.77 (-m-l.
Potassium chloride, cadmium telluride, and zinc sclenide have valucs of Bf that
arc three to four orders of magnitude greater than the corresponding valucs of fih.
‘The value of ﬂf for thorium tctrafluoride usually is quoted in the literaturc as

Bf =10 cm'l; however, a value of Bf < 1.2 cm-l has been obscrved in onc casc.

The following values of parameters will be used throughout the coating study

unless spec.fied otherwise:

I = 10° W/em® K, = K = 5x10°% W/emK

Bf = 0.5 cm-l Bb = 10-4cm-l

Lf = 2M4m L, = 2cm (3.3)
=k 4

Abzﬁbzz 25107

A= 10,64m tp =10s

Here the subscripts f and b denote film (coating) and bulk values, respectively,
I is the incident irradiance (intensity), K is the thermal conductivi'y, B is the
absorption coefficient, £ is the coating or window thickness, A is the absorp-

tance, tp is the duration of time the laser Is on, and X is the laser wavelength.

The value of C is near 2_l/cm3 K for most materials, and the value of K

typically ranges from 3 x 10'3 W/emK for T11173 chalcogenide glass to 0. 13

26
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for zinc selenide. Since the value of | can vary considerably from system to
system and there is no typical value of I, the value of 1 = lO3 W/cm2 is chosen
as representative; the resulting typicel temperature rise T = 1K, from Sec.
VIl also is a rcpresentative value, The choice of tp = 10s also is arbitrary.
For t >> 10s, the cooling of the sample must be considered. This introduces a
whole new phase of engincering considerations that would obscure the central re-

sults of interest here. The other values in (3. 3), which are typical values for sys-

tems of interest, are discussed as they arise.

The following conversion factors and relations are listed for convenicence:

B = 4—;’—5 = (ﬁ) (m;fi"—“) 1.19 cm !

1,450 x 104 psi = 10,00 dyne/cm? = 9.869 x 10" normal
atmosphere (760 torr)
5

1Pa

1075 bar = 7.502x 10”2 torr (mm Hg @ 0 C)

1,020 x 10”7 kg force/mm? (Knoop units) = 1,020 x 10> kg force/cm?
1 normal atmosphere = 760 torr = 1,013 bar = 1,013 M dyne/cm2

10 ncrmal atmospheres = 1,013 MPa

100 normal atmospheres = 1,033 Knoop = 1,033 kg force/ mm2

1eV/A = 1.6x 10 4 dynes = 1.6x 107 ! n

LeV/A - 3.0x 10" dynes/cm” = 20 GPa = 3.0 10% psi
(2.8A)
where 2.8A = 0.28 nm !s the near-neighbor spacing in NaCl

1 eV/molecule = 24 kcal/mole

1gmil/(100 in®) 24 hr = 4.56x 10”11 g/cm sec .
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The following glossary of terms is included for the convenience of the

reader:

Macroscopic porosity. This term is used to indicate that the pores in the film

material are suificiently large to absosb water or perhaps other contaminants, The
ordinary density, that is the mass per unit volume, can be less than the theoretical
value for a perfect crystal as a result of such imperfections as vacancies that are
different from the large pores involved in water absorption. Harold Poscn11 sug-

gested that this distinction be clearly made.

Mechanical stability. In this report, mechanical stability will mean the resis-

tance to crazing, cracking, clouding, and removal from the substrate resulting

from stresses and/or weak adhesion to the substrate.

Near-term program. The emphasis in this report is on obtaining satisfactory

high-power coatings i~ the shortest possible time for a reasonable commitment of
funds. The near-term program recommended in Sec. 11 was designed for this pur-
pose. Many studies, including investigations of new methods of measuring absorp-
tance and methods of deposition other than vacuum cvaporation, which are of basic
interest or are of interest in longer-term programs are not included in the near-

term program,

Packing density. The term packing density, which is often used in the thin-

film literaturc, should not be confused with the packing density of spheres in the
clementary model of a solid, as a system of packed spheres. In the present re-

port, high packing density and low macroscopic porosity have the same connotation,
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Low vacuum, 105- 3.3 x 103 Pa , (760-25 torr)

Medium vacuum, 3.3 x 10°- 6. 13 Pa , (25-10'3 torr)
High vacuum, 0,13-1.3 x 10" %pa (107°-107%
: -4 -7 -6 -9
Very high vacuum, 1,3 x10 "-1,3x10 "Pa, (10 "-10 ° torr)

Ultrahigh vacuum, iess than 1, 3 x 10-7 Pa , (less than 10.9 torr)

torr)

Very thin coatings. Unless specified otherwise, this term will denote coatings

that ~re approximately 50-100 nm thick, which are used for protective coatings to

reduce water adsorption and/or increase abrasion resistance.
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V. POSSIBI.E SOURCES OF ADDITIONAL ABSORPTION IN COATINGS

The most important result of this scction is that the most likely source of the

extrinsic absorntion in coatings is contamination, which can occur after deposition

by surfacc adsorption or by pore contamination of porous films, or it can occur

during evaporation. Contaminants include water and other atn.ospheric contami-

nants and many others listed below. Specific results include the following:

e Onc of the major current problems of high-power infrared coatings is that

infrared absorption in a coating usually is much greater than in the vulk materials,

e The only matcrial known to be depositable with film absorption coefficient

as low as the bulk absorption coefficient at 10, 6 ym is As?Ss, with film and bulk

absorption coefficients Bf = Bb =0.,8 cm-l, which would correspond to a film ab-

sorptance Af =1.8x 10-4 for a 10, 6um half-wave optical thickness of £ = 2,2 um,

e Film contamination by water, by such molecules or corresponding molecu-

lar ions as 03, HCOB, C103, NO,, CO,, CO, N

29 e 2O, HDO, SO4, and CH4, or by other

contaminants is the most likely source of the greater film absorption, Contamina-

tion includes surface adsorption and absorption by porous films during and/or after

deposition, adsorption on substrates prior to deposition, and contamination of the

bulk film during deposition, Compounds containing O3 are cspecially important

at 10. 6 ym.

e Surface optical absorption is a major problem, even on uncoated surfaces,

e Other possible sources of the greater film absorptance are deviation from

stoichiometry and other less likely sources discussed below.
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e It is possible that an overall absorptance of 10-4 may not be achievable

for 10. 6 um ficld-operated windows. Two monolayers of adsorbed water give ab-

sorptance A, - 10'4 per surface. A 99,95 percent dense, two-micrometer-thick

f
coating with the remaining 0,05 percent occupied by water gives Af = lO-Tpcr

surface,

Film absorptancc. One of the most scrious problems with coating is the

greater optical absorption in films than in the bulk materials. The sbsorption co-

efficient is two to four orders of magnitude greater in films than in the bulk ma-
terials in some cases. In fact, it is the rule rather than the exception that the
value of the absorption coefficient B is greater in a film, Bf, than in the bulk,
Bb' of the same material. We would like to know if the additional absorption can

be eliminated and, if so, how to best accomplish the reduction,

In order to design the most effective experiiuents to determine the source of
increased optical absorption in films, it is useful to consider possible sources of

the greater absorption, Possible absorption mechanisms include the following:

e film contamination (contaminants are listed below)
o deviations from stoichiometry

e interface effects such as ionic diffusion across interfaces, contaminated
interfaces, or absorbing interface layers

e free-carrier absorption
e clectronic states, especially in amorphous films
e phcnon or electronic surface, interface, or film modes

e strain effects.,
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Contamination, It is proposed that film contamination is the most likely sourcc

of the extra optical absorption in films, There arc many possil..c contaminants, in-

cluding the following:

® watcer contamination

e contamination by such other molecules or corresponding molecular ions

as those listed in the section summary above

e macroscopic absorbing inclusions in the film or on rie substrate, including
polishing compounds

® precipitants

e diffused ions or molecules

o dirt

e dust

o pollen

e residues from plastic containers

e fingerprints

e particles spattered from the starting material
e residual-gas contaminants

e cleaning materials

® rinses.

In general these contaminants can be adsorbed on the surfaces of the coatings,
they could be on the substrate before the filin is deposited, they could be incorpo-
rated into the film material from the residual gas during deposition, they could be
incorporated into the film from the starting material from which the film is depos-
ited, they could be absorbed in the pores of the film after deposition, or they could

diffuse from the substrate to the film or from the film to the substrate.
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Vacuum vapor deposition and other thin-film deposition methods are after all
simply methods of growing crystals. R. R. Austin12 pointed out that the Raytheon
chemical-vapor-deposition zinc selenide and zinc sulfide samples are just ultra-
thick films, The difficulty with vacuum cvaporation and other thin-film deposition
techniques is that these techniques produce films that are extremely dirty by the

standards of high-quality crystal growth methods.

‘The problem of greater absorption in films than in bulk materials brings to

mind the problem from the carly phase of the high -power window materials inves-
tigations in which hot-pressed and sintered materials had greater absorption than
did single crystals. Therc was even the question if polycrystalline materials could
have as low absorption as single crystals. It is now accepted that greater absorp-
tion results from contamination of grain boundaries. Clean grain boundaries .nem-

4 cm 1. Indeed,

selves are not a source of absorption, at least at the level of ﬁb =10
the bulk absorption coefficient of polycrystalline KC1 with interally formed grain
boundaries is as low as that of single-crystal KC1, Thus, contamination of any open-
ings in coatings by watcr, absorbing molecules, dirt, or other absorbing materials
is a plausible possible source of absorption. The great variaticn from film to film

in reported values of Bf leaves little doubt that most reported values of ﬁf are

extrinsic values,

Water contamination, Water absorption in coatings and water adsorption on

coating and substrate surfaces are important possible sources of the extra optical

absorption, Water is a strong absorber of infrared radiation at wavelengths greater
P — L]
than ~2.7um, and is known to be absorbed in many coatings. 2 In particular, films

with low packing densities can absorb so much water that the value of the index of

refraction changes considerably. The pores apparently are cssentially filled with
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water, ‘The water absorption can occur on exposing the deposited film 1o the
atmosphere. Water vapor in the residual gas also can contaminate the fiim, The
packing density of a film is not only important from the point of view of its opti-

: , I
cal behavior but also of its mechanical and chemical stabidity.

The literature abounds with evidence of absorption from water in films, as

is scen from skimming the excerpts in Sec. Xiil. All 18 attcnuated-totai-reflec -
tion spectra of coatings recently measured at Rnythcon'M showed cvidence of
water absio:ption, as discussed in Secs. V and X1li. In fact, most film-porosity
measurcment techniques involve detecting the absorbed watcr.‘2 A striking cx-
ample of film porosity is discussed below, in this scction, in the discussion of

amorpious materials,

It will be shown that at 10,6 ym a 99,95 pcrcent dense, two-micrometer-thick

coating with the remaining 5 » 10-4 fraction occupicd by water has a theorctical

value of absorptance Af = 10-4. Alternatively, two monolayers of watcr (formally

I nm thick) gives rise to Af = lO-T. The corresponding values of Af from two

monolayers of water for 2,8um (8= 2.2 7105cm™Y), 3.8um (8 = 197 em™}), and

4

5.3um (B8 =340 cm’Y) are A, =2x 10° , 2x 107, and 4 x 107, respectively.

f

These important results indicate that high densities of the coatings surcly

will be required. In fact, it may be difficult to reduce the coating absorptance of

ficld-operated, 10, 6 um optical elements below A = 10'4 per surface since it is

believed that surfaces will have at least two monolayers of water or other absorb-
ing molecules, dirt, or other contaminants, The following surface-adsorptance (AS)

» -
measurements by Deutsch 13,5 offer some encouragement that Af =10 ’ may
be obtainable. At 10, 6um, for CdTe, the value A_ = 7.7x 10” is at the doublc-

layer-water value of ~10-4, and for KBr the value 1. 8 x 10-3 is well above 10-4.
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At 5.25ym, for CdTe, the value 10-6 t 2% l()-5 is below the double-layer-water
value of 4 X 10-5, and for KCI the value 9 x 10" is above 4 x107>. 1t is encour-
aging that such low values for CdTe have already been achieved. However, at some
point in the coatings program it will be necessary to consider the absorptance of
windows with low total absorptance (near 10-4) after exposure to various contami-

nants and environments and after field use.

The transmittance 'I‘r of water is shown in Fig. 4.1, and values of the absorp-
tion coefficient B at absorption maxima and at some prominent laser frequencies
are listed in Table 4.1, There are strong absorption peaks at 2,95 ym (B = 2.9
« 10°cm™!) and 6.04 wm (8 = 2.9 x10> cm ™)) and a peak at 4.70pm (B = 540 cm’ )
that is a factor of five weaker than the 2,95 and 6,04 ym peaks. (There are slight
discrepancies between positions of the maxima and between relative values of B
in Fig. 4.1 and Table 4. 1, which are from different references.) For BLr << |,

the expansion T = cxp(-ﬁzf) =] - mf is valid for the transniittance Tr; then

Ag=1-T =84 . (4.1)

For 0.0526 percent water in a two-micron-thick coating, the average value of Af

at 10.6um is

4 4 4

A = (950 cm 1)(2x107 4 cm) (5.26 x107%) = 107,

as stated above.

3

Since the absorption coefficient 8 = 2,9 x 10 cm-l at the strong absorption

peaks at 2,95 and 6,04 ym is only a factor of threc greater than the value of

B =950 cm"l at 10,6 ym, a value of A, = 10"4 at 10,6 from water absorption
pm ¢ pm
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Fig. 4.1. Transmittance of Sum” of distilled watcr.29 [*The thickness was calculated
from the average value £ = -B'll.n’l‘ at 2.9, 4.9, 6.1, 10,6, and 13um, using the values
of B from Table 4. 1. Notice the strong absormption from 7-10um (g = 103cm'l) even though

there are no absorption pcaks.]
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would correspond to only 3 x 10-4 absorptance at the peaks., Thus, transmission
measurements at the absorptance peaks would not detect the values of Af of inter-

est, However, assuming that attenuated-total-reflection plates can give a detecta-
2

bility enhancement factor of 50, the resulting cffective absorptance of 1.5 x 10°

at the water-absorption peak should be just at the limit of detectability.

Other possible sources of optical absorption and scattering resulting from

water are chemical attack of surfaces (of alkali halides, for example) and re-

*
crystallization cf the surface region with upward-growing crystallites. 2 In

addition to the increase in the film absorptance, water or other contamination °f

pores could cause inclusion damagg. as discussed in Sec. VI1IL

Molecular impurities. Another important possible mechanism that could give

rise to Bf > Bb is that of optical absorption by molecular-type impurities. Such
molecules could be adsorbed on the surface of the coating; they could be distributed
throughout the bulk of the coating materials; they could appear as grain-boundary
contaminants; or they could be concentrated, as a layer for example, at the coating-
substrate interface. There is experimental evidence that each of these cases may
have been observed. Contamination of the interface layer has been postulated inde-
pendently to explain the thickness dependence of absorption and of the index o. re-
fraction.*2 For exampI , a ZnO laycer could exist between a ZnS or ZnSe coating
and a substrate. The obscrvation*” that the film absorptance Af of sputtered

ZnSe films on KCI showed very little increase as the film thickness was increased
from 0.4 to 2 ym is consistent with the assumption that the major part of the ab-

sorptance arises from the interface region, Other similar results have been re-

ported in the literature as seen in Sec, XIII.
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There are many known molecules that are strongly absorbing in the infrared.
IS, 16

Deutsch obscrved molecular absorption on sample surfaces in attenuated-
total-reflection studies, Duthlcr18 showed that molecular-ion absorption was an
important source of bulk absorption, pointed out the relstion to matrix-isolation
spectroscopy studies, and catalogued strongly absorbing molecular ions, Duthler's
list of absorbing molecular ions is included as Table 4.2, Positions of absorption
lines of atmospheric contaminants are shown in Fig. 4.2, which is reproduced from
the Handbook of Military Infrared Technology. Table 4,3 lists characteristic ab-
sorption frequencies for several molecular groups. Fig. 4.3 is a summary of the
position of the absorption peaks of some of the important molecules and molecular
ions, The contaminants have absorption bands extending essentially throughout the

2-12 ym range,

Compounds containing oxygen and carbon are particularly important. Oxygen-

containing compounds found in the atmosphere include 03. HZO’ CO, N20, C02,

and HDO. Compounds containing 03 usually have absorption bands near 10. 6 ym,

Coupled with the reactivity of ozone, this makes O3 a pot. .itially important con-

taminant, Carbon-containing compounds found in the atmosphere include CH4.

and C02. Many polishes, rinses, and cleaning compounds contain carbon, Scanning

Co,

*
Auger micrographs by Bernal and Coworkers i showed a carbon-containing resi-
due about 5 nin thick uniformly distributed over the surfaces of chemically polished

KC1 samples,

Formation of such molecular cations as SO;2 on the surface, wi'h subsequent

diffusion in a NaCl substrate (to a depth of 13 nm in two weeks), has been suggested

to explain strong absorption bands at ~9um and ~ 16 um in NaCl windows that had
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Table 4.2. Experimentally observed absorption frequencies of several impurity
ions in KC1 crystals and the cstimated impurity concentration to produce B = 10-4

cm.l at the CO2 laser frequency. From Ref. 18,

Conc. (ppm) for

lon Frequencies (cm~ l) B(943 cm'l) =107 4em™d

H 500 >10
OH 3640 > 100
SH™ 2590 > 100
CN~ 2089 100
BO, 590, 1972 10-100
co'z' 1696 10 - 100
N3“ 642,2049 100
NCO 629, 1232, 2169 10
NO, 805, 1290, 1329 0.1
No3" 842, 1062, 1396 10
cog' 680-720, 883, 886, 1058, 1064, 1378, 1416, 1488, 1518 10
8033 i 736, 949(w), 1222 1-10
Seog' broad 738-850 1-10
HCO,  589,672,713,840,971,1218, 1346,1701,3339 0.0l
BH; 1142,2321 10
soi' 2 630, 978, 1083, 1149, 1188 0.03
Cr042 i 862, 890, 930, 941 <0.1
SeOi . 834, 860, 909, 923 <0.1
Mnof' a 899, 909, 914, 925 <0.1
N2 1405, 3100 10

a. Exact frequencies and intensities very dependent on presence of
compensating M2+
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Fig. 4.2. Absorption bands of atmospheric contaminants,
From Ref, 30,
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Table 4.3. Absorption wavelengths of characteristic groups.
See Ref, 30.

Wavelengths of

Molecular Group Absorption (um)

O-H 2.8
N-H 3.03, 6. 12, 6.46
C-H 3.4, 6,81
C-E 8. 38, 8,85
Carbonyl 5.75
Methyl 7.26,7.71
Ester 8, 9.74
C-0 9 (broad), 13.47-14.20
C-Cl 14-15
Si-0 4.5,9.5
Al-0 ~06.5
Ge-0 ~5,5, 11,6
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’
been used in chemical lasers employing mixtures of CSS and O2 with transient

active species including O, S, SO, CS, SZO’ and many others,

Consider the strength of the optical absorption of molecular contarninants,

The absorption cross section of a molecule at the peak of an absorption band has
= - - 2
a typical value of ¢ = ﬂm/Nm - lOs cm l/ 1022 cm U 10 l-/'cm . The cor-

respouding value of f in general is, of course

B = N0 (4.2)

where Nm is the number of molecules per cubic centimeter. In the limit of small
absorptance Am « 1, the expansion cxp(-Bm Jlm) ™t - Bmlm is valid, and the

absorptance is given by the relation

A =81 . (4.3)
For a monolayer of molecules, with . 0.5 nm formally, and a typical density
of 1022 cm™3, (4.2) and (4.3) give

v
_ .22
A =N oL =101

0 75x108 = 54103 .

Thus, even a monolayer of strongly absorbing material could give rise to fifty

times more absorptance than the compatibility goal of A = 10'4 per surfece. The
17

absomtion cross section could be much smaller than 10° cm-z, with a cor-

responding reduction in absorptios, if the laser frequency were not at the peak of
the absorption band or if the band were broadened by, say, interaction of the mole-

cules with one another or with the host materials, The above example for water

22 -3
cm -, orresponds

cm b, and from (4.2) and (4. 3), A =Sx 1073,

illustrates the point, The value of 8 = 950 cm-l, with N = 10

to o =9.5x 10720
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Other sources of absorption. Deviations from stoichiometry can cause optica'

absorption that is greater than that of the stoichiometric material. Since depositec
films often are not stoichiometric, this source of extra absorption should be kept

in mind.

Free carriers, that is free electrons or free hoies, are strong absorbers of

infrared radiation. Unless special precautions are taken in the deposition of films
of semiconductor ma‘crials, the resulting material can have a sufficiently great

conductance to cause great absorption. Conductivity measurements of films would

be useful. Also, the frequency dependence of 8 should show the near- Az dependence

that is characteristic of free-carrier absorption. (By contrast, scattering causes 2

reduction, rather than an increase, in transmittance wiih decreasing wavelength. )

Optical absorption at 10.6 ym and even at 2.8, 3.8, and £.25um usually is re-
1ated to ionic vibrations, rather than to electronic transitions. One case in which

clectronic transitions are believed to be the source of infrared absorption is in

amorphous semiconductors. Although the absorption mechanism is not well under-
stood, it is believed that transitions involviry states in the pseudo gap are involved.
The resulting absorptance normally is much greater than A= 10-4; thus, the (non-
glassy) amorphous materials studied to date are not acceptable coating materials.
The lowest value of B obtained in attempts to lower the absorption of amorphous
germanium films was 5f =10 cm'l. which is to be compared with the value Bb

2= 2 10'2cm“l for bulk germanium. Electronic trausitions involving surface
states are conceivable and will be considered if elimination of the more likely
sources does reduce the absorption sufficiently. 1t is conceivable that the 10,6 ym

20-23

absorption induced by radiation damage to KC1 and NaCl samples could in-

volve electronic transitions. The 10.6um absorption could be the absorption in the
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far wing of the M-center line (or possibly another F-aggregate or the F-center
line). (The value of 310 6 can be as great as 10-2 cm for heavily damaged crys-

l = 'l ]
and ﬁF-centcr = 80 cm ",) However, Duthler's

tals, with BM-center = 10 cm
cxp]anation18 of the radiation-induced 10, 6 um absorption as the activation (lower-
ing symmetry to allow transitions that are not allowed by symmetry in perfect

crystals) of normally non-allowed transitions such as those known to exist in im-

purity molecules is the most likely explanation at present,

Macroscopic absorbing inclusions in bulk window materials can severely limit

the power that a window can transmit.24 Both local damage and an increase in the

average value of the absorption ccefficient are important.24 In studies of laser

damage to materials, distinguishing between the inclusion damage and the _amage
to inclusion-free regions is important. At present it is unlikely that large laser
windows which are completely inclusion free could be manufactured, Thus, inclu-

sion damage is expected to remain as one of the severe performance limitations

In short-pulse systems. The problem of inclusion damage in the coatings may not

be as serious as it first appears since some inclusions in the coatings may be tol-
erable in view of the fact that the bulk material itself is expected to contain incly-
sions, However, excessive inclusions in the coatings and problems associated with
the local heating of the coating and the coating-substrate interiace could cause
further performance limitations. Polishing compounds of various materlals have
been one important source of inclusions in window materials. Other sources in-

clude such mac roscopic absorbing regions as Zn-rich regions in ZnSe,

Macroscopic inclusions could contribute to the absorptance, especially at the
low levels of interest. In Sec, VII it is shown that one-micrometer-radlus, very
strongly absorbing incluslons (with absorption cross section equal to the geometr]-

cal cross section) spaced 175 ym apart gave rise to Af = 10'4.
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Strain effects possibly could cause increases in absorption coefficients,
perhaps by factors of order two greater than the intrinsic values, However, strain
effects are not expected to be sufficiently strong to explain the observed increase
in Bf over Bh’ by factors of 10-103. Sicvcrs25 has shown that even by grossly
overestimating the cffects of strain, only a factor of five increase cver the in-

trinsic values of B8 could be obtained,

' — . :
The Winsor mechanism 0 of scattering plus subsequent absorption of the scat-

tered radiation with possible enhancement by total internal reflection is a possible
source of increased absorption. However, there should be some sign of the char-
acteristic increase in scattering with decreasing wavelength, and we have found no

absorption data that could be related to this mechanism,

M. Hass indepcndently suggcstcd27 that it is possible that the Winsor scatter-
ing mechanism could be operative in thin films. "If one ever looks at a thin-film
coating with a visible laser it really seems to light up. A well polished single
crystal does not seem to do this,” In commenting on the preliminary draft of the
manuscript for this report, Harold Posen stated, " We have seen damage thresholds
of multilayer coatings decrcase when compared to single-layer coatings. We ascribe

this phenomena in part to the scattering from interlayer topography.”

In the final stages of the coatings program, where the last factors of two re-

duction in the film absorptance are important, there are a number of other effects
that become important, In this case, accurately calculating the film absorptance

and in designing multilayer coatings requires consideration of the distribution of

the electric field across the coatlng: 10 g an example of designing coatings, it is

possible to reduce the electric field in the most strongly absorbing coating layer
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by properly designing a two-layer coating or by going to coating with more than

three layers.

The remaining mechanisms, which are related to surface, interface, or film

modes, are less likely sources of the additional absorption. As such, they will be

studied later if the more likely sources are ruled out.

Many investigators must share Harold Posen'sll feelings that " - - - the opti-
mization of a coating is dependent not only on the material but also on a matrix of
deposition techniques, surface preparations, and sometimes — we are convinced -
the appropriate phases of the moon."” Perhaps this comment could even be taken as
support of the possible importance of contamination of coating since the resulting

irreproducibility of results could suggest moon-phase correlation.

M. Hass suggcsted2 4 that it might be useful to distinguish between resonant
and nonresonant absorption. "The resonant type is a result of such processes as
moizcular impurity absorption which we think might be removed by means of
proper vacuum deposition technique. The nonresonant type appears Eo be one
whose wavelength dependence is slowly varying. In some cases it is well under-
stood as for multiphonon absorption and free-carrier absorption. For dielectric

coatings one is often well removed from the intrinsic bulk limit."

"How does one go about investigation in a systematic way? The present ap-
proach tends to focus attention on the operating wavelength, and problems due to
oxygen containing impurities seem to occur at 10, 6 um in the chemical laser wave-
length. My approach would be to ascertain the nature of the absorption away from
these resonant impurities first, as this localizes the nature of the problem, In some

cases the Nd:YAG wavelength of 1.06ym can be employed. In other cases, 5.3 pum
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can be used. In a number of cases studies at 5.3 gm have been carried out
primarily because this is a CO operating wavelength, However, it also pro-

vides an indication of the lower limit at other wavelengths."

The separation of absorption into resonant and nonresonant components would
be useful if there were some basic wavelength-independent process and if the ex-
*rinsic absorption gave rise to bands. Unfortunately, ncither situation is this
simple. In most materials the intrinsic absorption from single-photon excitation
across the gap and from multiphonon absorption is so small that it will surely be
masked by extrinsic absorption. Almost all of the known extrinsic absorption
mechanisms are strongly wavelength dependent. Thus the abscrption at a particu-
lar wavelength such as 1,06 um or 5.3um simply gives information about the ex-
trinsic process that is dominant at that wavelength and is not extremely useful in

estimating lower bounds for absorption at other wavelengths.

The statement sometimes seen in the literature that the extrinsic absorption

is expected to be small because there are no observed absorption bands in the

frequeiicy region of interest is not true in general. A striking example is scen

in Fig. 4.1 where the transmittance of water is extremely flat from approxi-
mately 7 ym to approximately 11um, The complete lack of absorption bands in
this region would imply that the absorption coefficient should be extremely small.
However, the measured absorption coefficient has the extremely large value of

108 em™ L,

In passing, it is mentioned that there is some discussion in the literature

that the bonding strength of a film to a substrate may be increased by a thin

49




Scc., 1V

intcrmediate layer of a third material at the interface, Strong adhesion of metal
films to glass results from an intermediate oxide lnyrr.28 Even a monolayor of
oxygen could cause too much optical absorption. If experimental results should
point to investigation of this cffect at a later time, layers of S and perhaps 5S¢

or Tc could be considered,
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V. SUGGESTED MEASUREMENTS

Recommendations from this section are as follows:

¢ The near-term programl should include spectroscopic measurements of
Af(w) on very thick films, on attenuated-total-reflection (ATR) plates coated
with standard-thickness films, and on ATR plates coated with very thick films
cven though difficulties in interpreting the experimental results have prevented

accurate determination of the magnitud.: of Af in the past.

e Laser-calorimetry measurements at specific wavelengths also should
be included in the near-term program since small values of absorptance can

be measured.

e ATR plates with one third of the plate uncoated, one third coated with a
film of normal thickness, and one third coated with a very thick film should be
used as substrates. The appropriate angle for the given substrate-coating com-
bination should be used and the Raytieon-plate dimension, 2 mm thick and 5 cm
long, should be used. The thick and thin films should be codeposited by shutter-
ing the area of the thin film until most of the thick film has been deposited. It
should be verificd that the absorptance of this thin film is the same as the absorp-
tance of a similar thin film grown in a separate deposition without the long shut-

tered time,

e Measurement of absorptance at the water absorption peaks at 3 gm and
6 um for polycrystalline films that have been exposed to high humidity and to
water, possibly at elevated temperatures, should be made to rule out the remote
possibility that it may be necessary to use a glassy film, or perhaps an amor-
phous or polviner film, as the outside film of coatings to avoid high absorptance

from water contamination of pores.
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e Military-specification tests for adhesion, abrasion, and humidity resistance
already are routinely used and should be continued. Accelerated-humidity resis-

tance tests should be added.
Other results of this section include the following:

e A method of measuring the frequency dependence Af(w) of absorptance Af

at the low level of A, € 1074

and of distinguishing between “oating and bulk ab-
sorptance is badly needed and should be supported. However, in view of the great
technical difficulties experienced in previous attempts to make such measure-
ments, the near-term coatings program should proceed independently of any

measurement-development program and should not await the results of these

measurement-development programs,

e It may be possible to distinguish between absorption at the surfaces of
coatings, in the bulk of the coating, and at the coating-substrate interface by
laser-calorimeter measurements of three films evaporated simultaneously, one
with half-wave optical thickness on a metal substrate (E=0 at surface and in-
terface), one with quarter-wave optical thickness on the metal substrate (g #0
at surface and g = 0 at interface), and one with half-wave optical thickness on

a transparent substrate (E # 0 at surface or interface).

e Sclf-film growth and characterization, including film-thickness and

single-deposition-vs-multiple-deposition effects, would be useful.
e In situ measurements of B may be needed.

e Other experiments are discussed and listed below,
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Absorptance measurements. The main purpose of the experiments considered

is to determine the source of the additional absomtion in coatings., However,

methods of characterizing candidate coatings also are important.

Methods of mcasuring the absorptance of coatings inciude the following:

laser calorimetry

spectroscopic transmission
attenuated-total-reflection spectrcscopy
emissivity

cllipsometry

surface acoustic-wave velocity measurements
optical waveguide measurements

Perkin- Elmer alpha-phone measurements (measuring the pressure change
in a cavity that is mechanically, but not optically connected to the laser

irradiated sample,

Techniques of increasing the sensitivity of the measurements, of distinguishing

between surface, bulk, and interface absorption, and of studying the additional ab-

sorption in films include the following:

spectroscopic measurements on extremely thick films

)
Sicvcrs?' low-temperature calorimetry to obtain large temperature rise

from small heat capacity

thermal-diffusion-time method of M, Hass and coworkers31 of distinguish-
ing between surface and bulk absorption

»
China Lake wedge-angle method 32,°32a

and bulk absorption

of distinguishing between surface

utilization of tne near-zero electric field on certain surfaces of films de-
posited on reflectors tc separate surface and bulk absorption in films as
discussed below
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studies of self films (such as zinc sclenide filins deposited on zinc

sclenide substrates)

variable film-thickness measurements of 8 and other variables on a
series of coatings codeposited with various thicknesses and on coat-
ings with thickness increased by successive additional deposition or

decreased by, say, sputtering, etching, or polishing

studies of films deposited on such other substrates as fire-polished

quartz
in situ measurements of £ in the deposition chamber

measurement of Af for various film thicknesses has been used to deter-
mine the value of Bf.

Mcasurements other than absorptance. In addi‘ion to these measurements of

the optical absorptance in films, the following measurements would be useful in

characterizing films: :

clectrical conductivity
packing density
residual gas analysis in the deposition chamber

such surface measurements as Auger analysis, especially in conjunction

with removal of surface layers by sputtering or possibly other methods
clectron microscopy
X-ray analysis

Rutherford back scattering.

Absorptance measurements from 2-15 ym, The most useful measurement for

determining the source of the additional film absorption is the frequency dependence

of the absorption coefficient, f(w). (The relation between the absorption coefficient

B; and the absorptance Ag for the cares of interest in which A; & 1 is, of course,
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Af ] Bt‘"f’ where Lf is the film thickness. Absorbing molecules show their
characteristic absorption bands, electronic absorption tends to increase with in-
creasing frequency, frec-carrier absorption increases with increasing wave -
length A (as X' with n = 2 typicaily), and scattering typically decreases with

increasing wavelength (as )\-4 for Rayleigh scatteriny),

The measurement of 8(w) is not trivial in general, The detectable absorp-
tance limit of spectrometers, which is typically ~0,01, s not sufficient to mea-
surc the values of ~ 10-4 of current interest. There ar. not enough high-power

laser frequencies available for calorimetry measurements.

A(w) for very thick films. For materials that can be deposited as very thick

films, spectroscopic measurements on the thick films should be made. For 50 pm -
thick films on both sides of a substrate and a detectable absorptance of 0.01, the
minimum detectable absorption coefficient is 8 = 0,01/(2) (5 x10'3) =lcm ),
which is only a factor of two greater than the desired value of 0.5 cm™ L, Diffi-
culties with the thick-film method are that not all materials can be deposited as
thick films, that the ratio of surface and interface absorptance to the absorptance
in the bulk of the film will be difficult in general for the thick test films and the
thinner antireflection coatings, and that changes in the deposition conditions can
make the absorption in the bulk of the two films different. Thick films afford the

important advantage that the greater film absorptance Af makes the measure-

ments less sensitive to the value of the substrate absorptance.

It would be interesting to grow extremely thick self films. The substrate could

even be removed from the film, If these very thick self films have the same high

absorption coefficient as the thin films, the implication is that the crystal-growth
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process (rather than the thin-film geometry of the sample, interfacce cffects,
substrate effects, or film-surface effects) is responsible for the additional ab-
sorption. The Raythcon chemical-vapor-deposition ZnS and ZnSe crystals arc in
fact grown as films (though not by vacuum-cvaporation deposition) and the crys-

tals do not exhibit the anomalously large absorption cocfficients,

In future programs it could be of interest to deposit four films simultancously,
one on the substrate of interest, one on the lowest absorptance substratc obtain-

able, one on fire-polished quartz, and one self film,

A(w) from attenuated-total-reflectance spectroscopy. Attcnuated-total-re-

flection (ATR) spectroscopy has already been uscd to obtain useful informatio:n

*
about surface 15,16

and coating* 4 absorption in high-power infrared-lascr-
window materials. The experiments require the technical ability to deposit the
films and the analytical ability to carry out the ATR-plate =pectroscopic mea-
surements, and there are difficulties in interpreting the results, as discussed
below. In spite of the difficultics, ATR spectroscopy and thick-film spectroscopy

are the best currently available methods of observing surface and coatiflg absorp-

tance as a function of wavelength,

The minimum detectable film absorptance in ATR measurements can be esti-

mated very roughly. For a spectrometer that can detect A = 0,01, an ATR plate

4

with 50 reflections could measure Af &~ 0.01/50 = 2x10" ", very roughly. For

4 1

nor.nal-thickness films, this value of A, = 2 X 10™% corresponds to B = lcm
very roughly. By using very thick films, values of ﬁf considerably smaller than
the goal of ﬁf = 0.5 cm'l can be measured in principle. For example, for £,

3

= 50 ym, the minimum measurable value of B is Bg = 2 x10'4/5 x 1077 = 4,0

%10 2emt, very roughly.
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The minimum detectable film absorptance could be limited by the bulk
absorptance of the ATR plate, For a 45-degree ATR plate 2 mm thick, the bcam
travels 2. 8 mm between internal reflections, The absorptance in this distance is
cqual to the above film absorptance Af =2x 10'4 for a plate with bulk absorption
cocfficient Bb =2x 10'4/ 0.28 = 7.2X 10—4cm-1. Thus, in a plate with a large
absorption cocfficient, say Bb = 10'2 cm'l, the bulk absorptance of the plate could
mask the coating absorptance. For 2 mm-thick plates of state-of-the-art materials,
with say BI = 10-4cm'1, the bulk absorptance of the plate does not limit the mea-

sucements of the coating absorptance. Some difficulties with previous ATR mea-

snrements could be related to large values of the ATR-plate absorptance.

In previous coatings programs the best available substraizs were not always
used. In the future, only the best substrate materials obtainable should be used.
In exact A'R-plate calculations, the reflectance R at the substrate-film interface
must be taken into account, The value of R liec on the range \(ns-nr)/(ns+ nr)\
= R = 1, depending on the angle of incidence.

For normal-thickness films, measurements of film absorptance lower than

the above estimated ATR-plate value of 2 X 10—4

are of interest. However, even
measurements at this level would be extremely valuable, In the first place the
current coatings that suffer from the additional absorptance often have values of
A that are greater than 2 x 10-4, thus this detectable limit wouid be sufficient to
determine the source of gross problems, Even if the value of A were Sx 10-5 at
t'ic operating wavelength, say 10.6um, it is possible that there would be greater

absorption at other wavelengths that could be extrapolated to the operating wave-

length in order to estimate the value of B there. If characteristic absorption bands
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from specific impuritics arce present, the frequency dependence of absomptance of
the impurity can be used to extrapolate from values of 8 at the absomtion peaks to

values at other wavelengths, Finally, for very thick films the value of /\f 21074
corresponds to small values of Bf. For example, for filim thickness ”f SOum,
ﬁf =2x 10-4/5 X l()'3 = 4 l()-z, which is over ten times smaller than the desired
value 0,5 cm'l. In the case of total intemnal reflection at the substrate-fitm inter-
face discussed below, the electric field may not penctrate far cnough into a thick
film to give such small values of ﬁf.

At Deutsch's suggestion, coatings were deposited on half of an ATR plate in
order that a direct comparison could be made of coated and uncoated suv'faccs.*14
In the ncar-term program onc third of the ATR plates should be coated with the
standard-thickness film, onec third should be coated with a very thick film, and
one third should be uncoated, Spectroscopic measurements on the uncoated third
of the film arc useful for measuring surface absorptance and for comparison with
the two coated sections, Calorimetric measurements can be made on these samc
ATR plate samples. In the calorimetry measurements the laser beara could cither
pass through the coating at normal incidence or could follow the ATR beam path in
order to emphasize the coating absorptance. If the ATR plate is made of a matcrial
that is different from that of the substrate to be used in the application it raust be
kept in mind that the value of Bf depends on the substrate material (and condition)
In general. The Raythcon ATR plates were 2 mm thick, 5 cm long, and were cut
at 45°, It would be convenient to mairtain these dimensions in future experiments
except that the angle should be differen: for every film-substrate pair ss discussed
below. Problems arising from using 45° plates are discussed below in connection

with barium-fluoride plates.
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The thick and thin filins should be codeposited by shuttering the area of the
thin film until most of the thick film has been deposited, It should be verified that
the absorptance of this thin film is the same as the absorptance of a similar thin

film grown in a separate deposition without the long shuttered time.,

Eighteen half-coated ATR plates from three vendors were measured on the
coated and uncoated halves:l14 Coatings of ThF,, ZnS, and A5283 on ZnSe sub-
strates and coatings of ThF,, ZnSe, and A5283 on BaF2 substrates were included.
All 18 coatings spectra showed evidence of the water absorption bands, rang.ng

from barely detectable in two cases to zero transmittance from 2. 8um to 3.2 um

in the worst case,

Difficultics in interpreting thc ATR spectra severely limit the usefulness of

the method. ldeally the aperture of the spectrometer could be adjusted to give a
reading of 100 percent transmittance for the uncoated ATR plate at some wave-
length at which the absorptance is negligible for the uncoated half of the ATR

plate. Deviations from 100 percent would then give the surface absorptance, as-
suming that the bulk absorptance is negligible. Then the aperture would be read-
justed to give 100 percent transmittance for some wavelengths at which the absorp-
tance of the coated ATR plate is zero. The difference ietween the two traces should
give the coating absorptance, The first obvious .difficulty with this method is that
there may not be a region of negligible absorptance at which the maximum transmit-
tance can be sct. There are other difficulties. In one casc‘.‘14 of a ZnSe coating on
BaF2 the two traces were nearly identical from 2,5 to ~5.6um, and for longer
wavelengths the transmittance of the coating plus substrate was greater than that
of the substrate alone, as seen in Fig. 5. 1. Greater values of transmittance for

the coating plus substrate were observed in a number of other cuses. Another dif-
ficulty s that of verifying that the bulk absorptance is negligible for all wavelengths

of interest,
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Fig. 5. 1. ATR spectra of zinc selenidz films
on barium fluoride., From Ref, *14,




Sec., V

Even if the net film absorptance could be obtained, the relaticn to the value
of Af for normally incident transmission would have to be calculated for cach
coating-substrate pair at cach wavelength, If total internal reflection occurs at
the substrate-coating interface (nsub/ncoat > /7 for the 45 degree ATR plates),
as in the casc of ThF4 on ZnSe at 10,6 ym (nZnSc/nThF4 = 1.79 >V2 ), the clec-
tric ficld decays exponentially in the coating. On the other hand, if total internal
reflection occurs at the coating-air interface, as in the cases of ZnS or ASZS3 on
7nSe, the effective path length through the coating is not equal to the coating thick-
ness lf. If Noub < /7", then there will not be total internal reflection at cither the
interface or the surface, and the measured transmission through the ATR plate
will be reduced as a result of transmission across the film-air interface (lack of

total reflection). For example, the values of n. for BaF2 at 5.3 and 10.6um are

n =1.45> /2 and n_ = 1.395< /7", respectively. Thus, the lack of total in-

ternal reflection in 45 degree ATR plates of BaF2 theoretically should cause a

reduction in the observed transmittunce beginning at some wavelength between

5.3 and 10, 6gm. The effect has not been analyzed, but all nine spectra for Baf2

samples in the Kaytheon mcasurcmcnts* 1 do show evidence of such reduction
(Fig. 5. 1), while the 7nSe- ATR-plate spectra do not show such reduction, as il-
lustrated in Fig. 5.2. Increasing the internal-reflection angle from 45 to 50
degrees should eliminate the reduction resulting from nontotal reflection since

all wave] -ngths for which n > (sin 50)-1 = 1,31 are then totally reflected,

The difficulties in interpreting the ATR spectra possibly may be reduced by
the suggested addition of the very thick film. Caibrating the coated ATR trace
against the calorimetric result at one wavelength and verifying the trace value

at other wavelengths also would be of interest,
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films on zinc selenide. From Ref, *14.
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Consider the ATR-plate angle 8. The value of 6 should be adjusted to give

total internal reflectance at the outside surface of the coating (called the f-a in-

terface) with "f"" for film, "a" for air, and "s" for substrate). The required

value of B can be determined by using the reflection-angle formula

n, sin Gl = n, sin 62 (5. 1)
and the total - internal-reflection equation

sin 612 = nz/nl (5.2)

successively at the air-film and film-substrate interfaces. The ATR plate
angle 6 is equal to the angle of incidence of the ray in the substrate measured

with respect to the normal of the film surface.
Using (5. 1) and (5.2) it is easy to show that when the inequality

6 >6_ = sin-l(l/ns) (5.3)

is satisfied, therc will be total internal reflection either at the film-air interface
or at the substrate-film interface. In other words, there is no wave transmitted
into the air. The symbol esa denotes the total internal reflection angle that would

exist for a substrate-air interface.

For the case of ne >n, total internal }'cﬂcction is possible only at the film-
air interface. For the case of ng < n, total internal reflection is possible at
either the film-air interface or the substrate-film interface. In order to have the
maximum absorptance in the film the internal reflection should occur at the film-

air interface. It will now be shown that this is the case when the inequality

6, <6 <0 = sin”(n/ny) for n € n_ . 4)
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is satisfied. The condition for no internal reflection at the substrate-film

interface is 6 < 9q £ which is the second part of the inequality in (5. 4).

The other inequality esa < 6 in (5.4) is the condition for overail total in-
ternal reflection, as already stated. This foliows from sin efa = l/nf and

sin@ = (nf/ns)sinefa = l/ns = sinGSa

As an example of the required value of 6 consider a ZnSe (nf = 2.4) coating
on a KCI (ns = 1.46) sul'strate. Since ns < ne, totai internal reflection can occur
oriy at the film-air interface, and the condition (5. 3) for total internal reflection

. - -1 = o
is 6>6sa = sin (l/ns) = 43,23°,

As a secord example, for a KCI (nf = 1.46) coating on a ZnSe (ns = 2.4)
3 = : -l = °
substrate, the values of Osa and esf are esa = Sin (l/ns) = 25° and
O ¢ = sin "' (1.46/2.4) = 37°. Thus (5.4) gives 25° < 8 £ 37°. For a 45°
ATR plate, the total internal reflection wouid occur at the substrate-film inter-

face,

For the case of n < ng, it is possible in principle to use an ATR Dlate with
6 > Oqf and a relativ«y thick coating (so that E = 0 at the coating surface) in
conjunction with other measurements to distinguish between absorption at the sur-

face of the coating and at other positions in the structure.

‘The opinion has been expressed that ATR plate measurements are expensive.
However, M, Hass27 pointed out that this apparently is not true: " The major cost
is in obtainiug an ATR plate, We paid $300.00 for a calcium fluoride ATR plate
although one might be obtained for approximately $50.00. The coating is some-
thing one will have to do anyway and a custom evaporation should run at least

$100.00. The special spectroscopic instrumentation for ATR is less than $1,000.00
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as it fits on a standard infrared spectrometer. As ‘ar as interpretation goes, you

have a point that there are difficuities.” At present (March 1976) Hass pointed
out that he paid $250 for the ATR attachment and is now paying $85 cach for

ATR plates,

Laser-calorimeter measurements. Even a metiiod of measuring the coating

absorption at oue wavelength or at several wavelengths would be useful in the ab-
sence of the frequency dependence of Bf, especially in characterizing available
materials. It is known from bulk-sample measurements that much smaller values
of B can be detected by laser calorimetry than by spectrometer measuremernts.
Thus, laser-calorimeter measurements of Af should be made. As glrcady men-
tioned above in the discussion of attenuated-total-reflection plates, two calorime-
tric measurements, with the laser beam normally incident on the plate and with

the laser beam following the ATR beam path, are desirable.

Measurement techniques. There are a number of calorimetric methods that

could be useful at wavelengths at which sufficient power is available (typically of
order of five watts or greater). Hass and coworkcrs31 have proposed and devel-
oped a thermal-diffusion-time method of distinguishing between surface and bulk
absorption, A radlation-shiclded thermocouple is placed sufficiently far from the
iltuminated surfaces that there is a significant delay betweer the time at which
the laser is turned on and the heat that is generated at the surface diffuses to the
thermocouple. The bulk-generated heat reaches the thermocouple nuch sooner
since it has a shorter distance to diffuse. The ability to distinguish between bulk
absorption and coating absorption (including the surface of the coating) makes thls

method attractive.,
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T may be poss e to distinguish between absorption at the surface of a

coati; g, at sorption in the bulk of the film, and absorption at the film-substrate

interface by comparing the absorption in filins deposited simultaneously cn highly

transparent substrates and on highly reflecting metallic substrates. The electric

fiecld E of normally incident radiation is very small at the surface of the metal

and at the surfaces of a half-wavelength optical thickness of transparent diclec-
tric deposited on a metallic substrate. But the electric field is great at the sur-
faces of coatings deposited on a transparent substrate and at the outside surface
of a quarter-wavelength optical thickness of a transparent dielectric deposited on
a metallic substrate. For the reflector, there is only the very small power flow
corresponding to the small absorptance in the rcflector, Thus Re E x ﬂ" 2 (), and
the traveling-wave component of field has E = 0. The boundary condition for a
perfect conductor is E = 0, and the electric field outside of the conductor is a
standing wave, with nodes at integral half wavelengths and maxima at quarter
wavelengths from the nodes. The fact that the electric field is not zero at the
surface of a half wave dielectric on a reflector for non-normal incidence could

be used in measurement techniques.,

Surface absorption is expected to be great for the film on the transparent sub-
strate and {or the quarter-wave film and lese for the half-wave film. Interface
absorption is expected to be great for the film on the transparent substrate and
less for the {'lims on the metalllc substrate. Pore contamination or other absorp-
tion that extends througiiout the tilms or well into the films should increase the

absorptance of all three films.

This three-film techmave could be especially useful in studying the increase

in absorptance on exposure to the atmosphere, to humidity, or to other contaminants,
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It may be possible to distinguish between adsorbed contaminants and those

absorbed deeper in films.

The surface-electric-field effect could explain the following "anomalous"
results: The value of ﬁf < 1,2 cm-l for a 'I‘hF4 film cn molybdenum is lower
than the bulk value of Bb = 3.6 cm-l. Also, the consistently obtainable valucs33
of 3-4 cm-1 for ’I‘hF4 on molybdenum are tower than the consistently obtainable
valucs33 of 7-10 cm-1 for 'I'hF4 on KC1 and ZnSe. This cxplanation on the basis
of so little information is of course highly speculative.

Concerning these ’I'hF4 measurements, it is significant that the towest value
of Bf < l.2cm-1 measured for ’I‘h["4 is well below the value Bf = 10 cm-l which
can be obtained consistcntly.33 It would be of great significance if the conditions
required to obtain ﬁf < 1,2 cm-1 were discovered and if such low values, or per-
haps even lower values, could be obtained consistently. It appears that this ap-
proach of obtaining consistently low values of the absorption coefficient of ThF4
is one of the most promising solutions to the coatings problem. An important
reservation is that the low value of Bf < 1,2 cm-l, obtained for reflection-en-
hancing coatings on metallic substrates, may not be obtainable for coatings on
window materials as a result of zero-electric-field surface efiects, Thus, mea-

surements of absorptance of 'I‘hF4 films codeposited on metals and transp.irent

substrates are among the more urgen' present needs,

There are a number of other experiments that would be useful in deterniining
the source of increased film absorption: The growth and study of self films should

yield useful information about various film materials. Self films are such films as

1

ZnSe films grown on ZnSe substrates. Measured values of 3f = }-2 cm ~ for ZnSe
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films are much greater than the bulk values Bb = 10-4cm-1. Eliminating the
material difference between the coating and substrate «liiminated the mismatches
between the thermal expansion coefficients and lattice constants, assuraing that
there is no difference between the film and bulk values. it should be possible to
depos.t thicker coating than for heterofilms (films grown on : substrate of ma-
ter'al different from that of the film) since the increase in strain with increasing
thickness in the latter often limits their thickness, The measurement of B(w) is
simpler in general for thick films, and the variable-film-thickness measurements
discussed below may be possible for some self films which couid not be grown suf-
ficiently thick as heterofilms, Some sources of contamination, such as foreign
molecules deposited along with film material, will be the same for self films and
heterofilms, while other sources, such as diffusion of substrate ions into the film,
will be different, Strain-dependent absorption should be different for the two film
types. Comparison of self-film and heterofilm results can yield information on the
effects of film morphology on absorption. It should be possible in some cases to

deposit self films as epitaxial, polycrystalline, or amorphous films.

Studies of films deposited on substrates other than those of the final applica-

tion could be useful, Such supersmooth substrates as {ire-polished quartz would

be useful, but the great absorptance of the substrate at 10, 6 ym limits the studies
to properties other than optical absorption at 10. ¢ um and to values of g at shorter
wavelengths, As pointed out above in the alscussion of ATR plates, the value of

ﬁf depends on the substrate material and condition in general. Harold Posen and
coworkcra&zll also emphasized that the results of deposits on substrates other than
the desired design are often not transferable. There are implications in the litera-

ture that the intrinsic stress in films may tend to be independent of substrate
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material, The point is that deposits on various substrates could be useful, but

! extreme care is required in interpreting the results.

Variable-film-thickness measurements should provide extremely useful in-

formation about coatings, including information about the region of the interface
between the coating and the substrate. In some cases it may be possible to grow
such thick films, say even 100 ym thick, that a significant increase in absorption
would be obtained, thus making the measurcment of absorptance easicr, The sub-

strate and interface region could be removed from thick films.

Absorption at the region of the inte rface between the coating and the substratce

also could possibly be dctected by comparing the absorptance of codeposited films

of various thicknesses. Also, the relative values of the absorptance of two equally

thick films, one of which is deposited continuously and the other which is deposited
as a series of thin layers (of the same material) could give useful information on

interface absorption.

Depth profiling by removing successive layers of material, v.hich has been

useful in such other fields as ion implantation of semiconductors, also has been
used in antireflection-coating studies. Auger and other surface analyses can be
made after the removal of cach layer. lon sputtering has been used in conjunc-

tion with surface measurements.

It is well known that films often deter.vrate on removal from the vacuum-
deposition chamber and that absorptance sometimes increases after exposurc to
the atmosphere. Since it is possible that the absorptance could increase on re-
moval of the film from the deposition chamber, in situ measurements of absorp-

tance would be useful. Such in situ measurements arc planned at China Lal(e.34
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M. 1-135527 commented that "--- making calorimetric measurement in sltu at
10, 6 um doesn't hit me as too big of a problem. Here one could use windows to
go into the evaporator and the vacuum chamber should make an ideal adlabatic
vacuum calorimeter, A small CO2 laser should be ideal. Again this Is not some-

thing to be don: lightly, but nught be expected of research problems on coatings.,"

Since n situ measurements of B(w) are not simple, an alternative would be
useful. One possibility would be to heat the sample prior to removal from the
deposition chan:ber and maintain the sample at the elevated temperature until the
measurements are completed. There are several disadvantages to this method.
First, there may be some contamination even at an elevated temperature, Second,
absorptances usually are temperature dependent; thus, comparison.of absorp-

tance on removal (at the elevated temperature) with that after exnosure to the

atmosphere (at room temperature) is complicated by the temperature difference.

e 25
Sievers suggested” "~ laser calorimeter measurements at low temperature,

where the heat capacity of the sample is small and temperature rise is corre-
spondingly large. The tempcrature dependence of the absorption coefficient must

be taken into account of course,

Sparks suggestcd35 measuring the temperature rise in calorimeter experi-

ments by observing the optical distortion of second low-power laser beam,

*
The wedge-angle technique of Burdick and Rchn32 distinguishes between sur-

face and bulk absorption by using the fact that light treversing the thick part of a
wedge ercounters more of the bulk material than does light traversing the thin
part of the wedge. Steady-state ac methods of measuring thermal conductivity

could be adapted to the measurement of coating absorptance.
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Other methods of measuring absorptance. The method of measuring 8(w) that

has the greatest potential is ¢missivity spectroscopy. However, the measurements

are difficult, and the potentinl of this method has not been achieved in measure-

ments of bulk absorption. The Xonics emissivity cavity should make the measure-
ments much easier. The difficulty from the point of view of the coatiags program
is that an emissivity spectrometer development program would be required before

the method could be applicl to coatings with confidence.

Like emissivity measurements, ellipsometry measurements show promise

of high sensitivity, but have been of limited use as a result of experimental dif-
{iculties. Other methods of measuring absorptance include surface acoustic-
wave velocity mc:'.qurcments.36 optical-wave-guide measurements, Perkin-Elmer
alpha-phone measurements (measuring the pressure change in a cavity that is in
mechanical and thermal contact with, but is optically insulated from, the laser-
irradiated sample). All of these methods have experienced great technical prob-

lems,

Other measurements, Humidity tests are important since the stability aad

the absorptance of films are sensitive to moisture, Rezall from Sec, IV that there
is a possibility that it may be necessary to use a glassy film, or perhaps an amor-
phous or a polymer film as the outside film of coatings in order to avuid high in-

frared absorption frum watexr contamination of film pores. An often used humidity

test is storage at 48 C, relative humidity 95 percent, 24 or 48 hr. Immersion in

water, often salt water, is a test frequently applied. Well prepared films of MgF,,

many oxide (ilms, and combinations of these films withstand the humidity and im-

mersion tests.
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The military-specification tests that are usually performed should be
: 1 .
perfor:ned routinelv i (e near-term” program. These tests include adhesion

and abrasion in addition to humidity.

Since film contamination is a major possible problem, a residual-gas ana-

lyzer, which can detect partial pressures of 10-10 torr (~ 10-8Pa) wowd be use-
ful. Residual-gas analyzers already are in use in Ligh-power infrared coatings
programs, Atmospheric contamination of surfaces has been studied by measuring

the partial pressures of contaminants on surfaces hat had been exposed to the

%
atmosphere. Film density measurements 5 would be extremely useful in view

of the great absorption by porous films. Electrical-conductivity measurements

would give information on free-carrier absorption, Other measurements, in-
cluding those listed at the beginning of this section, will be discussed in future

rcpor:s as the need arises,
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V1. OTHER PROBLEMS

Problems other than optical absorption in films, measurements, laser
heating, laser damage, and material selection are considered in the present

' i 1 .
section. Recommendations for the near-term program from this section are

as follows:

e Only vacuum evaporation deposition should be used in the near-term

P rog rams.

e The entire vacuum systein should be baked at high temperature for a

long time in order to reduce the deadsorption and diffusion contributions to
the residual gas, to clean the substrates and starting materials, and o ob-

tain stabie films,

e The purity and preparation of the starting materials is one of the most

important aspects of the near-term program, Only dense single-crystal low-

absorptance starting materials should be used, Impurity concentratios s in the

range of parts per million can cause difficulty.

e Only state-of-the-art substrates should be used since the surface ab-
4

sorptance of the substrate can give rise to Af greater than 10" ° and the sub-

strate can strongly affect the film properties.

¢ Only ultrahigh-vacuum deposition should be used in the n~ar-term

program, even though it is hoped that this requirement will be relaxed in the

production of large field-use unuts.

Other results of this section include the following:
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e Glassy films such as arsenic trisulfide offer the greatest potential for

protecting underlying materials from moisture attack.

e In a subsequent report, the possibility of using polymer films for pro-
tecting substrates and antirefic~tion layers from moisture attack and of re-
ducing adsorption of water on the surface of antireflection layers will be
considered. In addition to tiie technical problem of obtaining pin-hole-frece
films, therc are potential basic problems of high moisture-vapor transmis-

sion through the films and of high infrared absorptance by the films.

e It is not likely that polycrystalline films can protect large areas of

alkali halides from moisture attack.

e It is probable, though not yet certain, that polycrystalline films can be

sufficiently dense and sufficiently hygroscopic to allow Af = lO-4 to be at-

tained in carefully prepared films.

e Priority of future research on amorphous semiconductor films is low

since the likelihood of obtaining B, less than 0.5 em™! is small.

e T:e stress in a film is determined by the thermal-expansion-coefficient

mismatch, by conamination, and by an intrinsic contribution. The former should

be calculated for all new films,

e Radioactivity and txicity should be considered in selecting film materials,
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The problems considered in this section include the following:

® deposition method

e Dbaking requirements

e  starting-material preparation
e substrate preparation

e ultrahigh vacuum requiremeat
e thin protective coating

° adhesion and stress.

Deposition method. Although there are a number of deposition techniques that

are promising, previous difficulties L. ubtaining st: ble, low absorptance films by
methods other than vacuum evaporation deposition strongly suggest that only vacuum
evaporation deposition be used in the near-term prog'ram.1 Unless the ultraclean,
vacuum evaporation depositions fail to produce accepiable coatings, depositions by
other methods should be considered as studies of advanced deposition methods, not
as part of the near-term program, Development of other deposition methods would

be of interest in other, longer-term progre..s.

Vacuum evaporation deposition has been the most successful method of pre-
paring films in general. Rittcr‘.=2 states that, "among the various production methods
vacuum evaporation has especially shown remarkable progress with respect to size
and efficiency of coating unit, reliability of the process, and the control of film
thickness and uniformity. Despiie the enormous progress that has taken place in
reactive and rf sputtering, only very few uptical applications of sputtered films
are known. This may be due t» the small ar;.:a to be coated in sputtering systeins

(except some special arrangements), to the relatively low sputter rates, and tc the
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difficulties in thickness monitoring if very accurate monitoring is required." Such

accurale monitoring is of course required in the multi 1yer antireflection coatings.

All high-quality low- absorptance high-power infrared coatings to date have
been deposited by the vacuum evaporation process. It is suggested that vacuum
evaporation deposition be used in the near-term program, There are of course
many other <eposition methods including reactive and rf sputtering, chemical
vapor deposition, deposition from organic solution, ion plating (a combination of

sputtering and evaporation process), and gas discharge deposition.

There have been some successes in using other deposition methods. Harold
Posenll pointed out that his group demonstrated that sputtered coatings can have
a higher laser damage threshold than evaporated coatings. Other film growth

methods would be of interest in programs other than the near-term program,

Bakung requirements. Baking of the system including the substrate, the starting
material, and the entire vacuum system in high temperature and high vacuum is re-
quired in order to reduce the Geadsorption and diffusion contributions to the residual
gas and to clean the substrates and starting materials. Baking may be required also

to obtain stable films,

The required temperature and time of the bake varies from one film substrate
combination to another. In one case, 600 C for orc day was required to prevent a
film from leaving the substrate on removal from the vacuum system:1 The baking
temperature will in generai be different from the substrate temperature during

the deposition,

In other numerous cases films will adhere to substrates without these special

precautions, However, in order to obtain low values of abso1ptance and in view of
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the known sensitivity of absorptance to trace amounts of impurities, extreme
care must be exercised in deposition, substrate preparation, and selection and
purification of starting materials. Such precautions are especially important in
the near-term program when the sources of the film problems are being sought
and when new film materials are being tried. In some cases the precautions are
necessary in order to obtain stable films. Films which could not be deposited
successfully in original tries have been entirely satisfactory when proper depo-

sition care was exercised.

H. Posenll pointed out important restrictions on baking substrates: "We
cannot arbitrarily bake substrates either before, during, or after deposition un-
less one carefully considers the problems of thermally activated grain growth
in the substrate, decomposition of the deposing layer, etc.” These potential
probiems must be carefully considered when determining the baking conditions,

*
Stierwalt and Hass 37

found that baking KC1 at 250 C for 60 hours at atmo-
spheric pressure reduced the surface absorptance as discussed below in the

present section,

Starting materials, The purity and preparation of the starting materials is

one of the most important aspects of the near-term program, Only dense, single-
crystal, low-absorptance starting materials should be used. The following quota-

*
tion from Ritter 2 describes the problem well, "The preparation of the material to

be cvaporated is of considerable importance for the deposition of high quality opti-

cal coatings. Crucial properties are purity, gas content, and grain size, It is highly

reccommended that one uses vacuum sintered and outgassed materials or even

pieces of dense single crystals to avoid gas outbursts and spattering during the
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cvaporation process. Powders are normally not suitable since they have too much

adsorbed gas which is desorbed during heating and leads to pressure rise and spat-

tering of materials,cven to jumping out of the boat. Some fluorides tend to form

oxide or carbonate layers on the surface. Thesc layers may impede the free evap-

oration and causc sudden spattering of the evaporant.’ Other precautions such as

particle filters and great distances to the substrate also may be required.

Braunstein and coworkers* 10 found that increasing the purity of thorium tetra-

fluoride and cadmiura telluride used in multilayer coatings reduced the absorptance
of their coatings from 5 X 10-3 to 1.2 X 10-3. The authors anticipated that further
improving the starting material purity would result in further reductions of the
film absorptance. They found that rigorous control of starting materials used Jor
the coatings and the deposition techniques were essential for the preparation of
low-absorptance coatings. Commercially available arsenic trisulfide was not satis-

factory for high-quality films.,

Concerning the purity of the starting materials, H. Posen statcs: "1 am not
convinced that a major source of film absorptancc arc molecular contaminants
other than the OH radical. We find that deposition under clean systems ensures
radical free deposits. When we observe the OH bands by careful specroscopy we
find that the contaminant is an integral part of the deposited material rather than
occluded water pickup. A part of the problem is the purification of the coating ma-
terial. Both our laboratory and the Hughes groups using residual gas analyzers

during the deposition proccss have monitored this phenomena.”

Impurity concentrations in the range of parts per million can causc difficulty.
Tor a strongly absorbing impurity with g = 105 cm-l at an impurity peak, five parts

per million of the impurity in the film gives B = 0.5cm-1. For water at 10.6um,
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250 parts per million in the film gives 8 = 0.5 cm-l. The impurity level in the

starting material can of course be quite different from that in the film,

Substrate preparation. Only substrates with state-of-the-art surface prepara-

tion should be used. Surface preparation is important because rarface absorptance
as great as 10-2 is possible and the substrate can greatly affect the film quality,
The problems of substrate preparation have rececived considerable attention in the
last four years. Therc are many prescriptions for preparing various substrates
and new techniques are still being developed. The excerpts in Sec, XIII contain
several examples. Befere preparing a given substrate the recent literature should

be checked.

In view of thc importance of the substrate surface absorptance a method of
avoiding contamination (in contrast to r.moving contaminants) until the film is ap-
plied would be extremely useful., Unfortunately, avoiding contamination would be
extremely difficult. The freshly grown crystal could be maintained at an clevated
temperature until it is cut and polished in a clean-room environrent at near zero
relative humidity. The sample could then be maintained at an elevated temperature
in a low humidity environment until the coating is applied. Even with these precau-
tions it would be surprising if the film were not contaminated, especcially during the

cutting and polishing processes.

The process of baking in the ultrahigh vacuum will hopefully remove some of
*
the substrate contaminants, Stierwalt and Hass i found that baking a KC1 sample
at 250 C for 60 hours reduced the absorption coefficient at an absorption line st

4

9.5 pm from approximately 2,5 x10™4cm ! to approximately 1.4 x10 4cm L, This

experirient is significant first becausc it shows that baking can reduce surface
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absorption and second because it showed that the surface absorption was not
entirely removed. It is not clear whether extending the baking time and reducing
the pressurc would be effective in removing the remaining absorption, (The ex-
periment further iliustrated that after exposure to air for 30 hours the absorption

cocfficient increased to its original value of approximately 2.5 x 10-4cm-1.)

Ultrahigh vacuum, According to the "Glossary of Terms Used in Vacuum

Technology" issued by the American Vacuum Society Committee on Standards,
Pergamon Press, New York, 1958, various degrees of vacuum are:

5 3

low vacuum 10°-3,.3 x10" Pa (760-25 torr)
medium vacuum 3, 3 x 103-0. 13 Pa (25-10"3 torr)

high vacuum 0, 13-1,3x10" % Pa (1073-107 torr)
very high va.uum 1.3x1074-1,3x1677Pa  (107%-10" torr)
ultrahigh vacuum less than 1.3 X10-7 Pa (less than 10"9 torr).

"High vacuani™ also is used in the broader sense to denote pressure less than 10"3

torr. Recall that 1 MPa is approximately equal to 10 atin, or, precisely, one normal

atmosphere is equal to 760 torr or 1,01325 x 105 Pa.

It is recommended that ulirahigh-vacuum deposition be used in the near-term
program.1 Even though ultrahigh vacuum systems are expensive to construct and
operate they should be used since contamination of films has been identified (Sec. V)
as a major problem in high-power films, Even though there are cases in which the
film quality is reported to be insensitive to substantial changes in the deposition
pressure, ultrahigh vacuum systems should be used in the near-term program.1

A lowering of the absorptance below 10"2 would not have been detected in most pre-

vious film studies. The reason for using ultrahigh vacuum systems is that the
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absorptance in coatings currently is the factor that limits the performance of
some high-power laser systems, and every effort must be made to reduce the
absorptance., The relaxation of the ultrshigh-vacuum requirement after satis-

factory laboratory films have been obtained is discussed below.

Sclf cleaning. Since there is evidence in the literature that the deposition
process itself can clean the system, it would be worthwhile to run the deposition
process with the sample shuttered for a period of time at the beginning of the depo-
sition, There are also a number of indications in the literature that film quality

tends to increase on successive depositions of the same film material.,

Production of coatings for large windows. The recommendations for the ultra-

clean deposition conditions are intended for the near-term program in which the
source of the additional film absorption is being studied and climinated. It is hoped
ard anticipated that once satisfactory laboratory films are prepared the ultraclean
deposition requirements can be reiaxed, indeed, the difficulty in manufacturing
large componeats under the ultraclean deposition conditions is illustrated by the
following comments by Leonard P, Mott of the Optical Coating Laboratory, Inc‘EWa in
response to the preliminary version of this report: "I agree with your conclusion
that the use of an ultrahigh vacuum system for coating experiments will remove
many of the sources of film contamination that operate during the deposition pro-
cess; however, I believe that experiments should be carried out on a dual basis
using both conventional and ultrahigh vacuum chambers because I anticipate that
the coating of full sized flight hardware will have to be done in a conventional type
of chamber employing diffusion pumps., With the dual approach, all developments

in the ultrahigh vacuum chamber could be immediately related to production
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capabilities in conventional chambers. This approach may also uncover techniques
for achieving acceptable coating properties in currently available coating equip-
ment.  Adequate chamber bake out, for cxample, can vastly improve the residual
gas content of conventional as well as ultrahigh vacuum systems, Obviously, these
dual experiments must be performed at the same facility and by the same investiga-

tors so that the results can be meaningfully compared."

"It is important to consider the type of coating apparatus that will be required
for the application of the research developments. Our experience at OCLI with the
coating of the APT window illustrates my concern. Although a 25 inch window can
be coated in a chamber with interior dimensions that are just large enough to ac-
commodate it, we found that in order to achieve the uniformity in thickness and
optical properties that were required, we had to use coating equipment with interior
dimensions nearly three times the size of the window, Availability of suitable ultra-

high vacuum equipment of this size may not occur for qui'e some time.,"

The point to be made is the difficulty of large ultrahigt vacuum systems, Con-
cerning the dual depositions, one possibility is to use dual depositions from the be-
ginning of the program, Another possibility would be to first develop the laboratory
films in the ultraclean deposition system and then use dual depositions in developing

the production process, The latter appreach may save time and money.

Thin protective coatings: glassy, polymer, and amorphous films. Protective

coatings for such hygroscopic window materials as alkali halides have been dis-
cussed in the literature for some time. It still is not known if moisture protection
and low infrared absorptance can be obtained. At the present time glassy films such
as arsenic trisulfide offer the greatest promise of affording 1.:nisture protection.
However, polymer films have not been ruled out and will be considered further in

a subsequent report.
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In view of the importance of the adsorption and pore contamination even in

nonhygroscopic_materials, it may become extremely important to develop a thin

protective layer to seal the surface and reduce adsorption. Since water agenmp-

tion is a major contaminant, a hydrophobic coating would be desirable. The hydro-
phobic coating could be very thin, which will m:an approximately 50 to 100 nm i-.
the following discussion. The coating could he applied over an antireflection coat-

ing, or it could be the outside layer of an antireflection coating.

It will be shown that information in the literature suggests the following re-

sults: (a) It is not likely that polycrystalline films can protect large areas of alkali

halides from moisture attack. (b) It is possible though not certain that polycrystal-
line films can be sufficiently dense and sufficiently hydrcphobic to allow Af = 10-4
to be attained in carefully prepared films, (c) Very thin glassy filmsl were found
not to protect alkali halides. (d) Thick glassy 1ilms, say 1um thick on well polished
substrates, did protect alkali halides. However, on long exposure to humidity, mois-
ture attack that started at the edges of the sample eventually covered the entire sub-

strate under the coating. (e) Polymer films will be considered further in a subse-

quent report to determine the possibility of their providing sufficient moisture

protection in spite of the known great moisture-vapor transmission rates and to
determine the pocsibility of reducing their normally great npcical absorption to
acceptably low values. (f) The possibility of using very thln1 polymer films as

hydrophobic outside layers over antireflection coatings to reduce adsorption on the
surface will also be investigated. (g) Priority of future research on amorphous
semiconductors is low since the likelihood of obtaining Bf less than 0, Scm'l is

small. (h) The abrasion cesistance of protective films will be considered in sub-

sequent reports.




Sec. Vi

*
First consider polycrystalline coatings., Young's observation o3 which has becn

confirmed by other investigaiors, that polycrystallinc coatings could not prevent
moisture attack of alkali halides has the obvious important consequence that other
cypes of coating materials will be required to afford moisture protection, In addi-
tion, this observation implies that the poiycrystalline films prohably contain open-
ings and that water goes through the openings. Thus even for the case of substrates
that are not attacked by water the obeorvation raises the question of whether or not
polycrystalline flms can be made sufficiently dense to keep the absorbed contami-
nants from raising Af above 10-4, since this value of Af corresponds to only

5x 10-4 fractional content of openings. Fortunately there is some evidence that
suggests that polycrystalline films may have Af = 10-4. Rayuieon mcasurcmcnts*
on ZnS films deposited on a ZnSc attenuated-total-reflection (ATR) plate by Optical
Coating Laboratories and by Spectra Physics gave Bf = 1,00 £ 0.85 cm-1 for one
film and B < 1.39 cm™! (detectable limit) for another. For film thickness £¢ =5.25
4 10'4/(2 y(2.16) = 1.2 ym, the ccrresponding values of absorptancec are Af =1,2
X 10-4 and Af <1,7x 10-4. The point is that values of Af near 10-4 have been

measured for polycrystalline films. It is still conceivable that exposure to humidity

or other contaminants could cause an increase in these values of Af.

An additional point of interest on the measurem-n* of Af for these ZnS films
is that ATR plate measurements for a film with Ag = 1.2x1074 +1.0x 1074 are
consistent with the calorimetric value, but the accuracy of the comparison .5 only
a factor of approximately two to ten. The value of At is obtained from the ATR
trace as follows. It is assumed that thcre are 25 reflections from the coating (only

®
one surface coated and an estimated 50 reflections 15)and that the absorptance for

an internal reficction at approximately 45 degrees (nZnS =N, ce roughly) with
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two passes through the film is 2V/2" times that for normally incident absorptance.
These gross approximations could easily give a factor of two to four errvor. The
reduction in transmittance (of the coated half of the plate with respect to the un-
coated half) at 750, 800, and 90C cm-l are approximately four, three, and onc
percent, respectively. At 943 cm-l (10. 6 ym), the value, which is too small ta be
read from the traces, is assumed to be 0.5 percent based on these neighboring
values. Thus it is estimated that the ATR-plate spectra should correspond to a
calorimetric value of Ap = 5X 103/2/7 25 =7 1 x 10", The agreement with

4 4

the calorimetric value A, = 1.2X 107 £ 1.0x 10" is well within the expected

accuracy of the ATR-value estimate,

Next consider glassy films. Youngm38 found that very thin glassy films did not
protect aikali halides from moisture attack, Thick films, typically 1pym thick, on
well polished substrates did protect the alkali halides. The film thickness had to
be somewhat greater than the size of the largest polishi:ig scratches on the sub-
strate, For example, Young*BSfound that on NaCl surfaces with 0,5 um scratches,
0. 92 ym of As,S, was required, ard for 1.5 pm scratches, 1.85um of As,S, was
required. Even for the films that were protecred from humidity, on long expo-
sure, moisture attack that started at the edges of the samgle even‘ually covered
the entire substrate under the coating. In spite of this difficulty it appcars that
glassy films of er tﬁc greatest promise for protection of coatings and substra.es

from moisture attack.

It is of interest that the only 0.6 pm coating material for which Bf - 5b is
the glassy material As,Sq, for which 3, = 5b =0, 8cm~l. (It is conceivable that
ThE,, which is X-ray amorphous and has the appearance of glass when broken,

may be another example of a material with B, = B, However, a reliable value
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of the intrinsic value of , s not known.) It is possible that the rclatively pore-

free glassy structurc of A5253 docs not absorb water or other contaminants.

Our study of polymer coatings is not yct complcted, and even additional liter-

ature scarch is required. The results to date arc as foliows: There are two po-

tential uscs of polymer films that could be extremely important. lirst, in view of

the importance of water adsorption it would be useful to determine if satisfactory

hydrophobic nolymer films could be obtained. A number of polymers are known to

be hydrophobic, but it is not known if polymer coatings would prevent such small
adsorption as two molecuiar layers of water. The hydrophobic films could be ex-
tremely thin, possibly only 10-100 nm thick. They could be applied as a protective
coating over an antireflection coating stack. The hydrophobic fiim possibly neced

not be pin-hole free since it only prevents adsorption, not penetration.

The second use of polymer films would be to prevent moisture penetration of

substrates or underlying layers of antireflection coatings. In this case the polymer

film could be one of the antireflection coating layers or possibly it could be a thin

overcoating of an antireflection stack.

The main concern about polvmes coatings in the past was that of obtaining pin-

hole-free coatings in order to p.ecvent moisture attack of the underlying antireflec-

tion coating or substrate. This is indeed important since it is known that moistur<

wil® attack underlying substrates through pin holes in polymer films. UnZ runately,
in addition to this technical preblem there are two fundamental properties of poly-

mer films that possibly «ould prevent their use as moisture prot.ction films.

First, the rate at which moisture vapor permeates through a polymer is one

of the routinely measured properties of polymers. Formally using the measured
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valucs of this moisture vapor transmission rate through unsupported (i.c., not

deposited on substrates) polymer films suggests that pin-hole free polymer filins

would not be useful in preventing water from penctrating through the polymer to a

substrate or an antireflection coating, However, the moisture vapor trans mission

ratc could be drastically different for a polymer deposited on a solid from that of

an unsupported polymer filin, The results from the literature and from workers

in the field are conflicting, in some cases suggestiag that moisture vapor protec-

tion is possible and in other cascs not. W _suspe  hat inhibition of the moisture

vapor transmission at the interface of the polymer and the substrate is important

if polymers do indeed provide sufficient moisture vapor protection. In considering

the j.roblem of moisture vapor transriission through polymer coatings, it must be
recalled that these coatings are extremely thin and that only two monolaycrs of
water transmitted through the film could cause unacceptably great optical absorp-
tion. In addition to addressing these problems in a subscauent report, it vill be
shown that according to available data absorption of water by plastic films (as
opposcd to water vapor transmission through the films) probably will be tolerable

at 2.8, 3.5, 5.3, and 10, 6 ym,

The second fundamental problem with polymer coatings is that the published

infrared spectra of all polymers that we have found to date show values of absorp

tance that are too great to allow Af = 10“4 for cither antireflection coatings or

very thlnI protective coatings. Two typical spectra arc shown in Fig, 6.1. ihe

possibility of obtaining sufficiently low values of absorptance at the various laser
frequencies of interest by selecting the proper polymer and by eliminating con-

tamination in the polymer coatings will be considered in subsequent reports.
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Fig, 6.1, Spectral transmittance of: (a) polyethylene, 0, 1 mm thick, and
(b) plexiglas, 0.2 mm thick, From Ref, 30,
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Next consider amorphous semiconductors. Thesc materials were tried in the

past since it was believed that the amorphous structure was less penetrable to
moisture than crystalline structures. Priority of future rescarch on amorphous
semiconductors is low since the likelihood of obtaining ﬁf < 0.5 cm-l is small,
fiveu 'arge bandgap materials exhibit too great an absorption when deposited as
amorphius films. In the context of coatings, a distinction will be drawn between
amn:, o< 2d glassy materials, the latter of which have shown sufficiently small
values of Bb. In an amorphous solid such as amorphous germanium, the arrange-
ment of nearest-neighbor ions is subject to several constraints and departs only
slightly from the disposition in a perfect Jattice. This is a direct consequence of
the fact that chemical bonds especially covalent ones are relatively rigid both in
dircction and length and their distortion beyond certain limits requires excessive
encrgy. On the other hand, glasses have a multiplicity of flexible bonds and as a
result remain vitreous over a wide range of temperaturc. Glasses have the ability
to form more than one type of bund. Both glasses and amorphous solids lack long
range order in the position of the ions, It should .»e mentioned that therc are a

number of materials with well known crystalline structures in the bulk form that

*
can be deposited as amorphous or glassy films. Examples from Table I of Ritter 2

(included in Sec.XIll) are ThF., Al1,0,, As,S,, As,Se,, TiO,, Si, and Ge.
N 273 2°3 28

Cther protection considerations, Adsorption of contaminants on the surface of

a coating conceivably may not limit the operation of some systems since it may be
possible to remove surface contamination prior to use, There ie some evidence in
the literature that surfaces may be cleaned by the laser beam itself at intensities
below the intrinsic damage thrcshold.39 In some cases it may be possible to
maintain the window at an clevated temperature to reduce surface adsorptance,

23 is a common practice in spectrometers.
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Another possibility of avoiding pore contamination is intentionally filling the
pores with a nonabsorbing material. Anticipated difficulties are finding a non-
absorbing material that would fill and remain in the pores and avoiding contami-
nation before the nonabsorbing material is applied. If absorptance measurements
made before removal of the films from deposition chambers do not show suffi-

ciently lov, absorptance then pore filling would not be expected to be effective.

Filaa stability; stress and adhesion. Chemical stability and good mechanical

stability of a film, that is the resistance to crazing, cracking, clouding, and re-
moval from the substrate, are obviously important requirements of a coating.
From the practical point of view of obtaining stable films, the most important
result from the literature is that the recommended ultraclean deposition condi-

tions should improve the film stability as well as reducing the optical absorptance.

Specific results from the literature include the following: The packing density
of a film is not only important from the point of view of its optical behavior but
also of its mechanical and chemical stabillty.m2 This is an important fact since
there may be temptation to first obtain stable films, then reduce the absorptance.
The stress in a film and its adhesion to the substrate are important factors that
determine miechanical stability. Substrate preparation is extremely important in
obtaining good adhesion of a film to a substrate. Ritter states that, "Adhesion of

p psi and 6.4 X 106 psi without

zinc selenide and cryolite was found to be 2.9 x 10
a glow discharge cleaning. In the case of zinc selenide the adhesion could be im-

proved to 5.3 x 106 psi by a 20-minute glow discharge whereas in the case of cryo-
lite the adhesion increased only to 6.8 X 106psl. Adhesion depends strongly on the

preparation and cleanliness of the surface and the chemical composition of the sur-

face and electrostatic charging effects have to be taken into consideration."
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The stress in a thin film is believed to consist of three components, one from

the mismatch of the thermal expansion coefficient of the film and the substrate,

one from contaminants in the film, and one from an intrinsic contribution. The

contribution from the mismatch of the thermal expansion coefficient is well under-
stood, and very simple calculations give the observed values of this component of

stress, For any new proposed film-substrate combination this thermal-expansion

mismatch component of stress should be calculated in order to determive if the

film can withstand this stress. Examples are given below.

Film contamination typically leads to compressive stresses. Campbcll39a states
that, "in impure films in which oxygen and other materials are incorporated into
the structure during growth, “he resultant stresses are usually sufficiently high to
overshadow any of the "pure film" effects. The stresses are then usually compres-
sive, at least in the initial stages of growth and provided that the reacting species
migrate through growing film to the interface. Compressive stresses are observed
in thermally grown, anodized, und certain sputtered and evaporated films, If the
ion migration takes place from the interface to the film surface tensile stressecs
will be observed." Of great importance for the power of stress are the packing
density and the water vapor absorption, During exposure to atmosphere very often

*
a stress relief takes place, 2

The intriasic contribution to the stress in a film is not well understood, It is
not possible to predict in advance what the stress will be in a new film material on
a given substrate, However, for film materials that have been previously deposited
it is possible to predict with a fair degree of success what the stress will be for a
given film-substrate combination or for a particular multilayer coating on a given

substrate.
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In spite of the fact that cither the intrinsic or the "impurity" contributions to
the stress usually dominates the expansion-coefficient-mismatch contribution, the
latter can cause mechanical failure of films of current interest. Thus, the thermal
stress should be calculatcd before depositing any new coatings. The strain ¢ is
determined by the relation € = (ozf = aS)AT, where o and o, are the linecar
thermal expansion coefficients of the film and substrate, respectively, and AT is
the difference between the deposition temperature and the temperature at which
the measurement is made. For simplicity it is assumed that the stress o is re-
lated to the strain € by the Young's modulus F., that is, 0 = E¢. This is an ap-
proximation since the Young's modulus is appropriate for a tensile stress acting
in one direction on a sample with free sides. This is in contrast to the film case
in which the stress is exerted by the substrate, Combining these two relations

gives

g = (af-aS)EAT . 6.1

Values of the lincar thermal expansion coefficient o and the Young's modulus E
are listed in Table 6. 1. Notable features of the table are first that the values of
the Young's modulus do not vary greatly from material to material, with the
greatest value of 50 x 106 psi for sapphire being a factor of 12 greater than the
least value of 4.3 x 106psl for KC1. Second, the ranges of values of the linear

thermal expansion coefficient @ for various classes of materials in the table

are as follows:

Semiconductors, Including IV, 1II-V, and I-V: o = 4-8x 1070 k™1
Oxides: « = 5-25x1070K™!
Alkaline earth fluorides: o = 13-20x 1079 k™!
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Table 6. 1. Linear Coefficient of Thermal Expansion and Young's Moduius

Coefficient Average
Material of Thermal Temperature or Young's Modulus E
‘ Expansion & Temperature Range 6
10-6/C° (°C) 10” psi
SiO2 0.5 20 to 900
Invar 0.9 20
Si 4,2 25 19.0
CdS 4.2 27 t0 70
InSb 4.9 20 to 60
Ge 5.5to 6.1 25 14,9
GaAs 5.7 - 12,3
CdTe 5 9 50 5.3
MgO. 3.5A1203 5.9 40
AL)0, 6.74 50 50
5.0° 50
ZnSe 7.0 10.3
510, 7.974 0 to 80
13.37°¢ 0 to 80
Borosilicate 9 22 to 498
crown glass
TiO, 9,194 40
7.14 40
SrTiO3 9.4 -
d
NaNO 12 50
3 11° 50
MgF2 13.7 24,5
MgO 13.8 20 to 1000 36.1
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Table 6.1. Lincar Coefficient of Thermal Expansion and Young's Modulus (Cont'd)

Cocfficient Average
M ia] of Thermal Temperature or Young's Modulus
Al Expansion « Temperature Range 6
10—6/(:.J (°C) 10™ psi
Cu 14,09 -191 to 16
T11173 glass 15.0 3.1
SrF, 15.8 14.7
Te 16.75 40
BaTiO 192 10 to 702
3 6:32d 410200
1Sg7 ot 4 to 20
CaF, 19.7 20 to 60 11.0
BaF, 20.3 7.7
A5253 24,6 33 to 165
CaCO, 259 0
-5. 8¢ 0
AgCl 30 20 to 60
Se 34¢ -
NaF 36 Room
KC1 36 20 0 60 4.3
LiF 37 0 to 100
Kl 42,6 40
KBr 43 20 to 60
NaCl 44 -50 to 200 5.8
CsBr 47.9 20 to SO
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Table 6. 1. Linear Coefficient of Thermal Expansion and Young's Modulus (Cont'd)

Coefficient Average
Mabéiial of Thermal Temperature or Young's Modulus
Expansion a Temperature Range 6
10'6/Co (oC) 10 pSl

KRS-6 50 20 to 100
Csl 50 25 to 50
T1Br 51 20 to 60
TICl 53 20 to 60
KRS-5 58 20 to 100

Ceramic

o o 060 T ®

Single crystal
Estimated

Thermal expansion measured paral'el to ¢ axis

Thermal expansion measured perpendicular to c axis

Value not indicated
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Chalcogenide glasses: a = 15-25x 10™6 k™!
6. -1

Alkali halides: a = 30-60x10 " K ' .

Fused silica (SiO,) has a very small value of & = 0.5 x10 °K !, Van Uitert and
coworkers*? recently found that a single crystal of ThF, had |a | € 2x 10”1
for temperatures between 25 C and 400C, and the total expansion AT for AT
= 25C-600C was zero (with negative on part of this interval). The crystzl
was not cracked by application of a blowtorch, The great differences between
the values of a for the semiconductor materials and the alkali halides indicates

that great thermal stresses are a potential problem for this combination of film

and substrate materials,

An important practical example of thermal stress is the feilure in compres-

sion of zinc selenide films on potassium chloride substrates for AT = 200K.

From (6. 1),

0 = (azpse = ¥xcp) Egpng AT

(7-36) 10 (10.3 x 10%) 200

-6.0x10* psi = -0.41GPa .

Using the rule of thumb that the compressive strength a, is approximately eight
times the tensile strength gives o, = 8(7 x 103) = 5,6 104 psi for ZnSe, Thus
failure is expected since the compressive stress exceeds the compressive strength,
lo| > 0. A similar calculation for GaAs on NaCl with AT = 270K shows that

the GaAs film should fail in compression, in agreement with experimental obser-

vations,
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[n addition to these primary practical rcsults, the following results also are
of interest. Stress-induced optical absorption should be negligible, especially at
the level of ﬁf =0.5 cm-l. Thin-film adhesion and stress are reviewed briefly in
the Handbook of Thin Film '1‘cchnology4l and in Ritter's articlc,"l2 and the subjects
arc surveyed in detail by Chapmand‘2 and by Hoffmzm."l“'3 Hoffman's review and a

*
key paper by Ennos " arc excerpted in Sec. XIII.

In Table 6,2 from Hoffman's article stresses are listed for a number of films,
The values measured by Emms*44 are not included in the table., Hoffman points out
two notable features of the results in the table, First there are a relatively large
number of diclectric films that exhibit compressive stress. Second, there are

many instances where the magnitude of the stress is small.

The following quotations from Ennos‘44 are of interest: '"Most materials in-
vestigated develop a tensile stress., This is what is to be expected for a film
material which when it is first condensed must be considerably hotter than the
substrate. On cooling thermal contraction will cause a tensile stress. The com-
pressive stress of the cadmium telluride reported here is probably due to disas-
sociation of the material and partial recombination on the surface. The reduction
in tenstle stress of thorium oxyfluoride films exposed to damp air is also due to

the same cffect,'’

"Some remarks can be made regarding the failure of films by cracking,
peeling, etc. Ii is obvious from these measurements that the fact that a high
stréss exists in a film does not necessarily mean that it will break, Compres-
sive stresses can be borne more easily than tensile ones for instance since a

large arca of the film will have to become detached if it fails in compression.



Table 6.2. Intrinsic Stresses in Dielectric Films Approximately 5000 A Thick

Substrate

9
Material Temperaivre fﬂu:tit;z;tlc Stress, 120 Si gnc Mcthodd Ref.
°C a dync/cm
ZnS 110 Glass 1.0 C C 30
A Glass (0. 022) C C 28
A Mica C C 60
SiO 110 Glass 1.2 C C 30
A Nickel 4 T C 33
MgF2 110 Glass 2,0 T C 30
75 Mica 2,2 b B 38
A Glass (0.11) T C 28
A Mica (G. 11) T C 60
A Glass 1 T 57
LiF 110 Glass 0.4 | C 30
A Cellulose 2,0 Iy E 47
A Glass 0.28 T 57
A Mica (0.023) 2 ) C 60
A Glass (0.023) p C 28
CaF2 110 Glass 0.2 T C 30
A Mica (<0.0003) T C 60
A Glass (none) C 28
Cryolite A Glasu (0.061) T C 28
A Glass (0. 06) T C 6J
A Glass 0.5 T 57
PbC 12 50 Glass 0.18 T C 30
A Glass (0.014) T C 28
PbF2 110 Glass 0.8 T C 30
AgCl A Glass (nonc) C 28
AgF Glass (nonce) C 28
Agl Glass (none) Cc 28
Ba F2 A Glass (0. 006) C 28
BaO 50 Glass 0.15 C C 30
sz 03 A Glass (0, 004) C C 28
sz S3 Glass (0.007) T C 28
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Table 6.2, Intrinsic Stresses in Dielectric Films Approximately 5000 A Thick (Cout'd)

Material Tcsril;))sct:;tttfrc idu;sct::: lc DenSas, "09 Sig;nc Mcthodd Ref.
oc? dyne/cm

00203 50 Glass 1.6 C C 30
Cely 40 Glass 2.8 T C 30
Cds 110 Gla.s 0.8 C C 30
SnO2 A Glass (0.008) T C 28
C A Glass 4.0 C C 31
NaF A Glass 0.1 T 57
8203 90 Glass 0.1 T C 30
Chiolite A Glass (0. 029) T C 28
AlPn© 40 Glass 0.6 G C 30
MgPh® 40 Glass 0.6 C C 30
MoO3 A Glass (0.013) T C 28
Cul A Glass (nonc) (e 28
Al F3 A Glass (none) C 28
SrSO4 A Glass (none) C 28
a A, theimally floating at ambient temperature
b Values in parentheses are relative
¢ Cand T, compression or tension
d B, end-supported beam; C, cantilever beam; ~ad ED, electron-diffraction technique
e Al and Mg thalocyanine

TN
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"In fact, three factors are involved in the process of failure: (a) The stress in
the film and its direction, (b) the rupture streugth of the film material alone,
and (c) the bond strength between the film and the substrate. The latter can
exert great influence, For example, a film having great rupture strength will
break only when the shearing force between the substrate and the filra becomes
greater than the adhesive force. On the other hand, a film having weak rupture
strength will break internally before the adhesive forces are overcome, This

can manifest itself as a clouding of tite film rather than a complete break.”

Turncr"'5 was able to increcse the total thickness of a coating which could be
deposited from 6 to 40uym by measuring the stress in films of various materia's
and by using alternate layers with compressive and tensiie stress. Campbcllsga
makes a broad distinction between weak physical adhesicn by Van der Waal's
forces (~0, 1eV adsorption energy per bond) of a film to a substrate and strong
chemical adhesion (~ 1eV per bond) by chemical bonds. Values of the adsorption
energy per ion for the weak physical adhesion and the streng chemical adhesion
are, very roughly, 0. 1eV and leV, respectively. The chemical behavior of the
films is of importance with respect to the substrate and to neighbor.ng layers.
Between glass constituents like PbO and film materials like ]..'1203 chemical
reactions can take place and lead to the formation of absorbing metallic lead.

Reactions among film materials are also possible, especially at higher sub-

strate temperatures.

Radioactivity and toxicity, There is disagrecment on the importance of the

radioactivity of 'I‘hF4. One comment on the preliminary draft was that the radio-
activity of 'I‘hF4 was blown out of proportion to its real importance, while another
investigator stated that the ThF, coatings could not be used on large high-power

laser windows. There are similar disagreements on the importance of toxicity,
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VII. LASER HEATING OF COATINGS

The results of this section are as follows:

o For2A = A =2x 1074, the film and bulk contributions to the spatial
average of the window temperature, which determines the thermally induced opti-
cal distortion, are equal and have a typical value 'Iiot = 1,0K, which is sufficient

to cause thermally induced opticakdistortion failure in some cases.

e In a typical system with repeated short pulses, only the time-average
heating need be considered (apart from inclusion damage, nonlinear cffects and

possible more stringent conditions of future systems -- see Sec, VIII).

e The linear absorption (below the damage threshold) by strongly absorb-
ing (O s = ﬂaz) one-micron-radius inclusions with an average spacing of 175 uym

gives rise to absorptance Af = 10-4.

There are three damage or failure resimes of interest in general. The first is
damage or optical distortion resulting from hLeating by ordinary linear absorption

in the coating. The second is the absorption by macroscopic imperfections such as

inclusions, This absorption can be linear or nonlinear, The third is the intrinsic

nonlinear damage mechanism, The first :> considered in the present section, and

the third is considered in Sec. VIII. The effect of inclusions on ordinary heating
is considered in the present section, and the effect of inclusions o1 the damage

threshold is considered in Sec., VIII.

As in the case of lascr heating of bulk materials, thermally induced optical

distortion6 often limits the average temperature rise to values (typically ranging
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from a fraction of a degree to several tens of degrecs Kelvin) below the melting
temperature or the temperature at which fracture occurs. (Small-diameter win-

8
dows can fail by fracture, however. )

Spatial-average temypcrature, for thermally induced optical distortion. For

this casc of thermally induced optical distortion, the problem of determining the
cffect of the temperature rise is simple. The average temperature along a ray,
i.e., the average temperature across the thickness £,
L
(Ty, = £ S dx T (7.1)
0
determines the optical distortion since the ‘:ystem remains lincar for the small
temperature changes that can be tolerated. For the nearly constant absorption
in the bulk for the case of cxp(Bbt) > ] - Bbt, or Ab = Bbl << ], the temper-
ature rise is obtained simply from the heat-capacity relation that the temperature
rise is equal to the energy added IAbat to the volume (£ divided by the heat

capacity C L of the volume. This givcs46

Tb - lﬁbt/C = IAbt/Cl, = 0,50K . (7.2)

For no radial diffusion (discucsed below) it is obvious from the heat capacity
argument that the average value <T>!, of the temperature rise resulting from
absorption in the coating will be equal to that, Tb’ from bulk absorption if the

total energics absorbed are equal in the two cases. That is,

2Af= Ab . (7. 3)

S ——
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where the factor of two accounts for the coating absorption at the two surfaces, as
in Sec. 111. When (7. 3) i= satisfied, the average value Ttot of T from the bulk and
coating absoiption is twice the value in (7.2).46

L 3

Ttot ZIBbt/C = 1K , (7.4)

which is sufficient to cause failure by thermally induced optical distortion in some

47
systems,

Spatial temperature distribution. This spatial-average temperatvre in (7. 4) is

all that is usually needed. However, in some cases the actual temperature distribu-
tion will be nceded. Also, it must be verified that abnormal temperatures are not
present so that the assumed linearity is valid and thermal fracture from the tem-

perature gradients resulting from the coating heating do not occur. Thus, the

temperature distribution is considered briefly.

The temperature rise resulting from the absorption of energy from the laser
beam by the coating has been calculated prcviouslyw'49 as part of a general study
of laser heating of materials, The results of interest for the present case of ab-
sorption by a coating are as follows. The absorption coefficient in the coating is
Bs» which has a desired value of B = 0.5 cm ) as found in Sec. 1. The window ma-
terial irself is assumed to have Bb = 0 since the interest is not in the bulk window
absorpticn., For systems with no intentional cooling of the window, the small cool-

ing by radiation and radial heat diffusion will be neglccted.

As an example of radial diffusion, consider the thermal-diffusion distance

46

Ln

Ly = 4xt/)t? = 1.0em . (7.5)
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For the large windows of current interest (D > 10cm in some cases), the inequality
lth << D is well satisfied, and radial diffusion can be neglected in the simple esti-
mate used here, There are of course some cases in which radial diffusion is im-

portant, For cxample, the case of continvous operation of edge-cooled windows for

long periods of time has been considered Drcviously.49’ e

First it will be shown that in a typical system with repeated short pulses, only
the time-average heating need be considered (apart from the inclusion damage and
nonlinear cffects, Sec, VIi1), Thus, the continuous-operation results discussed below
can be applied to the typical repeated pulse system by using the time averaged power
for the latter. The time constant T, associated with the diffusion of heat for a dis-

Lf

tance lf, the coating thickness is46

T

_ 2 _ -7
T sz/4K-4x10 s . (7. 6)

For a short pulse duration tp < T!,f’ the heat generated in the coating does
not have time to diffuse far into the substrate, Then, equating the energy absorbed

le.l,f (ltp by the volume aLf of the film to the heat-capacity result TpC a.Lf

. 46
gives

T = It C=25K , 7.7

b p/By/ 7.7)
for

tp% Ty (7.8)

where the numerical value is for the case of ltp = 10 J/cmz/pulsc, which cor-

responds to a typical case of 100 pulses per second and a time average intensity

of 103 W/cmz.
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This small temperature rise 2,5K in (7.7) is expected to be negligible.
First, th: average temperature (which determines the thermally induced optical
distortio.) is <T)£ = 2.5K(2x 2ym)/2cm = § X10-4K , which is negligible.
Second, the smalt value of 2,5K is not expected to cause damage. For example,

the value of the thermal expansion coefficient a, of the film, in the present casc,

f
is not greatly different from a typical value of the difference o -0y between the
film and bulk values, in the case of cooling of the film and substrate from the

deposition temperature of ~100C typically.

If (7. 8) is not satisfied, that is, if the pulse duration is greater than the order
of a microsecond for the example in (7. 6), then the heat diffusion into substrate
reduces the value of Tp below that of (7.7). Since the temperature rise during the
pulse duration, Tp =2.5K fromwm (7.7), already is negligibly small and the heat gen-
crated during the pulse diffuses into the substrate during the time between pulses,
the temperature rise is well approximated by replacing the repeated pulses by a

continuous beam of the same average power,

Next consider this case of continuous operation for a time t >> Toe with

Top = 0.4 ps according to (7.6). The temperature rise depends on the relative

magnitudes of tp and46

= 2 -
Tp = C4,/4K = 40s , (7.9)
which is the time required for heat to diffuse across the window thickness ”b'
roughly speaking,

For 1'“ <t< TL

is the thermal diffusion distance in (7.5). The heat deposited in this vo.une is

b? the volume of material heated is Nal'th’ where l’th
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lAfa.tp. which corresponds to the temperature rise of ~( lAfa-t )/Cd!,th. The
resulting maximum temperature rise (at the surface) is, with the correct numer-

ical factor (4/n )l/2 includcd.46

T = lAf(4tp/nCK)l/2 1.1K (7. 10)

which is negligible.

For the case of £, << lth < Db' where Db is the characteristic distance

b
over which the laser-intensity distribution changes appreciably, the temperature
rise is again easily obtained. The energy absorbed 2 IAf atp at the two faces of
the window heats the whole volume V = azb. rather than the volume Za!'th as

in the case of l’th < il'l'b' The heat capacity result then givcs46

T = ZIAftp/C!,b = 50K (7.11)

for this case of Lf << !'b << !'th < Db' This result (7. 11" also follows directly
from (7,2) and (7, 3)., The large numerica’ value T = 50K is for t = 103 scc (and
Itp = 106]/cm2) and values of other parameters from (3.3). The corresponding
value of Lth is Scm, Thus, this value of T = S0K is only a rough estimate since

L << l'th << Db is not well satisfied.

Finally, it is mentioned that the temperature difference through the thickness
of the coating Is negligibly small, a result that is obvious since the coatings are
so thin. This result can be checked by examining the previous result for the tem-
perature distri"ution.“' 9 The following check is even simpler. Since all of the

heat generated in the film flows into the substrste (across the boundary x = Lf)

in the steady state, the heat flow J6 at x = Lf is simply

Jog = TAp
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Equating this cxpression for J“ to -KT', where T'= (dT/dx)x:_)zf , gives
T' = IAf/ K. Since the gradient decreases to zero at x = 0 (no heat tflow out of
the sample), an upper bound to the temperature difference (T)x=0 = (T)x=£

is -T't, = 4x1074

£ » which shows that the temperature difference across the

coating s negligibly small as expected.

Coating absorptance from inclusions. In bulk materials, linear heating of

inclusions at intensitics too low to cause damage (at a given value of tp) can in-
crease the overall absorption coefficient 8 of the matcrial.24 In the same way,
inclusions in the vicinity of the coating or of a surface could increase the overall
value of Af or of AS. For example, consider the damage in (Zn.‘.oe/'l‘hl“4 )-en-

hanced reflectors observed by Wang, Giuliano, and Garcia.39

If the damage (at
70]/cm2) were a result of inclusions having radius a = l1um, cross section
oabs = 1782, and a mean spacing of 30 ym between inclusions, the value of film

absorptance would be

A. = ma’/(30pm) = 3.5x1070 .
Sirce the measured absorptance Af = 3X 10'3 was believed to result from absorb-
ing in bulk of the coating materiels, t ‘act that A = 3.5x 10-3 > A

f theory fmeas

= 3X 10-3 fcr a = lym suggests that a € 1ym. Alternate explanations are that
Oabs << na2 or that the inclusioa spacing is much greater than 30ym. Fora = lym

and a spacing of 175 ym, the corresgonding value of Af is 10-4.
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VIII. LASEK DAMAGE OF COATINGS

In this section it will be shown that:

e Inclusion damage is expected to occur at energy density ltp %] - le/cm2
for nanosecond pulscs or at ltp = 10 to several hundred joules per square centi-
meter for microsecond pulses, In principle, values of Itp < lj/cm2 are possible

for nanosecond through microsecond pulses.

e Intrinsic damage of coatings is expected to occur at ltp = 103]/cm:Z for
a pulse of duration tp = 10us and Af = 10-3 as a result of linear heating of the
coating, or at ltp L lOOJ/cm:Z (or I =10 GW/cmz) fo1 a 10 ns pulse of ~1 to

10 pm radiation as a result of electron-avalanciic brcakdown or perhaps another

nonlinear process.

e Intuitively it appears unlikely that all inclusions could be removed frc n
a large window. Thus the lower-threshold inclusion-damage process, rather than

an intrinsic process, is expected to determine the damage threshold,

The failure of high-power window materials can occur as a result of ordinary
linear heating of the bulk material, This laser heating causes distortion of the
optical beam or fracture or melting of thc material. For lasers that are continu-
ously operated, laser heating is the usual failure mechanism that limits the useful
transmittancc of window materials. In short-pulse systems and in repeated pulse
systems, as the pulse duration is decre~sed the irradiance (intensity) increases if
the energy density is maintained constant. YFor sufficiently short pulses, material
damage can result from absorption by macroscopic inclusions or from such incrin-

sic nonlinear damage mechanisms as electron-avalanche breakdown, two-photo1
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absorption, or enhanced-stimulated- Raman scattering (each of which possibly
could be initiated by self focusing. In this report, "laser damage' will denote in-
clusion damage and intrinsic nonlinear damage. For coated materials, damage of
the coating as well as inclusions can occur at short-pulse durat‘ons, This short-
pulse coating damage, which has been observed already in laser-damage studies

39,51

of coatings, will be included in the laser-damage category.

Absorpcion by macroscopic inclusions. Damage of bulk materials resulting

from absorption by inclusions has been considered in great detail, both for inclu-
sions deep in the material24 and for inclusiczs near the surface of the matcrial.52
The previous results should apply directly to the case of inclusions in the region
of the coating and the interface of the coating and the substrate, There are also

at least two additional effects that could occur in coatings. First, the number and
size distribution of inclusions may be different in the vicinity of the coating. Of
particular interest is damage from absorption by water, or possibly other contam-
inants, in pores in the coating or at a surface, The effect of pore contamination on

absorptance was discussed in Sec,IV. In addition to causing failure, inclusions also

can contribute to the average heating of the window, as already mentioned in Sec,VIL,

Second, the stresses in the coating and the differences in strengths of the coat-
ing and interface region from that of the bulk could affect the damage threshold,
For example, it is conceivable that the stress in the region of the inclusion could
cause or initiat- .1lm detachment. The film-detachment damage mechanism dis-
cussed in Sec, IX could then be involved in the last stage of such a damage mech-
anism. The net effect could be a somewhat lower damage threshold for coated

materials than for uncoated ones.




Sec. VIII

The analyses of these two cffects is low on the list of priorities sincc the
results will depend on details of the coatings and inclusions which arc not known,
and in fact would be difficult to measure. The lack of a complete theory of inclu-
sion damage ir. coatings is not serious at present, since the damage threshold for
inclusion damage of uncoated surfaces and of the bulk window material alrcady is
very low, and the other problems with voatings are great, In any case, a zeroth-
order approximation to the damage threshold could be obtained simply hy lowering
the value of the temperature rise (lO3 K has been assumcd24 to be a reasonable

value for inclusion in the bulk) at which damage is assumed to occur.

There is a vast literature on laser damage of materials. It is believed that
intrinsic damage thresholds of materials can be measured by focusing laser
pulses into small volumes of bulk material., The damage threshold varies greatly
from pulse to pulse. If the small focal volume contains a2n absorbing inclusion,
damage occurs at a low energy density. If the focal volume is free of imperfec-

tions, the much greater energy aensity is believed to be the intrinsic value for

the material.

Itis expected that it will be difficult to avoid the inclusion-induced low-damage
thresholds in large windows for use in the 2-11pm region since it may be extreinely
difficult to remove inclusions and only a few inclusions in the whole window may be
sufficient to cause failure in some cases. However, histo:y does afford the en-
couraging story of the removal of platinum inclusions from 1.06 um-aser glass.
The resulting glass damage is limited by self focusing, rather than by inclusions,
for picosecond pulses. For this particular case of laser glass, a threshold of

10 GW/cm2 in a 100 psec pulse still corresponds to only lJ/cm2. But values of
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energy density Itp (where 1 is the irradince, i.e. intensity, and [p is the
laser pulse duration) possibly as great as 60-100 j/cm2 over large arcas for

30 ns pulses of 1.06um radiation have been rcportcd53 for an inclusion-"purified"
glass. Such a great value ltp = 60-10V J/cm2 is two orders of maguitude greater
tha:: the value ltp = | J/cm2 for damage by 1 um-radius inclusion in the examgle
below. This strongiy suggests, but does not prove conclusively, that the purifizd
glass does not contain inclusions of approximately one micrometer radius.

Recall that inclusions near the surface of a bulk material can give rise to

conc-shaped craters on the surfacc.s‘}'52

For coated samples it is possible that
cither these cone-shaped damage sites or the detachment discussed in Sec. iX
could result. In any studies of inclusion damage, the important result of Boling
and Dube54 that the inclusions may be difficult to detect by methods other than
actual laser damage should be kept in mind. Careful electron microprobe searches
failed to detect inclusions in samples that subsequently showed the cone-shaped
surface damage. It might be expected that this anomalous result could be explained
as absorpticn by pores filled with water or other contaminants that are transparent
in the visible region of the spectrum, However, the absorption coefficient of water
at 1,06 ym is small (8 = 0.4 cm-l), and this mechanism is unlikely. At 1.06 urn
for inclusions in sapphire (nr = 1.7), ka = 1.7(2¢)a /X is equal to unity for

a = 0,1pym, Since inclusions that are even somewhat smaller than this value of

0. 1gm could still absorb strongly, - .!the inclusions could be widely spaced,
their detectiot: could be difficult,

Inclusion damage threshold. Assuming that inclusions will determine the

damage threshold, recall that inclusion-damage thresholds vary greatly, with

typical values for 1-10um radiation of 1-10 j/cm‘ for nanosecond pulses and
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10 to several hundred joules per square centimeter for microsecond pulces, It is
difficult to make an accurate calculation of the inclusion-damage threshold even
for inclusions in the bulk because such details of the inclusions as their size, ab-
sorption coefficient, and shape are not known anc the exact damage process is not
known. The inclusion-damage-threshold value of the energy density Ilp depends

on the puise duration. In the absence of specific values of Itp, the typical values

of 1-10 j/cm2 and 10 to scveral hundred joules per square centimeter just men-

tioned will sufficc as estimates of values to be expected in coated or uncoated

materials. It is emphasized tha: values of cnergy density (J/cm?') alone have

little slgnificancc.54a

Current thcorics24 are sufficient to demonstrate that these values of Itp are
reasonable, The general theory is somewhat complicated and the results are quite
uncertain for the usual case in which the nature of the inclusions is unknown, How-
ever, simple cases of the theory serve to illustrate central features of inclusion
damage. A major factor in determining damage by an inclusion is the relative size

of the duration tp of the laser pulse and the thermal-diffusion timc46
T, = C,a%/4K,, = 0.1ps (8. 1)
H ™ “H H™ OH y

wherc CH and KH arc the heat capacity per unit volume and the thermal conduc-
tivity of the host materiz; and a is the radius of the inclusion, assumed to be
spherical and to have thermal conductivity much greater than KH for simplicity,
The numerical value 0. 1ys in (8. 1) is for the case of a = lym, For tp <7,
the heat generated in the inclusion does not have time to diffuse into the host ma-
terial, and the temperature rise T is determined by equating the energy absorbed

to the product of the heat capacity and T:
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2 2
T e= (SItp/‘.‘aCI)(onbs/na ) B for tp << T, (8.2)

H

where Oabs and Cl are the absorption cross section and heat capacity per unit
volurne of the inclusion and 1 is the irradiance (intensity) incident on the iiclu-

sion. For the otiier ex*reme of tp > T which is satisfied for a 1< pulse with

1 ym-radius inclusions according to (8. 1), the steady-state result for T is valid:24r
= 2
T—(Ia/4KH)(oabS/-rra ) for tp>>TH (8.3)

It nas been :wrgucd24 that failure occurs when T reaches a value 'I‘f e 1000 K, as

a rough estimate. Setting T = ’I‘f in (8.2) and (8. 3) and solving for Itp gives

4 2
Itp = gaCT(ma /o, ) for % «< Ty 8.4)
It = (4KHtpr/ﬂ)(TT8 /04) for t > 7y . 8.5

For the moment it is assumed that @ogg ™ 0.1 naz, and that all inclusions
nave the same radius a = 1 ym. Then, for a 10 ns pulse, tp < LT is well satis-

fied according to (8.1), and (8.4) gives
_ 2
It = 2,7 J/cm , fort = 10ns ., (8. 6)
p Y
For a 1ys pulse, tp > Ty ia satisfied, anad (8.5) gives
_ 2
Itp = 20]/cm (8.7)

')
thus illustrating values of Itp on the range 1-10 J/cm” for 10 ns pulses and 10 to a

few hundred joules per square centimeter for microsecond pulses,
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Next consider the ratio (ltp )I “S/( ltp )IOns . From (8.4) and (8.5),

(Ttp)) g 3Ky (1ps)
- 2
(“T’)IOns Cl 2

= 7.5 (8.8)

46 .
where the numerical value 7.5 is for the case of a = 1um, 6 For a = 0,1pm,
the ratio has the value 750, and the values of ltp are 0.27 ]/cm?' and 200 J/cm2

for 10 ns and 1um pulses, respectively.

‘The temperature rise depends strongly on the inclusion radius a, as scen in
(8.4) and (8.5). If a sample contains inclusions having a wide range of values of a,
then inclusions of a certain value (that depends on the values of tp’ KH’ and other
parameters) will determine the damage threshold since their temperature rise
will be the g‘rcatcst.?'4 The value of a = 1ym used in the examples gives rise to
large values of T, but the value of a was not optimizcd24 in the interest of sim-

plicity of the examples.

Minimum inclusion-damage threshold. It will be shown that values of :nergy

deneity less than lj/cm2 are possible in principle for nanosecond to microsecond
pulses. The value of the power density at which inclusion damage occurs becomes
great for both very small values of a and for very large values of a. First, for

H
value of Itp will be given by Eq. (8.4). Thus the value of Itp becomes extremely

sufficiently small values of a the inequality tp << 7, will k> satisfied, and th-

large for large values of a. Next for small a, such that ka €< 1 isg satisfied,
where k = 2¢ nr/l, the absorption cross section is small, Oabs << naz, and

Itp is great according to (8. 4) or (8.5).

The value of oabs/"az = 0. 1 used above is a reasonable approximation for

a typical case. For example, for ka 2 1, the value of oabs/tra2 for a metal is
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(1-R), where R is the average value of the reflectivity over the various angles
of incidence on the spherical inclusions, A typical numerical value of this factor
1-R is 0.1 in agreement with the approximation. For dielectric inclusions the
value of oabs/" a2 is less than 1 if ecither ka €1 or Bla < ] is satisfied, where

Bl i the absorption coefficient of the inclusion.

Finally consider the minimum value of encergy density Itp for a sample con-
taining the worst type of absorbing inclusions. The problem of minimizing the
value of ltp as a function of the inclusion radius and other parameters of the
inclusion is difficult in general, However, the following simple analysis should
suffice for a rough estimate of the minimum value of It . The maximum heating
for a given energy density and a given value of the inclusion radius occurs for the
case of tp « 4 since in this case the heat does not have time to diffuse out of
the inclusion. In this case the value of the energy density is given by (8.4). If a is
formally taken as an arbitrarily small number, then the value of Itp is arbitrarily

small. However, the value of a must be greater than
_ 172 _ 1/2
i’th = (4KHtp/CH) = (tp/lus) 3.2ym , (8.9)
which is equivalent to tp << Ty in order for (8.4) to be valid. Furthermore, a

must be greater than

-1

k' = A/2mn = (m‘é“w‘ﬁ) (%) 0.84pm (8. 10)

otherwise the value of 1ra2/oab8 in (8.4) becomes very iarge.

For a 10 ns pulse at 10, 6 ym, the value of k-l is greater than the value of L,
-1

h.

Thus the value of a is limited by the value of k-l. Substituting a = k ~ = 0,84um

from (8. 10) into (8.4) with 7a’/g,, = 1 gives I, = 0.2 J/em?. For a 1ys pulse
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the value of £, = 3.2um is greater than the value of k™! = 0, 84 pum for
10. 6 ym radiation, Substituting this value of a = zm = 3.2um into (8.4) gives
ltp = 0.83 J/cmz. Thus inciusion-damage values of cnergy density less than

1 J/cm2 are possible in principle for nanosecond to microsecond pulses,

In using the value 1732/oabS =1, it is tacitly assumed that the inclusions
are not metallic since the factor 1 - R for metallic inclusions is considerably
less than 1. In order to have 17::12/0&1)S = ] for the dielectric inclusions, the
value of the absorption coefficient BI must be sufficiently great that Bla >1
is satisfied, but that the value of BI must not be so great that the reflectance of

the inclusion becomes sufficiently great to reduce the absorption cross section.

Braunstein : nd coworkers‘lo at the Hughes Research Laboratorics measured
a damage threshold of multilayer antireflection coatings for metals of 65 J/cm2
for their nominal 0.6 us pulse, which consists of a 0.23 um pulse followed by a
3 s tail roughly. The size of the laser spot on the target was not reported; how-
ever, the damage was reported to be at localized damage sites, This result,

65 ]/cmz, is in the range of 10 to several hundred joules per square centimeter

given above,

Laser damage from heating of the coating. The intrinsic damage threshold

of antireflection coatings is of interest in interpreting experimental results and
in determining the ultimate possible performance. Consider a 10. 6 um coating of

thickness L¢ =2 ym and absorptance Af = 10’3. The diffusion time 7, for dis-

2
tance !,f is48

2
T, = CL /4K . (8.11)

For C =2J/cm3K, K =5x 102 W/cmK, and L = 2jim, this gives T, = 0.4ps.
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For tp >> Ty which is valid for a 6us pulse for example, diffusion into the

substrate must be considered, and the temperature rise isd’8
T = 21at/7cK)? (8. 12)
3 a3 2
For T - 10" K and Af =10 7, (8.12) gives 1 = 0,11 GW/cm™, or
_ 2
Itp = 700 J/cm s (8.13)

Since such nonlinear effects as electron-avalanche breakdown and multiphoton ab-
sorption do not usually occur for 1 210 GW/cmz, which is less than the value of
0.11 GW/cm2 in the example, the intrinsic damage threshold is expected to be

700 ]/cmz, as given in (8,13) for ordinary linear heating.

For tp << Ty» 38 for nanosecond pulses, the heat generated in the coating

does not have time to diffuse into the substrate, and the temperature rise is

T = IAftp/C,(Lf . (8. 14)

The value of Itp correspondingto T = 103]( is

-3

e = 400 J/cm? for A, = 10 (8. 15)

f

and the corresponding value of 1 is 40 MW/cmz. Since values of 1 for electron-
avalanche nreakdown can be smaller than 40 MW/cmz, the electron-avalanche-
breakdown mechanism could cause breakdown at values lower than the thermal-
breakdown value of 400 ]/cm2 from {8. 15). For example for 10 ns pulses, the

observed value of 1 = 16 GW/cm2 for NaCl corresponds to

It = 166 Wem? . (8. 16)
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Finally, it is mentioned that the intensity 2 x 108 W/cm2 corresponding
to ltp = 2 j/cm2 and [p = 10"8 s is much greater than the cw intensities lcw at
which failure occurs. Values of lcw vary greatly depending o1 the material and
operating conditions. A representative value is [cw = IO3 W/c.nz. In a repeated
pulse system, for example a laser with a long train of microsecond or nanosecond
pulses, either the single pulse threshold such as 1-100 J/cm2 or the average heat-

ing threshold such as 103 W/cm2 could be the limiting factor, and both effects

must be considered,

It should be kept in mind that it is known that dirty surfaces damage easily.
In large Atomic Energy Commission lasers, the high powers of the flash lamps
are used to clean the optical-component surfaccs.54b In addition to removing
such particles as dust, It is believed that adsc:bed ‘ayers (which are a less

serious problem at 1,06ym) also are removed,

Intrinsic nonlinear damage. Nonlinear damage mechanisms include electron-

avalanche breakdown, two-photon absorption, enhanced-stimulated- Raman scatter-
ing, and self focusing., Recent experiments have provided a wealth of information on
intrinsic damage thresholds in bulk materials, The intensity If at which damage
occurs in NaCl for 10ns pulses of 10. 6 ym radiation is ~15 GW/cmz. and the values
for other materials of interest typically are not drastically different from this value.
The pulse-duration dependence of If has been studied in detail experimentally for
1. 06 ym r:audiation.55 There the values of I increase from ~16 GW/cm2 at tp

8 1

=108 5 to ~500GW/cm? at t = L.5x 10"y,

These values are for bulk materials, It is possible that the intrinsic failure

threshold could be lower at the surfacc of a coating, at the surface of an uncoated
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material, at the interface of the coating and the material, or in the coating itself.
FFor example, Bo]ing53 suggested that electronic surface effects such as modifica-

tions of the band structure or states in the gap could lower the damage threshold.

At the present time we simply want to keep in mind the possibility of a lower
surface threshold. Calculation of this lower intrinsic value of lf has low priority
at present since the intrinsic damage mechanism in even the bulk damage is not

36 of breakdown does contain sufficient details

well understood. A recent theory
to allow estimates of surface effects to be made. Since the validity of the theory
has not been well tested, we shall not extend it to the surface damage case at

present,
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IX, LASER DAMAGE OIF DETACHED COATINGS

The following results are obtained in the present section:

e The calculated value of 25K temperature rise for a detached film seg-

ment of diameter D = 2 mm is surprisingly small,
. ' 2
e The temperature is proportional to D™,

e The thermally induced stress corresponding to T =25K has a typical
value of 20MPa (3 x 103psi ), which may be sufficient to cause further detach-
ment, then further temperature increase since T ~ D2. and possibly a runaway

condition resulting in damage.

The absorption in coating is much greater than in the window material itself
in most cases of interest, and the impedance to heat flow is nuch greater along
the long path thror @ « film than through the direct path from the filin into the
bulk window material. Thus, it was originally expected that even very small de-
tached arcas of the coating would be casily damaged. The results of the sample
calculation below were surprising. A detached area can be quite large without
ex 3ssive temperature rise, For example, for the typical values of intensity
1=10° W/em? film absorptance A; =107, and film thermal conductivity

K=5x 10-2 W/cmK, the temperature rise T in a detached area of diameter

D = 2mm is only 25K.

This result is encouraging., However, the corresponding thermally induced

3

stress has a typical value of 20 MPa (3 x10" psi). Even though greater stresses

have been measured in films (70 M Pa, or 104 psi, is a fairly large value), this
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value may cause further detactment of the alrcady detached area. Thae larger
dctached arca would have greater temperature. Thus a runaway condition result-

ing in damage could occur,

The detached area is assumed to be circular and thermally insulated from
the substrate. A noninfinite thermal impedance could be included easily, but is
not justified at this ~arly state of investigation. Radiation and all other mechan-
isms of heat loss in the detached area other than the heat flow along the detached
film into the substrate in the adjoining attached area are neglected. The temper-
ature is measured with respect to the initial constan* temperature of the coating
and substrate; i.c. T = 0 at time t = 0, The film is assumed to absorb only a
small fraction of the incident radiation. Thus, exp (- BI,Lf) > ] - ﬁftf, and the

absorptance is Af > Bf,tf as before.

It will be argued below that in cases of interest the heat flow from the edge
of the detached film into the substrate is sufficiently rapid to maintain T = 0 at
the edge of the detached area, at p = %D. where p is the cylindrical radial var-
iable. This reduces the problem to the trivial one of heat generated at the constant
rate le throughout a cylinder whose surface at p = %D is held at temperature

T = 0. With this boundary condition, the steady-state heat-flow equation

2

x¥r XD

[ "
»Pw ' A

o|x

has the solution
18 2
_ f 1 a2
TTox [(rD) P] ' O

which is casily verified by substitution. The maximum temperature, at p = 0, is
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) 2
me = me /16K . (9.2)

Notice the lincar dependence of the maximum temperature on the detached area,
2 :

3 4 . . = L -
me D”. 'The proportionality of me to ﬁf, rather than 10 Af 5f f» isare
sul* ~* the fact that me must be independent of lf since the heat flow in the de-
tached cuating is radial, thus making the problem equivalent to that of radial heat

flow in an infinitely long cylinder.

With the values of the parameters in (3.3) and D = 2mm, the result (9.2)

gives

me = 25K (9.3)

as previously stated.

We must now check the assumption that the boundary condition T = 0 at
p = %D is valid. There are several simple models that give this result., The
following is the most satisfactory. The heat fiow out of the detached area, at

P = QI-D, is

J = -K(dT/dp)

p=D/2 -
With (9, 1) this gives
1
J- 8D . (9.4)

This is the heat flow out of the arca ﬂle.

The temperature rise at p = QI-D is the same order of magnitude as that at

the surface S in Fig. 9,.1a for a semi-infinite medium with a heat flowing in at
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L

{b)

Fig. 9. 1. Model heat-flow problems used in the argument
that T & 0 at the edge of a detached coating.
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the hemitoroidal surface S. If the thermal diffusion distance

_ 1/2
I’th = (4Kt /C)

is less tha ~Dc, it makes little difference if the circular source in Fig. 9.1a
is replaced by an infinitely long straight-line source, and by symmetry this
source ir a semi-infinite medium can be replaced by a cylindrical source in an

infinite medium, as shown in Fig. 9. 1b,

It can be shown by direct substitution that
T = -C,Ei(-u) . u = Cp? /4Kt , (9.5)

where the exponential integral is defined as

-Ei(-u) = e-e%rs)
u

is a solution to the source-free thermal-diffusion equation

K 3 9T oT _
CRTLE T

We are interested ir large times (t > Cp(2)/4l( ~ 10'7 sec), for which the ap-

8 “EiC-u)= tn(u)’!, with y = 1,781, is valid. Then, choosing

proximation
the value of C1 = pOJ/2 K, where Py = Lf/ﬂ (see Fig. (9.1a), with ) given by
(9.4) in order to give the same value of the heat flow in model problem and the

real problem, roughly speaking, reduces (9.5) to

T. = 18D 4 P 41Kt 9.6
1,7 8#K " 2 £
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With the values of the parameters from (3, 3), the value of T, from (9.6) is
TD
Tl = 0.30K g %9.7)

2D

This value of ’I‘l
D
2.

(9.3), as we intended to show. If the time is increased from ten secconds to ten

= 0.30K is negligible with respect to me = 25K from

hours, the value of ’I‘l is increased by a factor of only 1.6. The approximation
D
z

L, = Dc is not satisfied for some cases of interest. For the case of Lth >> De ,

th
other models could be used. However, this is not necessary since it is clear from

the present model in Fig. 9.1a and the result (9,7) that Tl « me is still
D

2
satisfied when Lth < Do is not satisfied. Specifically, a great increase in the

value of 'I‘1 over the value in (9.7) is not expected. There should be a very

Q-D
slight increase in the value of 'I'l ag a result of the heat flow arriving from
-2-D
across the diameter in Fig, 9.1a, But there is a decrease in the value of ’I‘l
5D
since the diffusion is in three dimensions (spherically) for !'th >> De , wherease

the heat diffuses in only two dimensions (cylindrically) for !'th << De .

Next consider the thermally induced stress resulting from the temperature
rise of the detached area. A rough estimate will suffice. The stresses ¢ are
related to the strains e by the elastic constant Cel,' For the simple estimate,

the usual sum gl is replaced by a single typical term
o = Ee (9.8)
where E is Young's modulus and the typical strain e is given by

e = oz'l‘av - 9.9)
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Here a is the linear thermal expansion coefficient and Tav Is the average
temperature

\-1 D/2
T .= <g02 27 s dppT
0

av /

With T given by (9. 1) and (9. 2), evaluating the integral gives

1
= .1
Tav TTmx - (9. 10)
Comparing (9.8)-(9. 10) gives
o = - EaT 9.11
7 mx :

The value of Young's modulus does not vary greatly from material to ma-
terial, a factor of ten variation from one matcrial to another being very large,

For example, KCI1 has a small value, E = 29 GPa 4.3 x 106 psi at room ten.-

perature, while sapphire has a large value, 340GPa = 5,0 x 107 psi. We choose

the average, E = 170GPa = 2 107 aS a representative value., The thermal ex-
pansion coefficient has a representative value of ¢ = 107 k! (@=0,7x107°k"!
for ZnSe and & = 3.6 x10"°K™! for KC1). With these values of E and a, (9. 11)

and (9. 3) give

¢ =2I1MPa = 3.1x10° psi . 9. 12)

It is possible that this value of stress could cause further detachment. As al-
ready mentioned, greater values of stress have been measured in films, However,
since this stress is applied to the crack at the border of the detached area, further

opening o the crack could result. The increased value of D causes an increase
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in the valuc of me according to (9.2). The stress is therefore increased, and

a runaway situation should result,

It could also happen in some cases that the coating itself could fracture,
thus tending to isolate the detached area thermally. For a thermally isolated
arca of the coating, all of the energy IAfatp = Iﬁf.cfatp absorbed in the
volume azf appears as heat in this volume. Thus, equating this energy-ab-

sorbed to casz gives46

T = 1Bt /C = 2.5x 100K . (9.13)

Thus, the coating materials of interest would melt if they became thermally iso-
lated. There is a remote possibility that a melted area of the film could be self
healing aftcr the laser is turned off in some special cases, but this is unlikely

in general.

in pulsed operation, for short pulse durations tp << Tt where T, % CL?M K
has a typical valuc of 0. 4us according to (8. 11). the detachment causes little ad-
ditional temperature rise since diffusion into the substrate already was negligible,

2
For very long pulsc durations tp >> o where 1, 2= C( % D) /4K has a typical

D
value of 2,5 x lO'2 s for detached diameter D = 1 mm, the above stecady-state
results are approached. For intermediate pulse durations T < tp < 1., the de-

tachment causcs a greater temperature rise

T = IAtp/Clr

- = 1/2
than the corresponding value T = IAtp/Cl.z___o, with "z=0 = (nKtp/4C) ;

for unimpeded diffusion into the substrate.
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X. GUIDELINES FOR SELECTING NEW MATERIALS

Figure-of-merit-type analyses, which were useful for window materials, are
hot appropriate for selecting coating-material candidates since the coatings must
satisfy a number of independent requirements, Thus, the following guidelines for

selecting candidates are given in place of the figures of merit:

® The value of the bulk absorption coefficicnt B, musc be less than a re-

quired value such as 0,5 cm™1,

¢ If the recommendations of Sec. 11 fail to produce values of the film ab-
sorption coefficient Bf less than 0,5 cm™ ! (‘or materials with Bb < 0.5 em™! )

a guideline for obtaining Bf <0.5 cm-1 will be sought,

¢ The value of the index of refraction n_ must be within the required range,

In multilayer coatings, at least one low-index and one high-index material is re-

quired.

¢ The thermal-expansion-mismatch stress must be sufficiently small to

prevent failure. Other available information on stress should be used, 2s dis-

cussed in the text,

e Nonhygroscopic materials are desirable, although it may be possible that

hygroscopic materials can be used as an insiue layer of a multilayer stack,

¢ digh-purity, single-crystal starting materials must be available or ob-

tainable. The single-crystal requirement may be relaxed later in the program,
® Materials must be nonradioactive and nontoxic for some applications,

¢ The hardness of the outside materials should be great for coatings that

must withstand abrasion.
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e Previous experience with the materials in question should be considered,

but caution is required to avoid misleading negative results,

e The following proper.ies are desirable, but are difficult to predict for

new materials that have not been prepared previously in thin-film form:

film packing density

stability (water or other chemical attack, thermal or photo decomposition)
deposition compatibility in multilayer coatings

adhesion to cnbstrate

stoichiometric in thin-film form

no adverse diffusion effects at interface.

Figure-of-merit and general broad-brush analyses, such as the figure-of-
merit analyses for window materials that were developed previously,s'8 would
be extremely useful for coatings materials. Unfortunately, figures of merit are
not useful for coatings materials at present. For window materials, values of
the total power through a window under various conditions were convenient figures
of mcrit.é.8 The dependence P(B,0, G, K, * * *) of the power P, calculated by
making simplifying assumptions, on s"cn parameters as the absorption coeffi-
cient B, material strength o, heat capacity C, and thermal conductivity K clearly

shows the relative importance of these parameters. For example, diamond is a

guod material in some applications because its great strength and thermal con-

ductivity more than compensate for its high 10,6 um absorption coefficient,

Coatings on the other hand must satisfy a number of independent require-

ments. For example, coatings must have good adhesion to the substrate,
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homogeneity, stability in the atmosphere, and low absorptance, reflectance, and

scattering. Failure to achieve any onc of these propertics makes the coating un-
. -10

acceptable, no matter how good the other properties are. An absoiptance of 10

would not compensate for the inability to adhere to the substrate, Thus the figures

of merit must be replaced by a set of individual requircments.

At the present stage of high-power infrared coatings studies, a major prob-
lem is the extra opticai absorption in films. The source of this extra absorption
is not presently known. Thus it has been difficult in the past to judge the proba-
bility of success of any new coating materials, and there have been no guidelines
for sclecting new candidate materials. Since such guidelines would be extremely
useful, a preliminary set will now be discussed. Our recommendation that no new
materials be studied in nonoptimum deposition systems should be kept in mind in

the current discussion of new materials.

There are no magic formulas, calculations, or results for selecting materials.
Only the simple application of what is presently known can be used. Unfortunately
the current state of knowledge of films is not sufficiently complete to allow a to-
tally satisfactory set of guidelines to be developed. For example there is no way
to tell in advance if a given coating material will adhere well to a given substrate.
In spite of the difficulties, using the guidclines should greatly enhance the proba-

bility of selecting a satisfactory coating material.

One problem in sclecting the most promising coating materials is that the
values of Bf of new materials are not known, and cven the values of Bb are not
known for some film materials. Sufficiently accurate cstimates of the values of

Bb often can be made by using known tendencies of changes in B with material
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and crystal-type changes in conjunction with known values of 8 for similar
matcrials.58 There is no reliable way of estimating the values of Bf since the
physical source of the large observed values of ﬁf is not yet known, Thus, ma-
terials will be selected on the basis of their bulk absorption coefficients. Indeed,
the first task of the near-term program will be to obtain low values of Bf of the

chosen materijais.

The first and most important guideline is that the bulk absorption coefficient

must be less than the desired value, such as O.Scm-l as discussed in Sec, III,

Even though this value of ﬂb = 0.5 cm'l is extremely high with respect to the
typical value of 10-4 cm-l for bulk materials, this guideline still eliminates a
great number of materials that come under consideration, as will be seen in Sec,
XI on candidate 10, 6 ym coating materials. For example, the absorption is too
great in the oxides for which the 10, 6 um absorption coefficient is known, Other
oxides for which the bulk absorption coefficient at 10, 6 ym is not known are con-
sidered poor candidates for this wavelength since the absorptance of a number of
oxides is known to be high, As another example, the 10, 6 gm bulk absorption co-

1, 18 cm-l, and

efficient of the fluorides is marginal, The values of Bb =50 cm
3 cm'l for lithium fluoride, magnesium fluoride, and calcium fluoride, respec-
tively, are too great, The absorption coefficient of 1-2 cm-l for lanthanum flu-
oride is marginally too great, while the values 0, 17 cm-1 and 0.5 cm-1 for

barium fluoride and sodium fluoride, respectively, are sufficiently small,

Depending on the outcome of the experiments to eliminate the extra film ab-
sorption, a guideline on film absorptance may be inserted at this point. If the
film absorption coefficient cannot be reduced to the desired value ( such as 0.5

cm'l), the expected value of the film absorptance will be a major factor in
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selecting the best candidates. Specific guidelines for this selection will be sought

if this inability to reduce the film absorption coefficient comes to pass.

The second guideline is simply that the value of the index of refraction n
must be in the required range. Since all serious coating candidates now contiin
at least two layers, materials having both high and low values of refractive index
are needed, This serves as a convenient criterion for dividing coating materials
into two classes. In the following section, low- and high-index matcrials are con-

sidered separately.

The third guideline is that the film stress resulting from the mismatch ci the
thermal expansion coefficient of the film and substrate should not be sufficiently
great to cause the film to crack, peel or be removed from the substrate, As dis-
cussed in Sec. VI, the thermal expansion mismatch contribution to the stress can
be calculated with sufficient accuracy that failure can be predicted. Thus this
calculation should be made for every film-substrate combination. Unfortunately,
the thermal expansion mismatch contribution to the stress usually is smaller
than the intrinsic and contamination contributions to the stress. These two
larger contributions to the stress cannot be calculated with the accuracy with
which the thermal expansion mismatch contribution can be calculated. Never-
theless some Investigators in the field believe that some estimates of the intrin-
sic contribution to the stress can be made based on known stresses for a large
number of previously deposited coatings. Based on information in the literature
and discussions with workers in the ficld these estimates of the values of intrin-

sic stress are available only in the private files of individual coatings companies.

The next few guidelines involve known bulk properties of materials. The

fourth guideline is that it would be desirable to have a material that is not
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hygroscopic, although this is not presently an absolute necessity. First it may
be possible that hygroscopic materials can be used as inside layers in multi-
layer stacks. Second, it is possibl: that extremely thin hygroscopic polymer
layers may be used on coatings to prevent water from penetrating the coating,
‘Third, for substrates that are water sensitive, the problem of hygroscopicity of
the coatings is somewhat less important since the substrate material> them-

selves alrcady must be protected from water,

The fifth guideline is that the coating material must be available as a depo-
sition starting material in high-purity single-crystal form. Tte requirement for
a single-crystal starting material may be relaxed in the future, but should be re-
tained in the ultraclean deposition experiment of the near-term program,1 as

discussed in Secs. VI and II.

The sixth guideline is that the material should be nonradio: ctive and non-
toxic. In some applications these requirements may not be necessary. Indeed,
thorium tetrafluoride. which is radioactive, is one of the most popular current
coating materials. At the present time there is some controversy over the im-
portance of radioactivity, as discussed in Sec, VI, As another cxample, thallium
iodide is a good current candidate for high-power 10. 6 ym coatings, and KRSS,
which also contains the toxic material thallium, has been used as an infrared

transmitting material for many years.

The seventh guideline is that the material should be hard. Again, this is not
an absolute necessity for all systems; however, it will be necessary for the out-

side layer of coatings that must withstand abrasion,
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In addition to the guidelines above, the following propertics of coating
materials are desirable but are difficult to predict for new materials that have

not been prepared previously in thin-film form:

macroscopic porosity

stability {water or other chemical attack, thermal or photo decomposition)
deposition compatibility in multilayer coatings

adhesion to the substrate

stoichiometry in thin-film form

no adverse diffusion effects at the interface.

Unfortunately this list of properties that are difficult to predict contains
some of the most imp >rtant propertics of the film, For example, the films
obviously must adhere well to the substrate and be stable. The macroscopic
porosity must be extremely low in order to avoid absorptance of water, which

increases the optical absorption, as discussed in Sec, IV,



Sec, XI

X1, CANDIDATE 10,6 um COATING MATERIALS

Since thcre are no coatings available with Af = 10.4 for any of the infrared
frequencies of interest, and only a small handful of coating materials Lhave becen
investigated, it is important to select new candidates with the highest probability
of success, Of the materials considered to date, the following are chosen as the

best candidates for 10, 6 um coatings:

[ ’I'hF4

e Na(F,c1)?
e KCI
e (Ba,Sr) F2

° KGaF4 and other Cryolite-type materials

° A82(S3,SC3)
e Zn(S, Se)

e TII

4 1

A typical goal for absorption in window materials is Bb =10 "cm '. Fortu-

nately, such a low value is not required in coating materials since the coatings
are so much thinner than the windows themselves (and the heat generated in the

coating diffuses into the window). As discussed in Sec, IIl, a vaiur. of absorptance

_ 104 1
Af = 10

chemical-laser wavelengths, slightly greater values of B can be tolerated since

, which corresponds to § = 0,5 cm = for L; = 2pm, is desired. At the

smaller values of l,f can be used., For example, at 2, 8 ym, a valuc of g =2 cm'l

may be tolerable,
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‘This greater value of 8 for coating materials than for window materials
mcans that there are many more candidate materials for coatings than for win-
dows. As in the carly days of sclecting candidate materials for high-power laser
windows, some gross sclections must be made in order to reduce the thousands
of materials to a manageable few that can be studied further in order to choose
several materials to study experimentally. The guidelines of the previous section

were developed to aid in this selection,

Table 11.1 contains a collection of values of refractive Indices n. and bulk
and film absorption coefficients ﬂb and Bf at 10.6, 5.3, 3.8, and 2,8 um. Table
11.2, taken from Ritter's articlc,“2 contains a collection of useful information on
a number of coatings. The precise meaning of the transmittance range is not
known. It does appear that the upper wavelength must be greater than 15ym in
order for Bf < 0.5 cm-1 to be satisfied, For example, the transmittance range
of ’I11F4 is listed as 0,2-15um, and the 10,6 um value of ﬂf probably is Bf = 10
cm-l. Tre range for ZnS is 0. 4-14 ym, and the 10, 6 um value of Bf probably is
ﬂf & 2 cm'l. There may be exceptions to this greater-than-15 pm rule. For ex-
ample, ZnS, with transmission to 14 pm, has Bb 2= 0.15 cm'l, and recently

- *
ﬂf < 1l.4cm 1 was measurcd.14

Table 11.3 and Fig, 11.1, from the Handbook of Military Infrared Tech-
nology,30 contain the transmission regions and the values of n_ (and dispersion)
for several wavelength regions, Table 11.4 lists properties of coating stacks

that have been developed for use at 10.6 um.

Usecful sources of information on values of parameters of materials include

the following: "Harshaw Optical Crystals" catalog; Compendium on High-Power
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Table 11.2. Film materials and thin film properties, from Ref, *2.

Deposition snethod*

Filin erystal structure and

and approximate packing dentity g at Refeactive Index n at Trans-
Starting evaporation Fiim substrute tempersture wavilengily and mittanec
matcrial temperatare composition 7., flmsinas S substeate temperature Ty ranze ()
NaAlF, B (1000°C) Depending crystalline, 1.32-1.35 depending on filin 02-14
on boat g = 0K (T, = 30°*C) composition
temper- q = 0.02(T, = 190°C)
ature S: Inw tensule .
Meh,y B (1250°C) MgF, crystalline 1.32-1.30 at 550 nin In 0.11-4
¢ =072(7T, = 30°C) vacuum, depending on Ty, {ecracking)
¢ = 0.96 (T, = 300°C) 1.38-1.40 al 550 nm in air
8: high tensile {depending on 7%)
6.0, E §i104 amorphous 1.45-1.46 at 550 nm 0.2-9
g = 09(T, = 30°C) ’
¢ = 0.98 (T, = 150°C)
8: compressive
ThF,, 1 (1100°C) ThF, X-tay amorphous 1.52 ot 550 nin and 0.2-15
ThOF, 8: medivn tensile T, = 35°C
&0 B, Rk (1250-1350°C)  SiO, amnrphous 1.55 at 550 nm (7', = }0°C) 04-9
AlO, I (2030°C) A0y amorphious 150 at 530 nm and Ty = 02-1
40°C, 1.63 nt 7%, = 300°C.
CeFy B (1350°C) CeFy erystalline 163 at 530 nm and 03-5
8: high tenalie T, = 300°C
MgO ¥, (2800°C) MgO crystalline 1.70 st 550 nmoand Ty = 0.2-8
$0°C, 1.74 a4 7', = 300°C
£i10 B (1250-1350°C) Sio amorphous 20at 530 nmand 7, = 30°C 0.7-9
ThO, E (3050°C) ThO, 1.85 at 300 nin 03
PbF, B (850°C) PLF, 8-PLYF, 1.75 at 530 nm 03-17
S: depending on thickness 1.08 at 300 mwn (T = 30°C)
conipressive or tensile
210, 1 or k (2700°C) 7c0y 1.97 at 550 um (7', = 30°C) 034-12
205 (T, = 200°C)
Ce0y B or ¥ (1600°C) CcOy crystalline 04-12
T0 R, R (1750°C) TO, amorphous at room tem)ora- 1.9 at 550 nm (T, = 30°C) 0.1-3
wure, erystalline at higher 7o 2.3 at $30 win (7', = 220°C) (clouding)
8: high tensile 2.85 at 550 nm (T, = 200°C)
ZnS B (1200°C) InS crystalline 2.3 at 350 nin (T, = 30°C) 0.4-14
S: medium compreesive
Bi 1B or 13 (1500°C) Si minorplwwis up Lo T, = 00°C  34atd pm 1-9
GCe 1 or E (1600°C) Ge amorphous up to Ty = 300°C 4.4 at 2um (7, = J0°C) 2-23
PLTe B (550°C) PLTe 5.6 at 5 pmt 3.5-20
* I, boat; K, vlcetron beam; R, reactive,
143

- N




Scc. Xl

Table 11. 3. Transmission regions of optical materials, 2 mm thickness; cutoff
is defined as 10 percent external *ransmittance, and materials marked with an
asterisk never have external transmittance as high as 10 percent. A bar with a
straight vertical ending indicates that the cutoff cxists at the wavelength repre-
sented by the end of the bar exactly as defined above; a bar with an S-shape ending
represents a material which cuts off at approximately that wavelength; a bar end-
ing in an angle indicates that the material transmits at least to that wavelength,
and probably further, From Ref. 30.
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Table 11.4. Properties of High-Power Infrared Coatings.

A R A Date of
Coating Substrate %f 7 um Ref. Report
84 '

ASZSB/ThF4 KCl1 0.19 0.03 10.6 10 Feb.'75

ZnSc/ThF4 KCl1 0.24 0.02 10.6 10 Feb. '75

0.17 .- 10.6 10 Feb.'75

ZnSe/ZnS KCl1 0.05 5 10.6 11 July '73

Ba Fz/ZnS CdTe 0.06 0. 15 10. 6 11 July '73

ZnS/ThF, CdTe 0.25 | 0.15 | 10.6 11 July '73

(ZnSe/ThF,)° KC1 <o.1 | 0.2 | 10.6 11 Jaly 75

Tll/'I'hF4 KCl1 0.26 0.09 10.6 12 July '75

@9.5um

ThF4/ZnSc ZnSe 0.03 10.6 3 July '75

ZnSe/ThF,* KCl1 8 Feb. '75

ThF4/ZnSe KCl 0.24 10.6 8 Feb.'75

-0.40

ASZSS/Th F4 KCl1 0.19 <0,03 10.6 8 Feb,'75
Ban/ZnS ZnSe 0.11 0.23 10.6 82
1111"'4/ZnSe ZnSe 0.03 0.03 10.6 82
’1'hF4/ZnS ZnSe 0.06 0.02 10.6 82
ThF4/ZnS ZnSe 0.07 0.2 10.6 83
BaFZ/ZnS ZnSe 0.12 0.1 10. 6 83
ThF,/ZnSe 15cmdiam. 0.08 0.06 10.6 92

4
ZnSe
a. cracked and peeled upon removal from vacuum system (10'6-10-7 torr)
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= visible values for opticsl glasses.

Fig. 11,1, Reciprocal dispersion of some infrared optical materials;

from Ref. 30,
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Infrared Laser Window Materials;ﬁ0 Infrared Laser Window Materials Property

Data for ZnSe, KCl1, NaCTl, CaFZ, SrF2, Ban,

*61
bridge Research Laboratories Report AFCRL-TR-75-0138;6 American Institute
30

Stanley Dickinson, Air Force Cam-

of Physics Handbook;62 and the Handbook of Military Infrared Technology.

Best Low-Index Candidates

A specific coatings problem is to find a low-index replacement for ThF4.

which is radioactive and whose accepted absorption coefficient 5f = 10 cm-l

(however, see note (a) of Table 11.1) is greater than the desired value of Bf

= 0.5 cm.l. The most likely choice, based on the requirement of a small index
of refraction, is another fluoride. The second choice would be a chloride, but
the fluorides are generally physicall'’ superior to the chlorides, bromides, and

iodides.

Halogenides in general and fluorides especially belong to a class of materials
that can easily be evaporated and cordensed stoichiometrically. One disadvantage
is that some fluorides and in perticular chlorides and bromides are quite soluble
in water. The most important fluorid s are cryolite (genexally speaking the com-

pounds of NaF and AlFé), Mng. and ThF,.

Conslider the variation of the index of refraction from material to material.
The index of refraction n_ of a low-loss dielectric is equal to the square root of
the dielectric constant ¢. For a crystal composed of two types of ions with polar-

izabilities a, and a_, the Clausius-Mossotti exprcsslon57 (in Sl units)

f -1 _ N
€+ 2 3(0

(a, + )
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where N is the number of + or - ions per unit volume and € 107/41rc2 is
the permeability of free space, relates € to the a's for materials with 4P /3
local field correction. For no local field correction, the factor € + 2 is missing.
In cither case, ¢ (and nr) decreases as the net polarizability a, + a_ decreases
and as the ncar-neighbor spacing Beis & N'l/3 increases. Fluorides generally
have smaller refractive indices than chlorides, bromides, iodides, sulfides, scle-
nides, tellurides, and arsenides because the polarizability of the fluorine ion is
quite small, Positive ions tend to have lower polarizabilities than negative ions

of the same mass, and morc massive ions tend to have greater polarizabilitics

than lighter ions.57 Sodium fluoride, with a_ = ap = 1.0x10-24cm3. o

+ = *Na
= 1,8x 10-25 cm3. and an= 0.2317 nm has the lowest known index of refraction,
n_ = 1.222 at 10.6ym. The value of (a++ a_)/an?‘ is lower for Nal® than for

"neighboring” compounds. With values of a and a_ from Kittcl.57 we find:

0.652 + 0,03

LiF - = 0.083
2.014)
) 0.652 + 0. 14
NeF : 14 _ 0,064 -~
2.317)° min
- 0.652+ 133 _ o 1o,
(2. 674)
. 0.652+1.98 _ o .
2. 815)
NaCl : 2,97+ 0.14  _ 4 139
(2. 820)
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The most likely candidates for the ThF4 replacements are NaF, KF, SrE,,

KGaF4 or another Cryolite-type material, NaCl, and KC1. Nonc of these ma-

terials are radioactive or toxic.

ThF4. Thorium tetrafluoride itseif is one of the most promising low-index
materials in spite of the fact that the commonly used value of Bf = 10 cm-l is
1

much greater than the desired value B, = 0.5 cm-l. Note that ﬁf <1.2cm
*
has been measured in ThF4. 10 See note (a) on Table 11.1, The use of ’I‘hF4 is

restricted to cases in which the radioactivity can be tolerated. X-ray analyses

*
indicate that ThF4 films are amorphous. Cracked films look like cracked glass. 2

The deposition temperature must be greater than 150 C to avoid OH absorption
bands. Sputtering gives a fluorine deficiency, with grey or black color. Thick
films, at lecast 3-4 um thick, can be grown. Bulk samples have been grown at
Bell Telephone Laboratories and at Hughes Research Laboratories. The bulk

crystalline structure of ThF4 is monoclinic. As mentioned in Sec. V], Van

Uitert and coworkcrs40 recently found that a single crystal of ’l'hF4 kad

6

o2 2x10°9K! for temperatures between 25C and 400C, and the total ex-

pansion ¢AT for AT = 25C-600C was zero, The crystal was not cracked

by application of a blowtorch.

2

*
Considerable reduction of ThE, filmis on exposure to air has been reported.

Thorium tetrafluoride films with Bb < 1,2 cm-I have been grown on occasion,

but values below ~7-10 cm-I cannot be obtained consistentlx.63

The following excerpt is from Ref. *10. "ThF4 from five different sources
was evaluated during the contract period, Material from British Drug House was

found to contain high levels of metallic impurities (particularly iron) and yielded
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highly absorbing films, 'I‘hF4 crystallites obtained from Balzers A, G. contained

carbon impurity and also yielded high absorption films, Matcrial from American
Potash was found to be acceptable if selected by lot. Certain lots produced films
with absorption index of 1 x lO-4 or less, while others had a high ThO2 content,

which made deposition extremely difficult and yielded absorptions in the 1 x 10-3
region. Poly Researchh Corporation supplied material from several different lots
that had no detectavle impurities by emission spectrograph or X-ray microprobe

analysis. This material melted cleanly in the Mo-box source and deposited films

in the 1x 10”4 absorption index range.’

"The best and most consistent material obtained during the contract period
"as prepared at HRL by the reactive-atmosphere process (RAP). This process
was used to purify commercial ’I‘hF4 material, such as that obtained from British
Drug House, by melting it in the presence of HF gas and subsequently to pull crys-
tals from the melt. American Potash 'I‘hO2 powder was also converted to 'I‘hF4 by
a wet process followed by drying of the 'I‘hF4 powder in a gascous HF environment
and subsequent melting and crystal growth in gaseous HF, Either the processed
and dried powder or the melted material was found to yield low-absorption films.
The high-reflectance mirrors fabricated during the final part of the contract

period contain ThF4 from RAP melted ingots.’

"Bulk absorption measurements were made on RAP-grown 'I‘hF4 crystals for
comparison with the film absorptions, An absorption index for the bulk crystals
of approximately 3 x 10-4 was found. This is one of the few cases where film ab-
sorptions are less than those of the bulk, and it may be indicative of the fact that

better bulk crystals can be prepared.”
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-
B

Rittcr‘2 states, "In recent years ThF, films have become important as low
index material for dielectric mirrors, especially for the laser technique. Thor-
ium fluoride as well as thorium oxifluoride can be used as a starting material.
At 1000 C only thorium fluoride evaporates for either starting material. ThO2

cvaporates above 2000 C only. ThF4 films are transparent from 0.2pgm up to 154m.

The ‘ilms are mechanically and chemically quite stable. The packing density
seems Lo depend on the preparation conditions, Films with high packing density
can be obtained. 'I‘hF4 films show tensile stress on the oder of 110-150 MPa
(l.6x 104- 2.1x 104 psi). At exposure to air an apprcciable reduction occurs.
’I‘hF4 films can be made quite thick without the formation of cracks or pecling
off. This property makes them well suited for infrared applications. ThF4 is

very compatible with ZnS in multilayer coating, e.g., for laser mirrors,"

"One obvious disadvantage of ThF, is its radioactivity. It is necessary to
follow up the security measures provided for work with radioactive materials

according to the regulations of the authorities.”

NaF. Sodium fluoride has an acceptably low value of bulk absorption coef-

ficient, Bb =0.,5cm l. but the film absorption coefficient ﬂf is not known, It has
the lowest known index of refraction (nr = 1,222 at 10.6 ym), The water solu-
bility of NaF (4.22g/100g water) is between that of LiF (0.27g/100 g water) and
that of KCI (34.7 g/100 g water) or of NaCl (35.7 g/100g water). The Knoop hard-
ness (Knoop 60, or 590 MPa) also is between that of LiF (Knoop 99, or ~970 M Pa)
and that of KC1 (~Knoop 8, or ~80 MPa) or NaCl (~ Knoop 17, or ~170 MPa).
Thin films of NaF are easy to dcposit.62 Dr. H. Bennett has suggested NaF as a

replacement for Th F4 .34

151




Sec, X1

(Sr, Ba)Fz. Barium and strontium fluoride we re selected as the most promising

of the alkaline-earth fluorides, which have better physical and chemical proper-
tics than the alkali halides. The absorption is too great in Ca F2 (Bb = 3cm-1).
Barium fluoride, with Bb =0.,17 cm-l, would appear to be a better choice than
Ser, with Bb =0.46 cm-l. However, consistently fewer problems have been en-
countered with SrF2 than with Ban. Since Ca F2 films are very porous and are not
very stable, measurement of the packing density of Ser films is especially im-

portant, Dr. Harold Posen and coworkcrs11 agree that the alkaline-earth fluo-

rides are good candidates.

l(GaF4 or other Cryolite-type materials. By Cryolite-type materials we mean

materials contain’mg59 (Na, K, Rb,Cs) F plus (Al, Ga, In, T1) F3 . Since the absorp-
tion of Cryolite (NaAlF4) is expected to be too great at 10. 6 ym but the films are
otherwise quite good, replacing the light elements Na and Al by heavier elements
K or Rb and Ga or In possibly could result in a satisfactory film material. Such
materials are speculative since even the bulk materials apparently have not been

studied, but we have not made a literature search of the materials,

(K, Na)C1 Potassium chloride is included in the list of low-index materials
because ﬂf <0.6 cm-l already has been attained, If KCl1 is included, NaCl, with
its lower water solubility and slightly greater Knoop hardness, should be consid-
cred also. The bulk 10, 6 um absorption coefficient of NaCl is B, =3x104cm’],
It i» hoped that such hygroscopic materials can be used as inside layers in multi-

layer coatings, but this has not yet been established,

152



Scc, X1

Best Higher-Index Candidates

The following list of best candidates for higher-index film materials is
necessarily even more arbitrary than the low-index material list since the: low-
index materials are limited essentially to the fluorides and chlorides:

As2(33, Sej)
Zn (S, Se)

TII.

A5253 . Arscnic trisulfide is the only known film for which ﬁf = ﬁb (=0.8

cm’l) at 10. 6 ym (with the possible exception of ThF,, for which the intrinsic

*
value of ﬁb is not well known). 1t was found at ifughes Research Laboratories 10

that purchased high-purity A5233 powder was not satisfactory even after it had
been melted in the presence of HzS. Arsenic trisulfide was synthesized at the

"ughes Research Laboratories under conditions designed to keep it oxygen-free,

*19,%82

It was pointed out in China Lake reports ‘hat there is a possible probiem

of photodissociation of AszS3 and Aszsc3 followed by oxidation of the arsenic,

resulting in additional absorption and optical densification,

As28c3 . The 10. 6 ym value of the absorption coefficient Bb =0.011 cm-l

is 70 times smaller than the value 3b =0,77 cm-l for Aszs,3 .

*
ZnS. Zinc sulfide is a common coating material. Films a.e polycrystalline. 2

Occasionally observed inhomogeneities are attributed to a ZnO layer. The value

of Bb is ~0.15 cm, Measured values of Bf are as low as 5; <1.4 cm-l. The

*
following excerpt is from Ritter's article, * "ZnS films show a high packing dens-

ity. The stability of ZnS films, e.g., their adhesion, depends very much on the
cleaning end pretreatmelc of the substrate. For use as an antireflection coating

on Ge, e. g., it is recommended that one use a 150 C substrate temperaturc and
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an effective glow discharge just prior to evaporation, In this way films can be
produced to withstand several bours boiling in 5% salt water, repeated washing,
and cxposure to moisture without damage. ZnS evaporates at approximately
1200 C. During heating ZnS dissociates into Zn and S. This was proved by mass
spectrometric investigations, During condensation recombination of Zn and S to
7nS takes place. This evaporation mechanism explains the strong temperature
dependence of the condensation coefficient of ZnS, even in the range 20-300 C.
Zr S can be evaporated from molybdenum or tungsten boats, A source well
suited for the evaporation of large amounts of ZnS at rather high deposition

rates is described by Cox and Hass."

ZnS is one of the standard coating materials for optical applications in the
visible and infrared region. It is often used in combination with one of the low
index fluorides, like Mng,ThF4, or cryolite. It forms thick films that do not
crack or peel off. The useful transmittance range covers the visible and the in-
frarcd up to 14 ym, The refractive index in the visible ranges between 2,60 and
2,30 sirce it.shows a strong dispersion near the absorption edge. In the infrared
the refractive index is around 2, 3,

1 and B = 1.2ca !

ZnSe. The bulk absorption coefficicnt is B; = 4 x 10 *cm”
has been reported. Zinc-selenide films crack off KCl substrates unless the ZnSe

film is thin.

T1L Thallium icdide is included in the list of best candidates because Bf <1
cm'l has been attained.‘ o Films are highly textured polycrystalline. Rapid depo-
sition is required to obtain the low values of Bf. There is a problem with film
clouding of thick films (>0.3-0,5um) grown on glass, cleaved KC.\, and mech-

anically polished KC1, Scanning-electron-micrograph edge views of films showed
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an abrupt switch from a pancake morphology in the thin films to a looscly packed
columnar growth pattern for the thick films, Good T1l coatings were deposited at
room temperature. Coatings deposited at 100 C were cloudy and had rough surfaces.

The toxicity of Tl may exclude T1I from some applications.

Next-Best Candidates

Some of the materials listed here possibly could form good films and could be
studied in the future. However, the best candidates just listed were chosen ‘or first

studies to keep the list manageably small,

CdTe. The following information is from Ref, *65: "Sputtered CdTe can be de-

posited as crystalline (cubic and/or hexagonal) or amorphous, depending on the
argon pressure. Films have tellurium-rich surfaces and have small amounts of
oxygen incorporated into the surface layer. For CdTe on KC1, X-ray peaks not
corresponding to KC1 or CdTe were found, Similar results obtained by others by
electron diffraction for CdTe on NaCl and on mica were attributed to stacking

faults,'

The following cxcerpt is from Ref. *10: "Films of CdTe prepared from a new
improved starting material have a cadmium deficiency o: a few percent to as much
as twenty perceni, with absorption index values as high as 10-2. Near the end of the
contract period, a portion of an old ingot was found that yiclded absorptions in the
1x10 4 range. This material was coupled with the best RAP-processed ThE, to
produce the final high-reflectance mirrors prepared. Satisfactory explanations
still are not available as to what the factors are among stoichiometry, thermal
history, and doping of a CdTe ingot that control the manner in which it sublimes
to form CdTe films." Dr, Harold Posen and coworlmrsll suggest that CdTe has

merit,
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(Ca, Sr, Ba)(S, Se, Te ), and Mg(Se, Te). The properties of the ITA-VI

compounds are not so well known as those of the 1IB-VI compounds, such as
7ZnSe, and are more speculative. They have the sodium chloride structure and
have larger electronegativity differences than the corresponding I1B-IV ma-
terials, which indicates that they have a higher degrce of ionic bonding than do
the 1'B-VI materials, The value of Eg for barium telluride probably will not be

too small since barium telluride has the sodium chloride structure.

KRS-5(T11-T1Br). Thallium is toxic, but in applications in which the toxi-

city is tolerable, KRS-5 will be a good candidate. The bulk absorption coefficient
is sufficicntly small, B, << 0.5cm ), and a value of B < 4.5 em ! was obtained
even without the special prerautions now believed necessary to obtain ultralow
values of ﬁf. KRS-5 is much finer grained than T1I. The following excerpts

are from a recent Perkin-Elmer rcport:.'66 "When KRS-. is deposited on a sub-
strate with a low coefficient of expansion, it forms a film with a low tensile stress.
It has a low value of bulk absorption coefficient and, while not as hard as zinc sele-
nide (Knoop number 40 compared with Knoop number 100), it is harder than the .

component materials, thallium bromide and thallium iodide (Knoop number ~10),"

“In this investigation only singlc discrete films of KRS-5 were evaluated. The
thickness was chosen to represent the thickness that would be employed in a six-
film design. The results indicated excellent adhesion to KC1. The first two runs
produced-erratic absorption measurements, presumably because of the poor qual-
ity substrates, but a later run on substrates of better quality indicated that the
1. 1 pm-thick film had less than 0.05% absorption." [ Thus, B < 4.5 c.m-l.] "The
KRS-5 vapor would not condense on substrates held at 150 C which means that in

a multilayer combination with thorium fluoride it would be nccessary to cycle the
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substrate temperaturce between alternate film depositions. Another negative
factor was an index homogencity in the film thickness direction. This took the
form of a refractive index increasing with thickness, which is indicative cf pref-
crential evaporation or condensation of the iodide component at the initial stages

of the evaporation,”

AgCl, T1Cl, TIBr, Csl. These materials produce good quality antiveflec-

*2
tion coatings. © Bulk absorption is extremely low, The thallium compounds are

toxic, and Csl! is hygroscopic.

GaAs. Careful growth is required to insure a steep absorption edge and

*
the corresponding small value of ﬁf. 2

szss. Films have been deposited successfully, The value of n_ at 600 nm

is 2,35, Films of A8253 have been studied in much greater detail, and Sb253

is expected to have lower absorption than A8253 .

Ge, The value of Bf for amorphous films depends on the deposition condi-
tions, The smallest value found in the literature is ﬁf =10 cm-l, which is much
greater than ﬁb for crystallinc bulk germanium. The valuc of ﬁf is much smaller

on fused quartz than on NaCl.

If germanium becomes a serious candidate, it should be determined if the
well known thermal runaway problem is alleviated by the restriction to small
values of temperature rise dictated by thermally induced optical distortion.
The low laser-damage threshold observed by Youngm38 was attributed to

thermal runaway,

The observed increase in B with increase in frequency w fromfw =0,1¢V

(B =30 cm'l) tol.3eV(B=0x 104 cm'l) for amorphous germanium strongly

157

™=
Ea E



Sec. X1

suggests an clectronic absorption mechanism related to "states in the gap" of

amorphous materials.

Germanium was found tens of nanometers into a KC1 substrate. Germanium

films become oxidized throughout, which increases B.

Chalcogenide glasses. In addition to A8283 and ASZSc3 discussed above,
there are other chalcogenide glasses such as Texas Instruments TI11173 (a glass
containing Ge, As, and Se). Dr. A, R, Hilton67 pointed out that the coatings will
have to be rf sputtered, and that rf sputtering has been accomplished at Texas

Instruments to fabricate optical wave guides,

Unacceptable and Unlikely Candidates

Most of the materials listed below are unacceptable for 10. 6 ym use as a
result of great absorption or other known properties. A few of the materials pos-
sibly could form good films, but are considered as even less promising than the

next-best candidates above,

Materials containing the light elements H, He, Li, Be, C, N, and O, The light

masses are expected to give rise to a fundamental resonance too near 10, 6 ym,
. -1 . -
thus making 8 > 0.5 cm °, Note that the vast number of materials containing

oxygen or carbor are expected to be unsatisfactory.

Many oxides are known to have 6b > 0.5 cm-l at 10.6 yn:, Although we can-
not be sure that some oxides will not have a sufficiently low absorption cocffi-
cient, the generally high absorption at 10, 6 m of oxides makes them less likely

candidates. Specific oxides include the following:
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MgO (ﬁb =7 cm-l; to 8 ym )68
Si0 (to 8pm)®® | si0,

68
A1203 (to 7 pm)

. - -1
BaTnO3 (ﬁb = 100 cm ")

(Si, Ti, T.,Ce,++ )0

2
68
(Ce, Zr)O2 (to 12ym) B = 1,9-2,1
(Laz,Ndz,Ccz,Yz,"')O3 n. = 1.9-2,1
l‘r()O11 u, = 1.9-2.1
YAG (yttrium aluminum garnet), YIG (yttrium iron garnet)

borosilicate and calcium aluminate glasses

Other unacceptable and unlikely materials include the following:

(Ca, Sr, Ba, Zn, Cd, Hg ) ( C12, Br2, 12 ). Since (Ca, Sr,Ba, La) F2 are of interest,

it might appear that replacing F2 by C12, Br,, or 12 to increase the masses, there-
by decreasing the value of B, would result in satisfactory materials. However, the
physical properties of the materials containing chlorine, bromine, or iodine are

inferior even to those of the alkali halides.

(Ga, In, Tl)(Cls,Brs, 13). Such corresponding lll-V113 materials as GaBr3

have still poorer physical properties, Thus, these materials are unlikely candi-

dates.

(Ge, In, Sb)(C14, Br4, 14). It is possible that some of these materials could be

acceptable, They are considered unlikely on the weak argument that they may have

poor physical properties because the physical properties are progressively worse
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in the serles 1-VII, ll-VlI2 , HI-VIIL,, and these 1V-VII, materials are the next

4

ones in the progression.

Sn, (In, T1)(As, Sb, Bi), b, (Ph, Sn)(Sc, Te), Biz(Scs, TCS)’ (Mg, Ca) (Si, Ge, Sn, Pb),

MgZSn, ZnSb, CdSb, CdSASZ' The energy gaps of these materials are too small for

usc at rocm temperature, Some of these materials possibly would be good candi-

dates if lower temperatures were used.

Layered structures, 'the facts that the interlayer forces are small and that

the structure can open up to accept even large molecules makes these materials

unlikely candidates. Such materials include:

Ge (S, Se, Te)
(Zr, HN)S,

vkl -1

Ti (Szp 802' Tel. 17 )

ZrSe) og

ZrTe

HSSe

Ao (Sz. Scz)

1.76

W(S,, Se,)
Cd(Br,, 12 )

&182 .
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The absorption of the following fluorides is expe ' _d to be too great

(B > 0.5 em™ly:

1

CaF2 Bb = 3cm

LiF B, = 50cm™

MgF 8 =18cm’}, B, =270cm’
2 b » By

Cryolite (NaAlF4 , or, in general, NaF plus AIF3 ). Transmission to 14 pm.68

Cryolite films have low packing densities, ranging from 0. 88 for 30 C substrate
-
temperavure to 0,92 for 190 C substrate temperature, 2

PbE,. Even though thie bulk absorption coefficient B = 0.01-0.06 em ! of

PbF, is below the desired value of 0.5 cm-l, films are not expecteC .0 have a

sufficiently low value of absorptance Bf unless the film density can be increased

*
above the current value of 0. 9. 2 If PbF2 is ~onsidered, it is expected that plati-

69

»
num or ceramic crucibles will be essential, 2 Horrigan and Deutsch™”~ found that

they could not deposit stable films, ‘The films absorbed moisture, were soft and

milky colored, and showed OH and 1-120 absorptioa bands. Perhaps these films

-
were deposited from tantalum, tungsten, or molybdenum boats, 2

Lead fluoride films consist of £ - PbFZ. The packing density is about 0. ¢J.

{ Unless the packing density can be increased, PbF2 films probably w 11 absorb

so much water that the optical absorption will be too great for high-power use, ]

The stress behavior is interesting sincc with increasing film thickness a change

from compressive to tensile stress occurs, The absolute strese valucs are low.

T1F3. This material is considered as a less desirable candidate because T1

is toxic, the values of Bf and Bb are unknown, and there are a sufficient number

of other fluorides without these problems,
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All.;. The absomtion is expected to be too great. The value of the film

absorption coefficient ﬁf e 250 cm-l at 10, 6 um estimated from the transmit-

70

‘ .
tance curve of Heitmann probably is at or near the intrinsic bulk value. Since

the AlF3 fiims showed strong water absorption at -+3 and ~6 ym and the absorp-
tance of water begins to increase at 10 um, the cutoff of Al F,3

conceivably could b the result of the water, rather than the intrinsic cut off of

beginning at 10 um

AlF‘3. However, the water cut off, which is seen to reduce the transmittance of
30 m o« water to a small value (<5 percent) in Fig. 4.1, is not sufficiently
strong to explain the cut off observed in A1F3. In Table 4.1 or Fig, 4.1 it is seen
that values of B from 10-14 ym are less than the peak value at ~3 and ~6 um; at
13um, B =3.2 x 103cm'l, conipared with 8 =2,9 x103cm-l at the ~3 ym and

~6 um peaks, L e cutoff were the result of the water in the films, there is a
possibility of reducing the 10, 6um absorptance since the films were deposited at

ambient temperature and higher ten:perature deposition of fluorides often results

in higher density films with less water absorption,

(Ce, La, Nd, Pr, Yb)FS. it is questionable that these materials will have a

sufficiently sinall absorptance (Bf < 0.5cm ! ). From transmittance values
from EB-l6u.rn"2 for two samples of tnickness 0. 43 and 11,7 mm, we calculate
By, =1-2 cm ! for the bulk absorption coefficient of LaF;, In agreement with 8,

= L.2em ! fron Ref, *3, Bulk LaF; is thermally and chemically stable, and is

insoluble in water and sodium hydroxidc.6 2 The index of refraction of CeF3 at
550nm is B '* 1.63. The stability of C‘:F3 is not very satisfactory according to

*

Ritter. 2 However, it was found at the Alr Force Cambridge Rescarch Labora-
*® .

tories a that crack-free Cch coatings adhered strongly to KC1 substrates and

were immune to atmospheric humidity. Transmission measurements showed
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100 percent transparency in the 3-14 ym region,” This probably means that

A’. Z 10-2, compared with the desired value of Af < 10-4. For a 1-2 ym tnick film,
the limit A, € 1072 corresponds to B Z50-100 cm™ L Ritter's > listing "to 14 pm"
implics68 that Af > 10_4. Thin (160 nm) PrF3 protective films deposited on ZaSe at

250 C did not pass the MIL-C-675A requirements for abrasion and humidity.

KF, Potassium fluoride should have a lower intrinsic bulk infrared absorp-
tance than NalF., Compare the 10. 6 ym absorptance cocfficient, B = 40 cm‘l, of
LilF with that, 8 = 0.5 (‘m_l, of NaF. However, as M, Hass27 and H. Posen and

coy rorkcrsll pointed out, KF probably will not be suitable since it is more hygro-

scopic than KCI1 or KBr,

Other unlikely materials include the following:

H)(Clz,Brz). The bulk absorption coefficient surely is sufficiently low, but
these chlcrides and bromides normally are expected to be inferior to I’an . An
antireflection coating of PCl2 was used on lnSb.62

SiC. Transmission to 5 wn.68

Cul, Bb =1 cm-l (expected extrinsic), 3f = loscm-l on 1{C1 substrate,
A long copper diffusion tail into the KC1 substrate is belicved tc be related to

3 -1*72 1 . 419
the greater value of 3[ =10"cm ~, Films are stable at high humidity.

Amorphous S, Se, or Te. The amorphous nature of these materials would

appear to make them attractive candid: tes. However, Dr, A, R. Hilton pointed
out that these materials have no strength, they have absorption bands, and the
structure is very permeable, Dr, H, Posen and coworlccrsll pointed out that
amorphous sulfur transforms readily near room temperature., Dr. T. M.
Do-novan73 also expressed the opinion that amorphous S and Se would be poor

candidates.
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The following information from the Third Edition of the American Institute
of Physics Handbook, page 6-84, is of interest: "Unlike sodium chloride and
potassium bromide, rtiombic sulfur is not hygroscopic. It is casy to prepare
in virtually any rectangular size needed and it is inexpensive, It can be useful
for windows in infrared equipment and in surveillance systems." From page 6. 80
ot the same reference, "Selenium can exist in various forms, The trigonal (or
crystalline) form is the most stable, The amorphous (or vitreous) form is
fairly stable below 50 C but converts to the trigonal forr. at higher tempera-
tures.” And from page 6. 85, "Tellurium is an interesting anisotropic crystal,
Single crystals of tellurium are hard to grow; a polycrystalline ingot (which is
brittle and difficult to polish) usually forms from the melt. When tellurium is
ground, a conducting layer tends to form on its surface; this layer can be re-
meved by chemical etching although this does not leave an optical surface,
Optical polishing can probably be accomplished without this effect; thin layers

of tellurium have been made that have a good optical finish,"
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XII. CANDIDATE 2-6 ym COATING MATERIALS

Even though the emphasis of the present report is on 10, 6 gm materials, some
general information on materials for the chemical laser wavelength (2.8 um for
HF, 3.8um for DI, and 5.25ym for CO) may be useful, The chemical-wavelength

problems will be considered ir subsequent reports,

Since the intrinsic values of ﬁb in the 2-12 ym region tend to be limited by
ionic rather than clectron absorption mechanisms, the value of Bb tends to de-
crease as the wavelength X decreases. Thus, materials that are useful at 10, 6um
usually are uscful at 2-5um, There are exceptions to this rule, First, the extrin-
sic absorption can be greater at wavelengths less than 10, 6 ym than at 10, 6 ym.

A film containing water absorbs strongly at the HF wavelength 2.8 um,. Second,
the electron absorption can be great for small bandgap materials. A bandgap of
0.5¢V corresponds to a wavelength of 2,5ym. Third, scattering and scattering-
related absorntion increase as the wavelength decreases. Other examples include

absorption related to interconduction band absorption processes.

In addition to the tse of 10.6 ym material at 2-6ym, therce are materials that
can be used at 2-6 ym that have too great absorption at 10, 6 ym, The largest such
group probably is the oxides, Aluminum oxide (A1203) has Bb < 0,01 cm-l at
3.8um and ﬁb = 18 cm-l at 5.25 ym. Mag.esium fluoride, which is perhaps th-
most popular coating material, has acceptably small absorptance, Bb < 0. lcm-l,
on the 2-6 ym range, but Bb = 18 cm'1 at 10, 6ym is greater than the desired

value of ~0.5 cm-l.

Oxides represent a very important group of coating materials because of their

mechanical and chemical stability as well as because of their wide range of useful
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refractive indices. The preparation of oxide films is generally not as easy as of
fluoride or sulfide films since most oxides react with crucible materials or dis-
sociate at the required high temperatures. Useful low index oxide films are 8102
and Si203. Medium index films are SiO, A1203, MgO, ’11102, Zr02, and the rare
carth oxides, wheiveas 0002 and TiO2 represent high index materials. SiO2 films
are transparent from 200 nm up to 9 um,

By evaporation of SiO without oxygen, films are produced which are absork-
ing in the visible ranye but transparent ir the infrared up to approximately & ym,
A1203 films are transparent from at least 200nm up to 7 ym if they are prepared
correctly. MgO films have not yet found wide application since their statbility is
limited. They are transparent from 220nm to 8 ym if evaporated with an electron
beam. The films are crystalline and show increasing crystal size witi1 increasing
substrate temperature, During extended exposure to air a hazy bluish scattering

coating forms on the surface of MgO films, This limits their usefulness as an op-

tical coating material if used as an outer layex.

ZrO2 films are transparent from 340 nm up to 12 pm.68 One difficulty en-
ccuntered when using ZrO2 is a marked tendency to form inhomogeneous films
probably due to a structural effect, The mechanical and chemical behavior is

excellent, and it can casily be combined with other oxides and with MgE,.

0)

The rare carth oxides such as La203, Pr6011, NdzO,. Sc203, and Y2 3

also fori- films with a refractive index in the range from 1,9 to 2.1,

CcO2 filins are transparent in the visible and infrared region up to 12 p.m.68

Thick films of CcO2 exhibit high scattering losses which limits their usability

already in the near infrared. The films are cubic at all substrate temperatures

166

Lt S




Sec, XII

and the difference in refractive index is due to a different content of grain
boundaries since at higher temperature the crystal size increases and there-
forc the concentration of boundany layers decreases. CeO, films are very stable,

hard, and well adherent.

TiO2 is an important high index material. It forms hard and adherent films
with good chemical stability. Thick ’I'iO2 films show scatter loss which-limits
the uscfulness in the infrared to around 3 um; otherwise thin films can be used

up to 10-12 y.m.68 81203 films have been prepared by evaporation,

Mentioned in the literature, but obviously rarely used, are the oxides of
antimony Sb203, arsenic ASZOB’ beryllium BeO, boron 8203, lead PbO, gallium

Ga203, germaniur GeOz, and tellurium TeO,.

Most oxides show absorption if they are not fully stoichiometric and if oxy-

gen vacancics have been created. Also sulfide and seclenide films with an excess

of the metallic constituent show increased absorption. Thick films, c. g. of CcOz,

tend to form large crystallites which cause scattering.

Fluoride films tend to ‘orm films with lower packing density if not deposited

on heated substrates. MgF2 films, c.g., deposited on unheated substrates, have a

packing density of only 74%. The corresponding refractive index, measured in
vacuum, is 1,32 instead of 1,38, At approximately 300 C a high packing density

and the expected inde.. of at least 1,38 are obtained. During exposure to aiy,

water vapor is absorbed in films with reduced packing density, filling the holes

with water. As discussed in Sec. 1V, this filling of the holes with water is ex-
pected to be a strong source of absorption for all wavelengths greater than

~2.7ym, Thus, aita.ning lcw-porosity films is onc of the most important goals
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of the high-power coating programs. As a consequence of the water absorption,

an increase in refractive index n_is observed and the values of compact MgF2

are almost achieved again. Similar effects are known for cryolite, Ca F2' and
AIF3 and to a smaller extent for SiOz. The optical absorptior by the water can

of course be more important than the change in n..

The films of MgF2 arc always crystalline, but thin films and films on cold
substrates shew a much finer grain size than thick films or films on heated sub-
strates. Usually the films are forned of prismatic crystals which grow preferen-
tially in the direction of the incident vapor beam. At thicknesses above 100nm the
films tend to be inhcmogencous and the inhomogeneity is increased with increasing
thicknces, MgF2 films show extremely high tensile stress 3 x 107—5 X 107 kg/m2
(4 x104 to 7x 104psi). This stress is probably responsible for the appearance of

cracks at larger thicknesses, for the irhcmogeneity, and for some cases of in-

compatibility with other film materials, e. ges TiOz.

The mechanical and chemical properties of MgE, films are predomsn. itly

2 T ate—

dependent on the packing density. Films with high packing density, obtained at a

substrate temperature of 300 C or by nnealing after deposition are extremely

stable, hard, and adherent. MgF2 films are also combined very often wit ZnS,

although here the stability is much less since no high substrate temperature car

be used during the deposition of ZnS.
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XIlI. EXCERPTS AND RESULTS FROM LITERATURE, WITH COMMENTS

Some of the key results from the literature on thin films are collected in the
present section, Our comments in brackets inter-selate the references and relate
the references to the present work, The underscoring in the excerpts is ours. It
should be emphasized that no attempt at completeness has been made. There is
no article or paper that gives a complete overview of the ficld of high-power in-
frared coatings. However, the article by E, Rittcr,"2 and the paper by P. A.
Young*38 contain a wealth of information and afford a good introductioa to the
subject, The contents of the cight volumes of Physics of Thin Films, edited by
Ceorg Hass and Rudolf E. Thun, Academic Press, are listed for the readers con-
venience. ™n these notes {rom the literature, the original reference numbers are
cnclosed in parentheses. Refrrences that are 2xcerpted in the present section
are denoted by asterisks throughout the report. Many of the excerpted papers,

*85-*111

articles, and reports were not referenced in other sections.

Physics of Thin Films

The contents of the eight volumes that have appeared to date are listed for
the convenience of the reader. Also included are the remarks of the editors in
the prefaces about the contents of each volume (which started with volume 3).
Volume 1
Ultra-High Vacuum Evaporators and Residual Gas Analysis, .lollis L. Caswell
Theory and Calculations of Optical Thin Films, Peter H. Berning
Preparation and Measurement of Reflecting Coatings for the Vacuum Ultra-
violet, Robert P, Madden
Structure of Thin F.ims, Rudolf E. Thun
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Low Temperature Films, William B. Ittner, 111

Magnetic Films of Nickel-Iron, Emerson W. Pugh

Volume 2

Structural Disorder Phenomena in Thin Metal ~i{lms, C, A, Neugebauer

Interaction of Electron Brams with Thin Films, C. J. Calbick

The Insulated-Gate Thin-Film Transistor, Paul K. Weimer

Measurement of Optical Constants o Thin Films, O, S, Heavens

A utireflection Coatings for Opticai and Infrared Optical Materials,
J. Thomas Cox and Georg Hass

Solar Absorptance and Thermal Emittance of Evaporated Coatings, Louis F,
Drummeter, Jr. and Georg Hass

Thin Film Components and Circuits, N, Schwartz and R, W, Berry

Volume 3

Film-Thickness and Deposition- Rate Monitoring Devices and Techniques for
Producing Films of Uniform Thickness, Klaus H, Behrndt

The Deposition of Thin Filins by Cathode Sputtering, Leon L. Maissel

“as-Phase Cepositicn of Insulating Films, L.V. Gregor

Methods of Activating an. Recrystallizing Thin Films of 11- VI Compounds,
A, Vecht

The Mechanical Propertie. of Thin Condensed Films, R, W, Hoffman

Lead Salt Detectors, D. E. Bode

The first article by K. H, Behrndt on thickness and rate monitoring devices

and methods for preparing coatings of uniform thickresses provides a detailed
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review of those measuring ard control methods which permit the accurate
reproduction of thin-film propertics — an art which the preface of Volume 1
claimed was mastered, but so far lacked a comprechensive review. In the

sccond article, L. I, Maissel discusses the many aspects of film deposition by

cathode sputtering. This field in particular has mushroomed during the last few

years, and it has spawned such new, extremely useful deposition methods as dc
bias sputtering and radio frequency ac sputtering.

The following article is L. V. Gregor's treatment of the deposition of insu-
lating films by heterogeneous gas-solid reactions. This discussion encompasscs

inorganic amorphous solids and organic »olymers and describes pyrolitic reac-

tions as well as those triggered by radiation or elec .rical excitation. The discus-
sion of preparative methods is concluded by 2. Vecht with his description of the
activation and reciystallization of 11-V1 compound films which find increasing
interest because of their clectrooptical properties.

Volume 3 is completed by two articles concerned primarily with thin-film

properties. R. W. Hoffman gives a broad review of our present knowledge of the

Incchanical propertics of thin films, Not ov.ly is this material of profound scien-
tific interest, but it should be familiar to every development team striving for
reasonably durable and stress-free films, no matter what the application might
be. In the final article D. E. Bode reviews lead salt films which probably repre-

sent the most important class of infrared detectors.,

Volume 4
Precision Measurements in Thia Filmr. Optics, H. E. Bennett and Jean M, Bennett
Nucleation Processes in Thin Film Formation, J. P, Hirth and K. L. Moazed

Evaporated Single-Crystal Films, J. W. Matthews
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The Growth and Structure of Electrodeposits, Kenneth R. Lawless
Thin Class Films, W. A, Pliskin, D. R, Kerr, and J. A, Ferri
Hot-Electron Transport and Electron Tunneling in Thin Film Structures,

C. R. Crowell and S. M, Sze

The first article in Volume 4, by H. E. Bennett and Jean M, Bennett, discus-

ses precision measurergents in thin film optics. This should find a wide interest

beyond the boundaries of thin film optics, since it describes many convenient
methods of general utility in the characterization of films, The following three

articles deal with nucleation, growth, and structure of thin films, which may be

considered ..ommon ground for the entire field of thin film physics. J. P. Hirth
and K. L. Moazed give in their article on nucleation processes ir thin film forma-
tion a review of today's theoretical models and their comparison with actual ex-
perimental findings, J. W. Matthews follows with a4 review article on evaporated

single-crystal films, covering their growth and structure, and K, R, Lawless

discusses the growth and structure of electrodeposits, giving the reader an op-
portunity to compare structural behavior as a function of deposition processes.

The next article on thit. glass films by W, A, Pliskin, D, R. Kerr, and J.A. Perri

should be of great interest to those concerned with microelectronic research and
development, since such glass films have gained increasing importance in this
field. The last article of this volume, on hot-electron transport and electron
tunneling by C. R, Crowell and S. M. Sze, discusses one of the currently most

exciting fields of solid state clectronics.
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Volume 5

Interference Photocathodes, D. Kossel, K. Deutscher, and K. Hirschberg

Design of Multilayer Interference Filters, Alfred Thelen

Oxide Layers Deposited from Organic Solutions, H. Schroeder

The Preparation and Properties of Semiconductor Films, M. H. Francombe
and J. E. Johnson

The Preparation of Films by Chemizal Vapor Deposition, W. M, Feist,
S. R. Stecle, and D, W. Readey

A few years ago, vacuum deposition techniques such as evaporation and sput-

tering were the dominating deposition techniqies, Today, new film preparation

methods using predominantly chemical processes are gaining in importance and

arc described and discussed in various chapters of this volume,

The first article by D. Kossel, K. Deutscher, and K. Hirschberg on inter-
ference photocathodes shows that the efficiency of photoemissive materinls can
be increased by interference effects which improve the energy transfer from
photons to electrons. This article should be of special interest to those con-
cerned with photoemissive devires,

The article by A, Thelen describes the design of a variety of multilayer

inte rference filters which are now widely used in the field of optics.

H. Schroeder reports on his experience of producing oxide layers from

organic solutions and describes the use of such films as optical coatings and

protective layers, This is followed by an extensive article by M, H. Francombe
and J. E. Johnson which provides a status report on recent and current develop-

ments in the field of semiconductor films.
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Volume 5 is completed by an article concerned with the preparation of films

by chemical vapor deposition. In this chapter, W. M. Feist, S. R. Steele, and

D. W. Readey discuss the chemical processes used in chemical vapor deposition
and give examples and applications of semiconductor, dielectric, and metallic

films prepared by this technique.

Volume 6

Anodic Oxide Films, C. J. Dell'Oca, D. L. Pulfrey, end L. Young

Size-Dependent Electrical Conduction in Thin Metal Films and Wires,
D. C. Larson

Optical Properties of Metallic Films, F. Abcles

Interactions in Multilayer Magnetic Films, Arthur Yelon

Diffusion in Metallic Films, C. Weaver

Volume 6 begins with an article on anodic oxide films by C. J. Dell'Oca, D. L.

Pulfrey, and L. Young, which discusses progress in this ficld subsequent to that
treated in Young's well-known standard text "Anodic Oxide Films." Of particular
topical interest are the inclusion of recent work on the cointroversial subject of
gascous or plasma anodization and a discussion of conduction, polarization, and

dielectric breakdown effects.

The present status of studies on size-dependent electrical conduction in thin
metal films and wires is reviewed by D. C. Larson, who considers both classical
and quantum size effects and discusses some of the more recently examined an-
isotropic characteristics in epitaxial metal films, The following article by F. A.
Abeles presents a detailed, and mainly theoretical, treatment of the optical

properties of metal films,
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The final two chapters of the volume are reviews respectively on interactions
in multilayer magnetic films by A. Yelon and diffusion in metal films by C. Weaver.
The magnetic films article discus<es some novel aspects of exchange coupling, its
effect on magnetization reversal and its exploitation in memory storage applica-
tions. The discussion of rccent work on diffusion should be of special interest to

those concerned with aging effects in bi-metallic film systems.

Volume 7

Electron Diffraction Analysis of the Local Atomic Order in Amorphous Films,
D. B. Dove

The Preparation and Use of Unbacked Metal Films as Filters in the Extreme
Uiltraviolet, W. R. Hunter

Properties and Applications of III-% Compound Films Deposited by Liquid
Phase Epitaxy, H. Kressel and H. Nelson

Electromigration in Thin Films, F, M, d'Heurle and R. Rosenberg

Built-Up Molecular Films and Their Applications, V. K. Srivastava

In the first article of Volume 7 the status of research on the structure of

amorphous films is reviewed by D. B. Dove. This is the first of several reviews

which are planned for future volumes on various aspects of the important rapidly

developing field of structurally disordered filins, An article dealing with the dc

ciectrical conductivity belavior of amorphous films by A, K, Jonscher and

R. M. Hill is scheduled for Volume 8.

The second chapter by W, R, Hunter deals with metal film optical filters for
use in the extreme ultraviolet, In particular, the preparation, optical properties,
und applications of unbacked metal filters in laboratory and space instrumenta-

tion are discussed. This article is the tenth in the area of thin film optics to be
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published in the Physics of Thin Films series, and readers inte restead in this

field will find complete discussions of related aspcects in carlier volumes,

The third article by H. Kressel and H. Nelson presents a timely review of
the impressive body of work that has developed in recent years in the new field

of liquid phase cpitaxy. This growth technique is 1apidly finding application, es-

pecially in the fabrication of high-quality single-crystal layers of semiconductor

and magnetic oxide materials, and the authors place special and authoritative

emphasis on 111-V compound layers for use in optical and microwave devices.

The fourth zeview covers a topic which has long been a fundamental interest
to metallurgists and thin film physicists, and more recently has achieved special
significance for the designers of thin film microcircuit components, i.ec., electro-
migration in thin films, F. M, d'Heurle and R. Rosenberg survey recent develop-
ments in this technologically important field and discuss both the effects obscrved
in pure metal films and the inhibiting influence of alloying additives, Incidentally,
newcomers to this ficld of metal films should find that previous articles in this
scries on film growth and structure (Volume 4) and mechanical propertics (Vol-

ume 3) provide useful supplementary reading,

In the fifth and final chapter of this volume, a novel thin film topic not hith-
erto included in this series is introduced by V. K. Srivastava, covers in some
detail the historical background, preparation, and structural, optical, and elec-

trical properties of built-up mclecular films, and concludes by summarizing

some of the interesting and diverse applications of such layers, e.g., in thick-

ness gauges, optical and X-ray gratings, chemical analyses, and dielectric film

devices.
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Volume 8

Diclectric Film Materials for Optical Applications, Elmar Ritter

Inhomogenecous and Cocvaporated Hommogencous Films for Optical Applica-
tions, R. Jacobsson

Discontinuous and Cermet Films, Z. H. Meiksin

Electrical Conduction in Disordered Nonmetallic Films, A. K. Jons:her
and R. M. Hill

Topologically Structured Thin Films in Semiconductor Device Operations,

H. C. Nathanson and J. Guldberg

The present volume contains two articles on optical films. The first, by
E. Ritter, deals with the preparation, physics, and application, e.g., in anti-
refl >ction coatings and filters, of dielectric film materials. R. Jacobsson has

reviewed recent novel developments in the area of inhomogeneous optical films,

and discusses the method of preparation, optical properties, and utilization of
films of mixed diclectrics and se miconductor-dielectric combinations in which
the refractive index is varied in a controlled fashion with thickness. The inter-
esting practical consequences of optical inhomogeneity in films used as antire-
flection coatings, matching layers for multilaye1 films and absorbing layers,
e. g., in sunglasses, are discussed.

The third article, by Z. H. Meiksin, deals mainly witn the electrical trans-
port properties of discontinuous and cermet films, Such films are finding growing
application as high-value thin-film resistors and sensitive strain gauges, and the
present review provides useful insight not only into the hackground physics but

also into the practical potential of some simple metal-dielectric systems. In the
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next chapter A. K. Jonscher and R. M, Hill discuss electrical conduction in
nonmetallic amorphous films.

In the fifth article, by H. C. Nathanson and J. Guldberg, novel ways of
using thin films in specially shaped configurations suitable for imaging and
microwave devices are reviewed. Numerous Interesting examples of such
applications are cited, and demonstrate cleariv the growing need for these

approaches in the rapidly developing area of solid state technology.
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E. Ritter, "Dieclectric Film Materials for Optical Applications,” Physics of Thin
Films, Vol, 8, 1 (1975)

Conclusions from the behavior of the same material as single crystals or solid
plates are not always valid since in thin evaporated films additional absorption due

to deviation from stoichlometry or to impurities may occur. For example, most

oxides show absorption if they are not fully stoich.ometric and if oxygen vacancies

have been created. Also sulfid2 and selenide films with an excess of the metallic

constituent show increased absorption. Thick fiims, e.g. of Cc02, tend to form

large crystallites which cause scattering (14). A porous film structure may also

be the reason for scattering, e.g., with some fluorides, as well as the incorpora-

tion of microdust or spattered material. Barr (15) has demonstrated the decrease

of scatter loss by using a particle filter to separate dust and spattered particles

irom the vapor. [ This couid be important also for lowering the sbsorptance and
112

the damage threshoid for films. ]

The exact determination of foss figures and the distinction between scatter
lesses and absorption require elaborate methods., Photometric methods are usually
limited to loss of about 0.1%. With calorimetric methods absorption losses of 0.02%,
corresponding to a k value of 10'4 at 1,06 ym or a B value of 10 cm.l, can be deter-

mined with an accvracy of +5% A),

Measurements of the light attenuation in wave guides allow loss measurements
of 0.1dB, correspording to a k value of 1x 107 ora B value of 0,02 em ! (633 nm)
(12). By choosing proper conditions intrinsic losscs can be distinguished from

losses due to boundary scattering (11, 177).

The losses in tantalum oxide and organosilicone compounds at 633nm are to a
large extent due to scattering at the grain boundaries. 'Theoretical analyses of this

effect have been carried out by P, H. Lissberger and others (listed in Lissberger (13)].
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TiO, films show a very marke‘l dependence of the refractive index on substcate

temperature, since in the interval between 20°C and 400°C the films can be amor-

phous or anatase or rutile or they are mixtures of these phases (18). Therefore the

refractive index at 550 nm varies between 1,9 and 2, 6, depending on the substrate

temperature, Even films of the same material and thc same crystal structure can

show varying refractive indices due to ditfercat grain size or packing density. The

smaller cortent of less dense boundaries in the case of larger crystals leads to an

increcase in refractive index (14, 19, £0).

Fluoride films tend to form films with lower packing density /f not deposited

on heated substrates. Mgl“2 films, e. g., deposited on unheated substrates, have a

packing density of only 74% (21,26). The ccrresponding refractive index, measured
in vacuum, is 1,32 instead of 1.38. At approximately 300°C a hign packing density

2nd the expected index of at leact 1. 38 are obtained (23,24). During exposure to

alr, water vapor is absorbed in fiims with reduced packing density, f.lling the holes

with water, [ As discussed in Sec, IV of this technical report, this filling of the
holes with water is expected to be a strong source of absorpticn for ail wavelengths

greater than ~2,7ym, Thus, attaining low-porosity filrs is one of the most impor-

tant goals of the high-power coating programs.] A, a consequence an increase in

refractive index n_ is observed and the values of compact Mng are almost achieved
again (21,23,26). Similar effects are known for cryolite (25,27, 28), Can (22, 28),
and AIF‘E3 (29) and to 2 smaller extent for SiO2 (30). [ The optical absorption by the

water can of course be more important than the change in "r']

The cause of a reduced packing density appears as a structural effect or a gas
incorporation in the film or as multiple collisions c{ vapor :nolecules with gas mol-

ecules during the transport from the source of the substrate. Sometimes several
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effects are superimposed. Increased substrate temperature normally increases the

packing density. The packing density of a film is not only important from the point

of view of its optical behavior hut also of its mechanical and chemical stability (178).

[ This is an important fact since there may be temptation of contractors or agencics

to first obtain stable films, then reduce the absorptance, |

The need for films with different refractive indices has stimulated a search

for mixtures of dielestrics which will evaporate simuitaneously and result in films

with a great varicty of refractive indices. The refractive index then corresponds to

the ratio of the mixture. Experimental results have been reported for CcOz-SiO,

Cch-'lnS, and CeO,-Cel’, mixtutes (35-37).

2 3

There are many cxamples of inhomogencous films listed in the literature on

Mgk, films (25, 38, 39), on cryolite filins (27, 31,40), on CaF2 films (41), and on

2
248 films (42, 43). The inhomogeneity may be a steady variation across the film

thickness causing an increase or decrease of the refractive index with increasing

film thickness, or it may be a more or less abrupt change in the refractive index

somewhere in the film cross section,

For so-called "hardness,” the eraser test is still the test method, although
other test methods have been worked out (55-57). In the "Sandstrahl test” the sur-
face to bc tested is exposed to a standard beam of sand. The light scattering pro-
duced by the impact of the sand on the surface compared with an untreated surface

is used as a measuse of hardness.

Adhesion is normally tested by the ' Scotch Tape™ test, although other tests

are available. The adhesion of ZnS and cryolite was found to be 2.9x 106 psi and

6.4x 106 psi without a glow discharge :leaning. In the case of ZnS the adhesion

coutd be improved to 5.3 X 106 psi by a 20-min glow discharge whereas in the case

of cryolite the adhesion increased only to 6.8 x 106 psi .
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The adhesion is @ juenced by the type of honding i.ctween the film mAterials

and the substrates; ¢.g., oxide films normally adhere very well on glass. Further-

more, it depends strongly on the preparation and cleanness of the surface (59, 179),

and the chemical composition of the surface (60) and clectrostatic charging effects

(61) have to be taken into consideration, High stress may cause cracking of the

films and even peeling off. A detailed survey on thin-film adhesion and its mea-

surement was very recently given by Chapman (180),

Many films arc in a state of stress during and after condensation. At least
two factors can be held vesponsible for these stress effects: (1) structure and
(2) uifference of the expansion coefficient of film and substrate. The consequences
of stress can be: (1) fissures in the films, in extreme cases peeling off; (2) fissures
in neighboring films and incorapatibillty of film combinatiunis; () deformation of

substrates.

Of great importance for the power of stress are_the packing density and the

watcr vapor absorption, During cXposure to atmospaere very often a stress relicf

takes place. Stress in diclcctric films has been investigated by several authors
(62-67). The articles by Enncs (62), Hoffman (63), and Scheuermann (64, 65) arc

very instructive,

An often used humidity test is storage at 42°C, relztlve humldity 95%, 24 or
48 hr (68)., Immersion in water, often salt water, is a 'est frequently applicd.

Well-prepared films of Mng, many oxide films, and combinatirns of these films

vithstand the humidity and immersion tests,

Multilayer coatings of MgF2 and ZnS show after first exposure to bumidity

the formatlon of spots or stains, dilferently colored. Multilayer systems of ZnS
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and ThF4 do not show such a "conversion.”" Only at pin hoies in the film does a

local saturation with water vapor occur and consequentiy a discoloration appears.

The chemical behavior of the films is of importance with respect to the sub-
strite and to neighboring layers. Between glass constituents like PbO and film

mateials like Laan chemical reactions can take place and ‘ead to the formation

of abso-bing metallic lead. Reactions among film materials are also possible, es-

pecially a* higher substrate temperatures.

Among the various production methods vacuuin evaporation has especially

shown remarkuble p. Lurcss with respect to sizc and efficiency of coating units,

reliability of the process, and the control of film thickness and uniformity. De-

spite the enormous progress that has taken place in reactive and rf sputtering,

only verr few optical ipplications of sputtered films are known. This may be due
to the s.nall area to be ¢ oated in sputtering systems (except some special arrange-
ments), to the relatively low sputter rates, and to the difficulties in thickness mon-

itoring if very accurate mon.toring is required. Other methods include deposition

from organic solution (87), spurtering, ion plating, and gas discharge deposition.

Ion plating is a new deposition technique which combines the sputtering and evapo-

ration processes (122),

The preparation of the material tc be evaporated is of considerable impor-

tance for the deposition of high quality optical coatings. Crucial properties are

purity, gas content, and grain size. It is highly recommended that one uses

vacuum sintered and outgassed materials or even picces of dense single cry:;tals

to avoid gas outbursts and spattering during the evaporation process. Powders are

normally not suitable, since they have too much adsorbed gas, which is desorbed
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during heating and leads to pressure rise and spattering of material, even to

jumping out of the boat. Some fluorides tend to form oxide or carbonate layers

on the surface. These layers may impede free cvaporation and cause sudden spat-

tering of the evaporants, [ Other precautions such as particle filters and great

distances to ti.c substrate may be required. ]

Electron beam evaporation has found widespread use during the past decade.

Its advantages are the avoidance of reactions of the evaporant with the boat ma-

terial, the possibility of achieving very high temperatures, and a relatively care-
ful evaporation of casily dissociating compounds it carried out correctly. Possible
disadvantages are the charging of substrates and ionization of the evaporated ma-

terial (91-94),

Only a very limited number of compounds can be evaporated directly by means
of buat evaporation, clectron beam, or laser evaporation and condensed again as a

stoichiometric compound without any additional measures. In the case of III-V or

11- V1 compounds flash evaporation techniques proved to be useful for the prepara-

tion of nearly stoichiometric films, The material to be evaporated Is fed in small

portions to a crucible, the temperature of which is high enough to evaporate all
constituents immediately. The method has been used successfully for the prepara-

tion of A1Sb, GaAs, InSb, and other IlI-V compounds (100, 102).

Another way of preparing 11I-V or II-V]1 compound films is the so-called ''three-

‘emperature method"' of Gunther (103). Here the elements are evaporated separately

from two controlled sources., Reaction to form the compound takes place on the sub-

strate. This method was used successfully for the production of films of Gals (104),

InSb, InAs, BizTCS’ CdSe (105), and others (102),
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The use of rate monitors, which are now commercially available (ionization

gauge and quartz crystal osciallator types), improves the film homogeneity and fa-

cilitates the control of reaction in the case of compound formation. Masy Spec-

trometers proved to be useful to check the residual gas constituents and their

changes as well as the occurrence of gases due to dissociation ind to investigate

the nature and to control the rate of the gas phase species of the evaporant (24, 25,

107, 112-116, 182).

Halogenides in general and fluorides especially belong to a class of materials

that can casily be evaporated and condensed stoichiometrically. Onc disadvantage

is that some fluorides and in particular chlorides and bromides are quite soluble
in water, The mest important fluorides are cryolite (generaily speaking the com-

2.and ’I‘hF4.

pounds of Na¥ and AlF3 ), MgF
Cryolite is transparent from 200 nm up to 14um, and forms films with low
absorption in this region. Cryolite films show inhomogeneities in the refractive

index of about 0,03, The packing density ranges between 0. 88 and 0. 92, During

and :fter evaporation water v-por is absorbed in the films. The stress in cryo-
3

lite tilms is tensile and amounts to 1.5 x 10 to 3,0 x lO3 psi for a thickness of
1000 A. The films are not very resistant to high humidity since at least NaF is
quite sol'ble in water, In spite of the above-mention=d disadvantages cryolite
films are often used, especially in combination with ZnS, for multilayer systems

because they have the lowest refractive index of the useful materials and there-

fore give a good index contrast,

MgF2 is probably the most widely used coating material. Mng films can be

used from 115 nm up to about 4um, the upper limit being due to the appearance
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of cracks in a quarter-wave film at this wavelength and not to absorption. In thinner
films it can be used up to 10um. [ Unfortunately, the 10,6 ym absorption cocfficient

B> 10cm ! is too great, )

The films of Mng arc always crystalline, but thin films and films on cold sub-
strates show a much finer grain size than thick films or films on heated substratcs.
Usually the films are formed of prismatic crystals which grow preferentially in the
direction of the incident vapor beam. At thicknecsses above 1000 A the films tend to
be inhomogeneous and the Inhomogeneity is increased with increasing thickness (39).
MgF2 films show extremely high tensile stress 3 x 107— 5% 107 kg/m2 (4x 104 to
7x lO4 psi). This stress is probably responsible for the appearance of cracks at
larger thicknesses, for the inhomogeneity, and for some cases of Incompatibility

with other film materials, €8s ’I‘iO2 (135).

The mechanical and chemical properties of MgF2 films are predominantly de-

pendent on the packing density. Films with high packing density, obtained at a sub-

strate temperature of 300°C or by annealing after deposition are extremely stable,

'.ard, and adherent, M,gF2 films are also combined very often with ZnS, although

here the stability is much less since no high substrate temperature can be used

during the deposition of ZnS,

In recent years ’I‘hF4 films have become important as low index material for

dielectric mirrors, especially for the laser technique. Thorium fluoride as well

as thorium oxifluoride can be used as a starting material. At 1000°C only thorium
fluoride evaporates for either starting material (136). 'I'hO2 evaporates above

2000°C only. ’I‘hF4 films are transparent from 0.2 ym up to 15 pm. The films are

mechairically and chemically quite stable. The packing density seems to depend on

the preparation conditions. Films with high packing density can be obtained (22),
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Thl-‘4 films show tensile stress on the order of 1.1 X 107- .S x 107 kg/m2 (1. 6X% 104-

2.1x l()4 psi). At cxposure to air an appreciable reduction occurs (62). ThF4 films

can be made quite thick without the formation of cracks or peeling off. This prop-

erty makes them well suited for infrared applications. ’th4 is very compatible

with ZnS in multilayer coatings, e.g., for laser mirrors.

-
«

One obvious disadvantage of Th[4 is its radioactivity, It is necessary to follow

up the security measures provided for work with radioactive materials according

to the regulations of the authorities.

Other fluorides used occasionally for optical applications are CcF3 (eventually
Lal’3 or NdFa) (53), LiF, Ban, and PbFz. CcF3 with its refractive index of 1.63 at
550 n seems to be suitable for a threc-layer antireflection coating (138). The sta-

bility is, however, not very satisfying.

BaF2 can be used in the infrared up to 154m ; its refractive index is 1.45

at Sym,

}'\llf3 was recently proposed and investigated as a low index material (29).
The films are transparent from 9. 195 up to 10pm; the refractive index in air is
1. 38, in vacuum only 1,23, This large difference is due to a packing density of

only 0, 64.

Lead fluoride films consist of B-PbFz. The packing density is about 0. 90.

[ Unless the packing density can be increased, PbF2 films probably will absorb so
much water that the optical absorption will be too great for high-power use.] The
stress behavior is interesting since with increasing film thickness a change froin
compressive to tensile stress occurs. The absolute stress values are low. PbF2
will be reduced by hot tantalum, tungsten, or molybdenum. 1t has to be evaporated

from Pt or ceramic crucibles.
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CaF2 forms very porous films which arc not very stable. ‘Therefore it is only

rarely uscd today, although it played an important role for antireflection coatings

35 years ago.

Other halogenides that have been investigated for their possible use in the in-

frared are AgCl, TICl1, TIBr, and Csi. It has been shown that vacuum-deposited

layers of these materials produce good quality antireflection coatings. AgCl and

TI1C1 are most useful for wavelengths less than 30 yum, TI1Br should be most use-

ful in the range 30-45um, where AgCl and T1C1 exhibit high optical absorption.

The usefulness of Csl is limited because it is hygroscopic. Thallium compounds

are toxic, therefore when working with such material, precautions should be taken

to avoid poisoning (142).

ZnS is onc of the standard coating matcrials for optical applications in the

visible and infrared region. it is often used in combination with one of the low

index fluorides, like Mgk, ThF4, or cryolite. it forms thick films that do not

crack or peel off, The useful transmittance range covers the visible and the in-

frared up to 144m. The refractive index in the visible ranges between 2,60 and
2.30 since it shows a strong dispersion near the abscrption cdge. In the infrared

the refractive Index is around 2. 3.

For an explanation of an occasionally found inhomogencity in ZnS films, a

boundary layer of ZnO is assumed (42, 43). ZnS films show a high packing density.

The stability of ZnS films, c.g. their adhesion, depends very much on the cleaning

and pretreatment of the substrate. For usc as an antireflection coating on Ge, c. g.

it is recommended that onc use a 150°C substrate temperature and an effective

glow discharge just prior to evaporation, In this way films can be produced to
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withstand several hours boiling in 5% salt water, repeated washing, and exposure

to moisture without damage (59). ZnS evaporates at approximately 1200°C.

In many respects ZnSc is similar to ZnS. A disadvantage is the absorption in

the short part of the visible up to 0.46um, an advantage the higher refractive index

of 2,65 at 550 nm. ZnSec is used for the production of laser mirrors (8, 9).

Sb283 is sometimes uscd as a high incd >x material in the red part of the visible
spectrum since it is absorbing at short wavelengths, Its refractive index is 2,35

at 600 nm (4).

Oxides represent a very important group of coating materials because of their

mechanical and chemical stability as well as because of their v 4. range of useful

refractive indices. [ Their use at 10,6 ym is severely res! ricted by high absorption

in general, They may be important, of course, in the 2-6 ym region.] The prepara-

tion of oxide films is generally not as casy as of fluoride or sulfide films since most

oxides react with crucible materials or dissociate at the required high temperatures.

9 and 81203. Medium index films are SiO, A12 3

MgO, '11102. Zr02, and the rare earth oxides, whereas CcO2 and TiO2 represent high

Useful low index oxide films are SiO (0]

index materials. SiO2 films are transparent from 200 nm up to 9ym. The infrared

spectrum between 9 and 15 ym shows some marked differences (34).

By evaporation of SiO without oxygen, films are produced which are absorbing

in the visible range but transparent in the infrared up to approximately 8ym,

.‘.1203 films are transparent from at least 200nm up to 7 ym if they are pre-

pared correctly,

MgO films have not yet found wide application since their stability is limited.

They are transparent from 220 nm to 8um if evaporated with an electron beam.,
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‘The films are crystalline and show increasing crystal size with inc reasing

substrate temperature. During extended exposure to air a hazy Fluish scattering

coating forms on the surface of MgO films, This limits their uscfulness as an

optical coating material if used as an outer layer (20).

The same safety provisions as with Th 174 have to be taken since ThO2 is

also radioactive.

ZrO2 films are transparent from 340 nm up to 12 pm. One difficulty encoun-
tered when using ZrO2 is a marked tendency to form inhomogenecous films prub-
ably due to a structural effect, The mechantcal and chemical behavior is cxcellent,

and it can casily be combined with other oxides and with Mng.

The rare earth oxides such as LaZOS' Pr60“. and Nd903 (53), Sc203 (145,
146) and Y203 (145, 146) also form films with a refractive index in the range

from 1.9-2, 1,

C(:O2 films are transparent in the visible and infrared region up to 12 ym,
Thick films of C(:O2 exhibit high scattering losses which limits their usability al-
ready in the near infrared. The films are cubic at all substrate temperatures and
the difference in refractive index is due to a different content of gratn boundaries
since at higher temperature the crystal size increases and therefore the concen-
tration of boundary layers decrecases (14). CeO2 films are very stable, hard, and

well adherent,

TiO2 is an Important high index material. It forms hard and adherent films
with good chemical stability, Thick TiO2 films show scatter loss which limits
the usefulness in the infrared to around 3 yin; otherwise thin films can he used

up to 10-12um,
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Bi203 films have been prepared by evaporation (147).
Mentioned in the literature, but obviously rarely used, are the oxides of

antimony Sb203 (147, 148), arsenic ."\5203 {149), beryllium BeO, boron 8203 , lead

PbO (150), gallium Ga,,O3 (149), germanium 0002 (149), and tellurium TcO2 (147).

The 11-VI and IV-VI compounds ZnTe, CdTe, GeTe, and PbTe are mostly

evaporated from one crucible,

Silicon films are transparent at wavelengths larger than 1 up to 9um where
they normally show absorption duc to some oxygen contcnt. The films are hard

and very resistant,
Ge films show high transmission from 2gm on toward longer wavelengths.

Te films are transparent from 4 to 8um. The refractive index is quite high

(~5.5). The mechanical stability, however, is not too good.

Careful control of growth conditions was necessary for GaAs, InP, and InAs
films to cnsure that the evaporated films had an absorption-edge stcepness ap-

proaching that of bulk single-crystal gallium arsenide of the same thickness.

The use of organosilicone compounds for light guides with extremely low

losses (12) and of fluorocarbon films for moisture protection (192) have been

discussed.

Examples of multilayer antireflection coatings for the visible and near infra-
red are a four-layer coating for glass with a refractive index of 1.52 in the visible
range consisting of CcO2 and MgF2 (158), another four-layer coating consisting of
Mng. Zr()z, and SiO2 (159), and a triple-layer coating for LiNbOs in the near in-
frared, using the materials ThF4. znS, and MgF2 (169). For 1,06 um several double-

4
are described (74).
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Antireflection coatings for the typical infrared materials as silicon,
germanijum, indium arsenide, and indium antimonide have been investigated
extensively by Cox and co-authors (59, 153, 161), Useful materials are SiO,

ZnS, CeO,, Si, Ge, and Mng.

For wavelengths up to SOum, Csl, AgCi, TIBr, and T1C1 have been pro-

posed by Sherman and Coleman (142).

Reflector stacks are used as laser mirrors, color beam splitters, cold
mirrors, heat reflecting filters, edge filters, solar cell covers, and for many
other applications. Reflector stacks normally consist of alternating films of
high and low refractive index. For most applications, a high index contrast is
desired. For laser-mirror reflector stacks in the visible and near infrared

region, the following combinations have been used:

ZnS - MgF2 (162) Znfe - N33A1F6 9)

ZnS - ThF4 (163-165) ZnSe - 'I'hF4 (8)

ZnS - Na3A1F6 (163) 0802 - Mgl"2 (166)
TiO

) - SiO2 (165, 167)

IFor the CO2 laser at 10 ym, the combinations Gc-BaF2 (168) and CdTe-
ThF4 (16) are described.
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Filin erystal stiucture and

and appronimate packing density g at Nefeactive index n at Trans-
Starting evaporation Fitm subntrate tempeiature wovclength and mittance
matcral teperatnre cumpoution Toi filin s 8 substrate temiperature T range (uin)
NaAlF, B (1000°C) Depending veystalline, 1.32-1 35 deprnding un filin 0.2-14
un boat g = OS8R (T, = 30°C) eomporition
tewpers q = 002 (7, ~ 1%°C)
sture St low tenwle
Mgk, B (1250°C) MgF, erystalluw 1.32-1.39 at 550 wn in 0.114
g = 072 (7, = 30°C) vacuum, dependimg on T, (eracking)
¢ = 0.96 (7, = 300°C) 1.38-1.40 at 550 nm in asr
S: high tensile (depemling on 7))
S0, E 80, amorphous 1.45-1.46 at 530 nm 0.2-9
q = 0.9 (7T, = 30°C)
¢ = 093 (1, = 150°C)
S: compnosive
ThF,, B (1100°C) TuF, N-ray amorphous 1.52 at 530 win and 0.2-15
THhOF, S: inedium tensihe T, = 35°C
&0 B, 12 (1250-1350*C) &0, amorphous 1.55 at 550 nm (7', = 30°C) 04-9
A0, 12 (2050°7) A)0, [ amorphous 1.59 at 550 nmand Ty = 0.2-7
40°C, 1.63 at 7', = 300°C.
Ce¥F, B (1350°C) CeF, erystalline 1.63 at 530 um and 03-5
S: high tensile T, = 300°C
MgO )2 (2%00°C) MgO ceyetalline 1.70 at 530 nmand Ty e 0.2-8§
50°C, 1.74 at 7'y = 300°C
Si0 B (1250-1350°C) S0 amorplious 20at 530 nmand 7’y = 30°C  0.7-9
ThO, T: (3050°C) ThO, 1.95 at 300 nin 03
MF, 1 (850°C) "), 8-1'LF, 1.75 at 5350 nm 0.3-17
S:depending on thickness 1.98 at 300 v (T, = 30°C)
corprensive or tensile
Zr0, B or 1; (2700°C) 770, 1.97 at 550 nm (7, = 30°C) 0.31-12
2.05 (7, = 200°C)
Cc0, Bor E (1600°C) CeOy crystalline 0.4-12
TiO B, R (17:9°C) ‘110, amorjhous at room tempera- 1.9 at 550 nm (T, = 30°C) 04-3
ture, crystalline at higher 7y 2.3 at 5350 i (7', = 220°C) (vlouding)
S: high tensile 2.55 nt 530 mn (1, = 200°C)
nS N (1200°C) nS erystalline 2.3 at 550 nn (7', = 30°C) 04-14
S: medium compressive
Bi B or 1; (1500°C) Si amorplais up to 7'y = 300°C 3.4 at 3 pm 1-9
Ge B oor 1 (1600°C) (€% amorplious up to Ty = 300°C 44t 2 um (7, = 30°C) 2-23
FLTe 13 (850°C) PLTe 86 at 5 am 35-20
¢ It, boat; I, cleetron hening I, reactive.
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Sec., X1 Ref. *3

R. C. Pastor and M, Braunstein, Hughes Research Laborato:ies, "Advancced Mode
Control and High-Pov.er Optics Technology,” Technical Report No. AFWL-TEk-
72-152, Vol. I, July 1973

An carlier study by other workers reported a large surface absorption at
10. 6 pm (F. Horrigan, C. Klein, R. Rudko, and D. Wilson, Microwaves, pp. 68-76,
Jan, 1969). For KCI the reported surface absorption was >80% of the total ab-
sorption for 2 1-cm thickness. The cause was thought to be hygroscopic behavior.
However, our RAP treatment of the crystal surface, i.e., topochemical exchange,

did not improve f. In addition, we showed that neither surface hydrolysis (ex-

change of CH™ for C17) nor hygroscopic behavior (surface untake of HZO) con-

tributed to the surface absorption of a KC1 crystal with 8 = 0.0042 cm-l, with
measurements well within a precision of +0.0004 cm-l. Instead, our study indi-
cated that fabrication damage (surface preparation) can cortribute to bulk absorp-
tion in a manner which could be mistaken for surface absorptior.. The effect on
absorptance of surface reworking indicates that the measure value may still have
been affected by damage introduced by the polishing operation. Such damage is
casily observed using polarized light on aa anr 2aled specimen, before and after
polishing. [ This important negative result for surface hydrolysis and hygroscop-
icity is not inconsistent with abscrption by a few layers of water molecules as
discussed in Sec.IV since the predicted value of Af = 10-4 is below the measure-

ment precision of 4 X 10-4.]

Two types of surface finish were gisen to KC1 samples. They are designated
as optical finish and window finish. Optical finish samples are worked until flat
and parallel within one fringe of visible light. Window finish samples are flat

within a few fringes, with no attempt made to achieve parallelism. The optical
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finish is smoother and more uniform, with a characteristic size of the features
a few tenths of a micrometer, similar to that of the Linde A abrasive used to
prepare it. The window finished surface has some regions with the same char-
acteristic size as the optical finish but also has some features greater than 14m
in size. The number and fepth of scratches is also greater on the window finish
surface. Optical finish samples showed a strong tendency to fog during the few
minutes that they were exposed to the S0% relative humidity laboratory environ-
ment before placement in the desiccated calorimeter, even though placed in

desiccators immediately after polishing was completed.

The most striking example of the effect of a fogged surface on *'.. measured
absorption was for a sample with both surface finishes. It was first found to have
an absorption coefficient of 0.00048 cm-l with a window finish, After return to
the optical shop for application of ¢n optical finish, the absorption coefficient was
found to be 0,00185 cm-l. The higher absorptions measured in the fogged optical
finish samples may be a result of surface absorption caused by the fogging, but
they are also partially due to the high scattering of these surfaces. Light scar-
tered directly to the thermocouple in the calorimeter causes a temperature rise
in the thermocouple which is then attributed to absorption in the sample, It is
manifested as a component of the temperature signal, which does not have the

normal time lag due to heat conduction when the laser is turned on or off,

Scanning electron microscope views of fogged surfaces showed that the fog-

ging of the surface is caused by recrystallization of the surface region of the

crystal; upward growing crystallites [ which appeared to have typical heights and

widths of ~0.5um] scatter light and thus produce the fogged appearance.
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The fogging problem was brought under control by heating the KC1 windows

to ~50°C with an IR lamp immediately after polishing. Though it is believed

this process removes water that was present on the surface as a result of the
alcohol polish, it is not clear that this is the only process which leads to the
increase in surface stability, The window can then be place8 in a vacuum depo-

sition chamber for coating or potted in carboline plastic for future use.
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Morris Braunstein and ], Earl Rudisill, Hughes Research Laboratories,
"Protective-Antireflective Thin Films for Polycrystalline Zinc Selenide and
Alkali ifalide Laser Windows, " Contract No. F33615-73-C-5044, Final
Report, February 1975

It was. found that the 10,6 ym refractive index of ’I‘hF4 coatings on CdTe and

on ZnSe had tie value n. = 1. 35, rather than the previously accepted value of

n. = 1.50'.

Coating on ZnSe. Two-layer coatings of 'I‘hF4 /ZnSe, of 'I‘hF4 / ZnSe, and of

BaF2 / ZnS, where the notation indicates that the first material, 'I'hF4 , is deposited
first, were deposited on ZnSe with a substrated temperature 'I‘S = 150C at a pres-
sure of 10.6 to 10-7torr and a deposition rate of 180 nm/min for 'I'hF4 » 50-60 nm/min
for ZnS and ZnSe, and 200 nm/min for BaFZ. The results are summarized in Tables
IV and V [original report numbers]. The BaF2 / ZnS coating work was abandoned

because this coating did not pass the environmental humidity test. The ’I‘hF4 / ZnSe

coating had a value of Af = 3x 10.4 per surface, whi. 1 is the lowest value for any

10. 6 ym coating reported to date. Two windows coated with ’I‘hF4 /2ZnS passed the

military specification tests for adherence, humidity, salt spray, and abrasion

(the most difficult test).

Coating on KC1. Two-layer coatings of ZnSe/’I'hF4 were abandoned because

they cracked and peeled upon removal from the vacuum system. The difficulty was
attributed to strain induced through the large thickness requirement (2 gm) of the

inner ZnSe layer. After many tries, one coating remained intact long enough to

measurce an absorptance of Af = 1,7 10'3 per surface. For 'I'hF4 /ZnSe coatings
deposited on the KC1 substrate at 150 C no apparent sticking or cracking and peel-
ing difficultics were encountered. The ZnSe layer is thinner than in the ZnSe/'I'hF4

coacing. However, the thicker 'I'hF4 layer gave rise to a greater value of A, = 2.4

x 10”3 to 4.0x10"3 per surface.

£
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A difficulty with 1\3283/'1111“4 coatings on KC1 was anticipated since the

sticking coefficient of A3283 on KC1 is practically zero for substrate tempera-

tures greater than 75 C, while the substra‘e temperatir2 must be at least 150 C

for ’1111"4 deposition in order to keep thie absorptance of ThF4 low. A layer of

A3283 baked at 175 C in vacuum for two hours apparently dissociated leaving
an extremely thin layer whose absorption increased nearly an order of magni-

tude. Another KC1 sample coated with A5283 of optical thickness 0, 457 /\0

yielded an absorption index of x = 7 x 10-S for A3283 » which corresponds to

Bb = 0.8cm-l. [ This is an important result that B¢ = B for AgyS3. This is

the only case of Bf = Bb found in the literature as cf this writing, Also, the
HRL value of ﬁb =0.8 cm-l i3 the lowest value found, and is believed to be

the intrinsic 10, 6um value, ]

'I‘hF4 of optical thickness 0. 168 )‘0 was then deposited at 150°C to com-
plete the AR coating. This syster: yielded reflectance values less than 0.03%
per surface and an absorption va'ue of 0, 19% per surface. The amount of
A8283 that dissociated at 150°C, though apparently small, appears to be sig-

nificant in that ahsorption values still exceed 0. 1% per surface,

The coating performance of the coatings on KCI substrates are summar-

ized in Table X.
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TABLE V, ENVIRONMENTAL RESULTS ON COATED ZnSe WINDOWS

Ref, *9

Ecasingy Environmental Tests

Desig= Adherence Humidity Salt Spray Abrasion
'I'hF4 P P P F
BaFZ/ZnS P F - -
ThF4/ZnSe P F P F
ThF ,/ZnS P p@) P p®
(@) ALso passed an extended 28 day humidity test.
(b)Passed only o't mechanical-chemical eteched substrates.
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M. Braunstein, A, I. Braunstein, J, Farl RudisHll, and V. Wang, tiughes Rescarch
Laboratories, "lLow Anqorptmn Coating Technolog,, " Final Technical Report,
Contract No. IF29601-72-C- -0132, December 1973

[ Although a portion of this report concerns coatings for metals to increasc
their reflectance, the thin-film work is applicable to window coatings. In con-

sidering the optical chsorption by a contaminated surface, of adsorbed water for

example, it is important to realize that the electric field at the surface of an

antireflection coating is large, while the electric field at_the surface of a reflec-

tion-enhancing coating is nearly zero for normal incidence, (For a highly reflecting

coating the only power flow into the coating is that corresponding to the small ab-

sorption; thus E x H = 0, which is consistent with E = 0, )]

An improvement in the ibsorptance of enhanced reflectivity mu.tilayer dielec -
tric mirrors from 0. 005 at 10. 64m at the beginning of the study to a value as low

as 0.0012 at 10, 64m for N Ag/(’I‘h[ii/Cch)3 has been achieved. The absorptance

improvement from 0, 095 to 0.0012 has heen shown to be due to improvements in

the purity of the '111174 and CdTe dielectric materials; film deposition techniques

are_shown to be critical and must be carefully controlled. Further improvements

in_material purity or film deposition technigues can be expected to lower absorp-

tance even more. New coatings with potential application at 10. 6 4m include the

reflector Al /(KCI/ASZS3 )4 which has shown 0. 0016 absorptance and a high-
energy density damage threshold of ~50.l/cm2 for nsec pulses. The program
goal, which was to produce reflectors having 99, 9% reflectance at 10. 64m, was
almost met by achieving 99, 88% for a Ag/(ThF /Cch)3 reflector. For othar
coatings we have achieved reflectances of 99.78% for Cu/(ThI‘ /CdTe) » 99. 82%
for Al /(ZnS/Gc) » and 99. 84% for Al /(KCl/As 3) . Rigorous control of
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starting materials used for the coatings and the deposition techniques was found (o

be essential for che preparation of the high reflectance, low absorptance coatings.

Accurate single transverse mode damage threshold measurements have shown
damage thresholds of around 35_l/cm2 fo1 simple mectal mirrors. [ The nominal
600 ns pulse consists of a ~230 ns pulse containing roughly one third of the total
cnergy of the pulse, followed by a tail approximately 3 us iong containing the re-
maining two thirds of the cncrg’y.54 On a finer time scale, 5-ns wide longitudinal
mode-beating modulation was observed. Laser spot sizes were not reported, but

most damage was reported to be at localized damage sites.] Damage resistance

of dielectric enhanced reflectivity mirrors has progressed fromi lj/cm2 to 65

j/cm2 by careful selection of materials used for multilayer film fabrication. Sev-

eral film and window materials have been found to exhibit good damage resistance,
and are listed in approximate order of damage resistance: KCl, NacCl, Aszss, ZnS,

Ba F2.

ZnSe, CdTe.

[ The report contains interesting microphotographs, scanning-electron micro-
scope views, and X-ray microprobe views of film damage sites showirg: randomly
located microcraters whose density increases as the intensity of radiation in-
creases (supposedly from inclusion damage); straight-line and square-inatrix
interference-fringe damage patterns for A/4 CdTe films on CdTe (self films) re-
sulting from the small wedge angle between the two surfaces of the high refractive
index (n ) 3.0) CdTe substrate; substrate separation of A/4 ThF4 films on a
copper substrate; circular interference-fringe damage patterns produced by an
incident plane wave whose in“ensity peak Is to the side of a major inclusion, with
scattering from the inclusion into the A/2 thin film and interference between the

incident wave, the scattered wave, and the reflected wave; and a fraciurc zone

around an inclusion. ]
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Damage normaily is accompanied by a small visibie plasma or spark during

these tests, In the case of As283 coatings, the observation of such a plasma caused

the misleading termination of Inany tests, Microscopic examination of the surface

after sparking reveaied no Inicrocratering or other sign of damage. After the

sparking, what was apparent to the naked eve and the microscope was a decrease

in visibie 1'ght scattering similar to what might be expected of fire polishing of

glass. Continuation of tests on these sites would reveal no additionat sparking or

marked changes as iong as the encrgy density was gradually increased upon a

given site. This conditioning of the test site could progress until vaiues of as much

as (&J/cm2 were reached, where damage in the form of darkening and film frac-

turc was observed. This appearam e of a plasma before real datnage may be at-

tributable to a cleaning process by the laser beam, where local albsorption centers

or inclusions are removed. [ it is conceivable that high-power lasers could be

brought up to power slowiy in order to effect such cleaning action and thercby

avoid damage. )

In gencral, film absorption indices at 10, 6um must be 5x10™4 [§ = 6 cm™ ]
or beiow in order to be able to reach the 99. 9% reflectance [ A = 10-3] goal. It is
desirable to be able to reach absorption index values near 1 x 10-4 [B=1.2 cm-l]
as this would ailow some margin for error in the enhanced metallic reflector fabri-
cation. [ The required mirror-coating value of B = 6cm ! for Ap = 1073 15 close to

the window coating value of Bf =5cm ! for Af = 10-3.]

[ To self films were grown.] A quarter-wave optical-thickness KClI film on

KC: had Bf < 0.6cm-l. A quarter-wave optical-thickness CdTe film on CdTe had

Bf = 2 cm-l. The absorption coefficient of the uncoated CdTe substrate was Bb =3.4

x10 “cm °, [ It would be of interest to determine if extremely thick self films could

be grown anc if the absorption cocfficient could be made to approach the bulk value, ]
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C. Willingham, D, Bua, H, Statz, and F. Horrigan, Raytheon Rescarch Division,
"Laser Window Studies," Final Technical Report, Contract No, DAAHO1-74-C-
0719, August 1975

The minimum detectable absorption coefficients measured by laser
calorimetry at 5,25 and 10, 6 micrometers for the films studied during this
program were usually limited by the variability of the substrate absorptivi-

ties to approximately one reciprocal centimeter, Attenuated total reflection

(ATR) snectra could not be quantitatively correlated with the laser calorime-

try results, but the thorium fluoride and zinc sulfide spectra did contain char-

acteristic absorptions which varied in intensity from supplier to supplier and

could be qualitatively correlated with the calorimetric results. Hydrocarbon

contamination of the specimens was generally observed in the form of charac-

teristic absorptions in the 3.4-3.5 micrometer range, We point out that these

absorptions have a tail which extends to the deuterium fluoride laser wave-

lengths near 3.8 micrometers.

[ These hydrocarbon bands in the 3.4-3.5um range and to a conside rably

greater extent the water band at ~2,9 and ~6. I ym were the most prominent

features of the spectra, Eightecen ATR plates, three each for ’I'hF4 » ZnS, and
A3283 on ZnSe substrates and ThF4 , ZnSe, and A8253 on BaF2 substrates,

were ineasured, All 18 spectra saowed evidence of the water bands, ranging

from barely detectable on one trace for ZnS on ZnSe and one for A3253 on

ZnSe to zero transmittance from 2. 8 to 3.2 um in the worst case, ]

Indentation of arsenic trisulfide films frequently produced lifting of quanti-
ties of filin from their substrates. In rome cases, these films passed the cello-

phane tape test commonly used for adhesion evaluation.
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Surface effects are major coatributors to the absorptivity of alkaline carth

fluorides at the deuterium and hydrogen fluoride laser frequencics.

Filins obtained from commercial vendors have been studied and devclop-
ment of characterization techniques has begun. I'ilms of 'IhF4, ASZSS, ZnS, and

ZnSe on Bal’, and ZnSe substrates were obtained from three commercial film

2
producers: Broomer Laboratories, P'ain View, New York; Optical Coating Labo-
ratories, Inc., Santa Rosa, California; and Spectra-Physics, Inc., Mountain View,

California.

The results of the calorimetric absorption measurements are as follows:
First, with the exception of thorium fluoride films, all of the measurable film
absorptivities exceed the corresponding measured or estimated bulk values sig-
nificantly. Second, for A9283 and ThF, films, which were deposited onto both

4
substrate materials, the range ard level of absorptivity is not influenced by the

choice of substrate, Third, there is a significant variability in the level of ab-

sorptivity obtained by the three vendors. The largest variation occurs for the
thorium fluoride films, There is also significant run-to-run variability of film
absorptivity. Variations in film absorptivity may occur among consecutive depo-
sition runs when all Etle deposition parameters normally associated with good thin

film deposition practice are monitored and held constant,

While any attempts to explain the veriations are pure speculation, it is in-
teresting to note that in each of the first three deposition pairs, the second depo-
sition had the lower absorptivity. Such behavior may be plausibly explained by
assuming that the material from the first deposition acted as a getter for somsa
absorbing species in the residual gas and that the gettering action was suffi-
ciently strong that opening the chamber to change substrates and replenish the

evaporant charge did not destroy it,
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The scnsitivity of any absorption spectroscopic technique may be increased
by increasing the pathlength of the light through the absorbing medium. Attenu-
ated total reflection (ATR) spectroscopy makes use of this approach by permitting
the evanescent wave (that portion of the radiation which extends beyond the physi-
cal surface during total internal reflection) to interact with the abso:ping medium
as the primary beam is repeatedly reflected down a nominally lossless medium,

ATR spectra of thorium fluoride films deposited onto zinc selenide and bar-
ium fluoride substrates irom Vendor No. 1 show strong absorption at 3400 cm-l
(2,95 um) and 1620 cm-l (6. 17 ym) in spectrum, which are most likely caused by
some interaction of the film material with water vapor. The similarity between
this spectrum and the published spectrum of 'I’hF4r - 4 HzO (R. A, Nyquist and
R. O. Kagel, Infrared Spectra «.f Organic Compounds) is striking. Thorium fluo-
ride depositions ca.ried out at the Research Division determined that the major
differences in the spectra from the three vendors were produced by substrate

temperature variations during d>position. Room temperaturc substrates pro-

duce films having the absorptive, hydrated spectrum; substrate temperatures on

the order of 150°C will produce films with little or only very weak [HZO) ab-

sorptions at 3430 and 1620 cm'l. Recent results obtained at the Hone rwel) Re-

scarch Center demonstrate that the deposition rate variations may also be used
to produce variations in thorium fluoride film absorptivities. In a second exper-

iment, one of the low absorption films supplied by Vendor No. 3 was held for two

hours at 120°F in 95 percent humidity. This treatment essentially destroyed the

adhesion of the thorium fluoride film but did not produce the water-associated

absorptions in its ATR spectrum. The ATR spectra and calorimetry of thorium
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fluoride filims, taken together with the parallel deposition experiments and

environmental testing, strongly suggest that water vapor which is present in the

[
residual atmosphere of the deposition chamber plays a major role in the deter-

mination of the absorptivity of the film that showed great absorption.

[ The results above are very important. They strongly support the recom-
mendations that superclean depositions (ultrahigh vacuum, thorough baking of
the deposition chamber and substrate, ultrahigh purity samples, supersmooth

substrates) should be made and that films must have high densities. |

The spectra of the thorium fluoride films deposited onto barium fluoride
substrates all appear to have stronger water-related absorptions. The "stronger"
absorptions actually are produced by the close index of refraction match between

the film and its substrate. More of the probe radiation is coupled into the thor-

ium fluoride on the barium fluoride substrate than the film on the higher index

zinc selenide substrate.

Absorptions at 2915 cm-l and at 2845 cm-l are caused by hydrocarbon con-

tamination of the specimen surfaces. Organic compounds containing C-H bonds

(effectively all organic surface contaminants) contain strong absorptions at ap-

proximately 2915 and 2845 cm-l (3.43 and 3.51ym) due to the C-H bond s*retch-

ing. This hydrocarbon contamination is a significant feature of the surfaces for

several reasons. First, a review of hydrocarbon absorption spectra reveals

that their absorptivity at 3.8 um (the DF laser wavelength) is typically five per-

cent of the maximum absorptivity at 2915 cm-l. Second, if it is not removed

prior to deposition of the antireflection coating, the trapped contamination layer

may contribute to the degradation os the AR coating during high-power laser
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illumination. While boiling Freon-113 will essentially remove these hydrocarbon

absorptions from ATR spectra, indicating that they exist largely on the exposed

surfaces of the specimens, !.sser quantities trapped at the film-substrate inter-

face cannot be precluded.

Finally, the absorption at 1500 cm-l (6.7 um) is characteristic of the barium

flucride surface, probably a hydration product. The absorption may be seen in

both the ""substrate' and "film" spectra. Note that no information about the film-

substrate interface may be drawn from this observation because half the reflec-
tions of the probe beam as it traverses the "film'" side of the specimen take

place at the uncoated back face.

For arsenic trisulfide films there is no obvious correlation between the

laser calorimetry results and the spectra.

Professor ]. Harrington, University of Alabama, Huntsville, has measured

the absorptivity of strontium fluoride at the HF and DF chemical laser wave-

lengths (2.8 and 3.8 micrometers) to be 1-2 x 10-3 for centimeter-thick pieces,

an order of magnitude higher than our values which were taken as 5.25 micro-
me’ 2rs. [ Raytheon values of Bb are 4x 10-5 cm-1 at 5,25pm, 5 X 10-4 cm-1 at

3.8um, and 3.7 x 1074 cm™ at 2,8um. ]

We believe the difference to be caused by the presence of a contaminating
surface layer which is more absorbing at 2.8 and 3.8 micrometers than at 5.25.
The difficulty of obtaining a surface which is non-absorbing at the fluoride laser
wavelengths is illustrated by four ATR spectra of a specimen of barium fluoride.
The first was taken iminediately after it was removed from its polymer shipping

bag, the second after a five-minute wash in trichloroethylene. Trichloroethylene
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was chosen as the solvent because its infrared absorption spectrum contains
no bands in the 3000-2500 cm-l range. The trichloroethylene wash did not com-
pletely remove the hydrocarbon contamination so a sccond cleaning, a five-minute
immersion in boiling trichlorocthylenc “vas evaluated. i‘inally, the specimen was
allowed to remain in the spectrometer for 24 hours following the boiling treat-

ment and a fourth spectrum was taken.

The ATR spectra demonstrate several points. First, storage of the ATR

plate in a polymer container produced a significant absorption both at 2915 cm-l

and at 2630 cm-l (3. 8 ym). Second, trichloroethylene cleaning cannot completely

remove the contamination, although the boiling solvent nearly removes all de-

tectable traces of it. Third, the clean surface is very casily recontaminated.

The surface absorptivit of \he boiled specimen increased by nearly a factor
of two during the 24 hour stovage in what should have been the rclatively clean
environment of the infrared spectrometer. The sample holder touched the spec -
imen only at the edges and was itself cleaned in trichloroethylene prior to the
cxperiments. The sample chamber was flushed with tank nitrogen which either
contained sufficient hydrocarbon impurities or was able to desorb them from
the interior of the spectrometer and redeposit them on the specimen. Finally,
the experiments demonstrate the necessity of evaluating surface cleaning pro-
cedures for laser optical components at the wavelengths at which they will
ultimately be used. Since these components will, in general, receive antire-
flectlon coatings, the optimized cleaning procedure must additionally produce

a surface upon which an adherent coating can be deposited.
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T. F. Deutsch, "Research in Optical Materials and Structures for High Power
Lasers,” Raytheon Rescarch Division Final Technical Report, Contract No.
DAAHO1-72-C-0194, December 1973

[ Calorimetric and internal-reflection-spectroscopic measurcinents of

surface absorptance AS give a wealth of information on surface absorptance

and it< .nange by surface cleaning.] Values of AS measured at 10, 6 ym range

from 7.7 x 10"° for a CdTe surface to 1.8 (10" for a KBr surface. At 5.25um,

-6 5

A =10 ¢ 2% 10”° for the Cdle surface and A = 9x 10" ° for a KC1 surface.

The surface absorption is generally a decade lower at the shorter wavclength,

The 5.254m As values of 1-3x ]0-5 per surface obtained for some materials

may be due to bulk or surface scatter and should be regarded as apparent sur-

face absorptions or as an upper limit on the surface absorption,

In the alkali halides, the primary results of a number of plasma cleaning

experiments was to show that, rather than cleaning the sample, it was rela-

tively easy to contaminate it.

We found that while HC1 chemical polishing can remove a number of

bands, a new surface absorption band centered at 9, 84m and overlapping

10. 64m was often introduced, The magnitude of the normal incidence 10,6 4m

loss due to this absorption band was estimated to be ~ 3 X 10.4 per surface for
a plate with a surface that was visually inferior to those obt:.ined on our calori-

meter samples. The 9, 84m band has been observed to inciease in strength

overnight on a plate kept in storage, suggesting it is due to a reaction of the

surface with the atmosphere, This, together with the fict that a bulk absorp-

tion, possibly oxygen related, occurs in the same spec:ral region, suggested
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that the surface absoiption is due to oxygen compounds forming on the surface,

However, when we deliberately attempted to increasc the intensity of the 9,8 ym

band by placing a KC1 plate in a flowing oxygen atimtosphere for one hour, we found

no_measurable change in band intensity. While the existence of a surface absorp-

tion band centered at 9. 8 ym has certainly been established, the chemical group
responsible has not been identified. {Kroger and Marburgcr"'85 reported that NaCl
exposed to atomic oxygen develops a surface layer which absorbs from ~930 to
~1000cm™ !, with peaks at ~970, ~990, and ~940cm” ! (10.3, 10, , and 10.6m) in
order of decreasing intensity. The absorption was belicved to be due to C103. We
note further that the solar spectrum contains a strong absorption band with peaks
at ~9.4 and ~9.6 um for absorption by ozonc.30 There cre a number of materials

Cl0 and CO,,.

3’ 3 L 3

Materials containing O2 tend to have the strongest absorption peaks away from

Ccontaining O3 that absorb near 10 ym, including O NO,, H".0

10.6pm. For cxample, CO, absorbs at ~2.8 and ~4.3 um and BO, absorbs at 5. 1

wnd 16.9um. Thus it is likely that the 9, 8um absorption is related to 03. possibly

from atmospheric contamination, and the deliberate cxposure to a flowing oxygen

atmosphere did not form the O3 compound, whereas the exposure to atomic oxygen

did form the O3 compound. Exposure to ozone would be of interest, ]

The transmission of four KC1 internal reflection plates was measured as re-
ceived from the supplier; no HCI polish was used. Two plates were then stored
in a desiccator while two others were stored in the laboratory, protected by
cardboard boxes. After a month, the internal reflection spectra were remea-
sured. In contrast to the behavior of the HC1 polished flates, no significant

change was found in the 9.8 ym surface band for any of the samples. Surprisingly,
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the strergth of the 3.5um band, often observed and attributed to C-H absorption,
had increased for two of the plates, one from cach storage condition. This casts
doubt on our previous interpretation that this band is due to residual ,rganic
material from polishing operations. [ Note that CH4 ,» which is contained in the

atmosphere, absorbs at ~2, Spm.so]

A Harrick Scientific, horizontal single-pass internal reflection attachment
makes it possible to examine the same plate either in the internal reflection
mode or in a simple transmission mode and to separate bulk and surface absorp-

tion using the two spectra obtained. Worthy of note is that this attachment also

makes it possible to perform bulk transmission measurements with path lengths

of about 5 cm on samples only one to two millimeters thick. Separation of sur-

face and bulk absorptance was demonstrated by measuring Bb(k) and AS(X),
3 1

with values as low as Bb =10 Yem™ and AS = 10'4 on a KBr internel reflec-

tion Qlatc.

Auger-clectron-spectroscopy measurements indicated a correlation be-

tween absorption cocfficient and oxygen content. Spectra were taken of the spec-

imens in the as-received condition and after ~500 and 1000 A had sputtered

away from the surface. Surface oxygen concentrations as high as 3-1/2 percent

and carbon concentrations ranging from 6-15 percent were found. The attempt

to correlate the ion microprobe measurements with the Auger results was in-
conclusive. Two samples showing abnormally high 10. 6 pm absorption and the
highest oxygen concentration by ion microprobe showed uxygen concentrations
of the order of 1 percent i 1000 A below the surface and two low absorption

samples showed no detectable oxygen at 1000 A, However, for some other
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samples, the results of the two measurements did not correlate. Most striking

is the fact that the Auger measurement gives oxygen concentratioas of the order

of 1 percent ot 1000 A below the surface, while the microprobe showed concen-

trations of only a few ppm at approximately 1 mm down. The fact that the Auger

measurement detected carbon on all samples, including those with cleaved sur-

faces, suggests cither that it is present in the bulk or it is picked p from atmo-

spheric COZ' rather than being introduced in the polishing pr: cess.

Cheniical polishing of KC1 produces the lowest surface absorption of the

various polishing techniques examined, typically 10-4 per surface at 10,6 um,

The technique reduces, but does not climinate, the surface absorption band

centered at 9, 8 um. Considerable development will be necessary, however, to

adapt this technique tu the polishing of large windows rather than small test

pieces for calorimetry.
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TABLE A-2

FIGURE OF MERIT FOR OPTICAL DISTORTION OF LASER WINDOWS

* dn® 3
n a X, * T X g7 (1+v)a(n-1) x3=}n F<x>a
3 1 hdd N
1078 ect E<r>~ap 06! w08 ect 1078 ¢!
Ge 4.02 5.7 0.09 271 23.1 16,7
(mag)
Si 3.43 2.3 0.027 134 7.4 ~0
GaAs |3.30 5.7 -0,055 149 17.5 -6
CdTe | 2.69 5.9 0.05 (est.) 107 13.2 3
ZnS 2.20 7.8 0.03 52 (b) 12.5 1.2
ZnSe |2.40 8.5 0.05 (est.) 48 (c) 15.8 2.9
Diamond | 2. 41 0.8 (e) .04 (j) 8 vis, 1.5 22
(synthetic|{at 0.6 (e)
Type 1ib) | pm
LiF 1.35 317 0.007 -16 17. .3
CaF2 .41 19.7 0.019 - 1.7 10.7 .5
SrF2 1.44 15.8 0.07 (est.) -11.9 9.2 1.7
Bal-’2 1.45 20,3 0.07 (est.) -17. 13.1 2,1
MgF2 1.38 13.7 0.07 lest,) +1.9 6.9 1.4
ord. ray] n ord. ray
c-axis at . 7 um
NaCl 1,52 44, .046 -33 (d) 20 3.6
KCl1 1.47 36. .07 -32 (d) 23 4.0
KBr 1.54 42, .07 -40 31 5.4
}\1203 1.67 5.5 .08 10 4.9 1
ord. ray
MgO [1.67 10.5 -0.08 18.9 9.4 -2
Aszss 2.41 22.4 .10 1.9 42 15
-8.6 (c)
T.I. 2.60 at 15.0 78. 317
1173 |10.6 pm
glass
KRS-5|2.38 58 .07 (est,) -2317 106.7 27
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TABILE A-2 (CONT'D)

X £ X‘
f= 1 C K
1078 ¢! J/em3 «C W/em *C
317 1.65 .59 Ge
141 1.63 1.49 Si
160 1.42 0.48 GaAs
117 1.3 0.06 CdTe
65 1.91 0.1617 ZnS
67 1.817 0.18 ZnSe
9.7 1.8 20 Diamond
(synthetic
type 11b)
1.3 4.12 .11 LiF
3.5 2.71 .092 Can
-1 2.37 (h) 0.1 (est.) Ser
10,2 3.14 (g) 0.1-0.3 MgF,
-6 1.84 0.065 NaC)
-5 1.35 0.065 KCl
’3.6 X 20 0. 048 KBP
15.9 3.00 «45 A1203
23.3 3.13 .6 MgO
58.9 1. 46 . 0036 A9283
1.21 . 0030 T.l.
1173
-103 .- . 0054 KRS-5
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Notes and References for Table A-2

W

The refractive index values and dn/dT are taken from sources cited in
Appendix A of Ref. a. The values of @ and K are obtained from references
given with Table III preceding. The values C are calculated from data
given in Ref. ¢ for Table III.

ok
Ay eraging the photoelastic coefficients # for the radial and azimuthal
polaiizations gives

1
LAt SR LTI BT

(1)

which In terms of the p coefficients' becomes

~ 1 . P1n
< 7> )08 (l-v)pll+(l-3v)p12--ﬂ3-E-

where we have assumed v = —é— as a typical value.
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TABLE A-3

%
ABSORPTION COEFFICIENTS OF LASER WINDOW MA TERIALS

B 10.6 um Bs.25 um
Material em™1 Ref. em”! Ref.
Si = 0.0059 b
Ge 0.012 b 0.0018** b
GaAs 0.008 c 0.0094** b
CdTe 2.5x 1074 b s.9x 1004
ZnSe 9.5x 1074 b 3.2x 1074 p**
C (synthetic diamond) 0. 06 b ---
LiF oy 0.09 a
CaF, 3.5 5.0 X 10‘: b
STF, 0.7 4.1 x 10 b
BaF, 0.19 1.2 x 10 b
MgF , - 0.014 a
NaCl 1.3 X 10 b s
KCl 7 x 1075 b 0.4x 10°%
KBr 4.2 x 1074 b 2.1x 1004
KRS-5 2.2 x 1073 b .
A1203 e 1.4 a

Lowest reported values are given.
** No surface absorption correction
(a) Raytheon ir spectrophotometer
(b) Raytheon CO,/CO laser calorimeter

(c) A.G. Thompson, "Development of GaAs Infrared Window Material, "
Technical Summary Report on Contract N00014-70-C-0152, Bell and
Howell Electronic Materijals Div., Pasadena, Calif. (December 1970),
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G. I, Johnston, D. A, Walsh, R, J. Harris, and J. A. Detrio, University of Dayton
Research Institute, " Laboratory Characterization and Research on the Perform-
ance of Window Materials for High Power IR iasers," Semiannual Progress Report
No. 4, Contract No. F33615-74-C-5001, June 30, 1975

Sputtered ZnSe films with thickness greater than 1 um, deposited on ctched
KC1 substrates, passed the Scotch-tape test. [ The value of Bf > 5cm™! (con-
sidered tentative) is greater than the value of Bf = 1-2 cm-l obtained at other
laboratories for evaporated films.] What is of more interest than the vaiue of

Bf is the fact that the value of Af extrapolated to zero thickness is Af(O)

-2 iy
= 3.3x10 ¥, compared with Af = 4,3x10 3 for a two-micron-thick film. The

value of Af was obtained by substrating the absorptance after depositing the

film from the value before the deposition. The (large) nonzero value of Af(O)

implies a large value of absorptance from damage or contamination of the

substrate-coating interface, or possibly from the coating surface. Preliminary

results for evaporated ZnSe films gave 8, = Scm-l. but A.(0) X 3,3x 10"3
f f

in agreement with the assumption of interface absorption for sputtered films.
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E. Bernal G., R, H. Anderson, J. H. Chaffin, B. G. Koepke, . J. Stokes,
and R. B, Maciolek, Honeywell, Inc., "Preparation and Characterization of
Polycrystalline Halides for Use in High Power Laser Windows, " Final Report,
Contracts No. DAHC15-72-C-0227 and No. DAHC15-73-C-0464, 20 February
1974

Films of TIC1, T1Br, T1l, CuCl, and Cu! have been prepared by
standard evaporation techniques, with glass slides or cleaved single-crystal

KC1 as the substrate. Coatings of T1Cl, TIBr, and CuCl are not suffi-

ciently stable in high humidity environments to serve as protective coatings |

for KC1. TI1l and Cul films are stable in high humidity, and we have pre-

pared T1I films (not alloyed with the KCi substra.c) having an absorption

coefficient of iess than 1 cm-l at a wavelength of 10.6um. Recent experi-

ments with R, F. sputtered Cul films have resulted in absorption coefficients

near 100 ¢’ l.

We have prepared TI1I films that are alloyed with the KC1 in the region

of the film-substrate interface by co-depositing KC1 and T1l from two inde-

pendently heated crucibles., The absorption coefficient at 10. 64m, measured

with a laser calorimeter, averages near 25 cm-l, which is higher than those

for T11 films discretely deposited on KC1. The problem of higher optical

absorption for T1I films alloyed with the KCI1 substrate has been identificd

and correlated with nonstoichiometry, specifically a halogen deficiency in the

alloy region. A relatively hot (475°C) KCl vapor condensing at the same

time as the relatively cool (250° C) T1I vapor, may be causing the T1I to
decompose. By depositing in an inert gas atmosphere the cffective tempera-

ture of each vapor species will be cooled by multiple collisions with the inert
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gas, thereby reducing or eliminating the decomposition problem. If this is not
the case, annealing the films in a halogen atmosphere may reducc the optical

absorption, A 2000 A thick T1I film on a glass substrate was unchanged after

450 hours in 100-percent relative humidity, We therefore conclude that T1I

films will provide adequate moisture protection and optical transparency at
10. 6 um to scrve as protective coatings for the alkali halides.113 [Repeating
the humidity test for 200nm thick T1I film on 1n alkali halide would be of ii-

e
terest, Young's 20 results suggest that the 200nm TI1I filin may not protect

the substrate from water attack, The positive glass-substrate result would

not contradict a negative alkali-halide substrate result since the T1I film
could be dense enough to be stable, but not dense enough to prevent attack of

the substrate. )
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il. E. Bennett, "iligh Energy i.ascr Mirrors and Windows," Michelson
Laboratory, Naval Weapons Center, Semi-Annual Technical Report No. S,
Marci - September 1974

The two major influences leading to increased absorption in silver films

-8
have been shown to be (1) the presence of O2 to pressure above 10 ~ torr

during deposition and (2) O2 chemisorption on silver surfaces, both in situ

and upon exposure to air. Exposure to air or even one atmosphere of dry

nitrogen causes an i~crease in the absorption cf silver films. This increase
(at a wavelength of 5461 A) is only 0,001 for the best films but may be as

great as 0,017 for films deposited in an O2 pressure of 2 by 10-5 torr,

An attempt was made to detect light-absorbing impurities in a T.IOFZ-
coated Lil‘\'bO.3 sample by ion-beam profiling / Auger analysis. The initial
turnon of the electron probe beam in the presence of Ar results in rapid re-

moval of superficial C and an increase in signal from the coating constituents

Th, O, and F. When the ion-profiling beam is turncd on, the scan witi both
beams on provides a measurement of the relative concentration versus depth
for eacir element monitored in the remaining portion of the coating. The pro-

filing rate is estimated at approximatcly 35 A/min.

A significant feature of the results for laser dawmage is the marked rise of

the C peak at the coating-substrate interface, indicating C contamination of the

LiNbO3 surface. Another significant feature is contamination of the coating,

as indicated by oscillations in the profiles.

The present program has succeeded in identifying several possible causes

of laser-induced surface damage. Thesc include (1) polishing defects,
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(2) submicroscopic pitting, (3) stoichiometric deficiency which may provide
clectron trapping sites, (4) residual polishing particles and other forms of
surface contamination, and (5) coating inhomogeneity. An in situ UHV facility
to evaluate the relative importance of various possible damage sources has been

designed and soon will be uncer conscruction.

Two novel methods of measuring optical absorption are being investigated

experimentally. In the first, the primary achievement has been the demonstra-

tion of the ability to separate bulk losses from surface losses In the visible
spectrum, The most interesting result is the value, A = 0.0163, obtained for
the absorption at a single surface of a dense-flint-glass prism from a Perkin-

Elmer Modcl 99 monochromator. An optical-beam chopper dirccts a laser

beam through thick and thin sections of a wedge-shaped sample in the alternate

half cycles of the chopper. The square-wave signal is then proportional to the

bulk absorption plus bulk scat.ering and is independent of surface absorption

and scattering, assuming that the surface absorptance, scattering, and reflec-

tance are spatially constant,

The second method of measuring B is by launching an acoustic surface

wave and measuring the temperature dependence of its velocity (]. Parks,

D. Rockwell, and T. Colbert, "IR Window Studies,” USC Quarterly Technical

Report No. 5, 15 Sept. 1973). We have encountered problems in insertion loss

and reliability in devices employing this technique to date. In addition, RF feed-

through signals of the same order of magiitude as the acoustic wave signals

have been observed in these devices.

L4
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The value found for the bulk losses, B+ T =4.4x 10-3cm-l. wheie 1 is
the bulk scattering coefficient, is comparable to the value obcained by others

for good optical quality glass,

The major effort during the next reporting period will be devoted to ex-

tending the system's capabilities into the IR region.

A possible problem with A3283 is the photodissociation f A3283 followed

by oxidation of the arsenic. It has been reposted (]. S. Berkes, S. W. Ing, Ir.,

and W, ]. Hillegas, J. Appl. Phys, 42, 4908, 1971) that A3283 (or ASZSCB) disso-

ciates upon irradiation with visible light

hy
ASZSS = 2As + 3S

with the subsequent oxidation of the arsenic

2 As +(3/2,\)2 > A8203

resulting in optical densification or additional absorption in the window region.

Photoemission and Auger spectroscopics, which we are now using to study the
role of O2 in Ce films, will be used to study the dissociation and oxidation of
A3283 » under controlled conditions. Photoemission spectroscopy provides a

direct means for observing the density of electron states in the surface region,
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H. E. Bennett, Michelson Laboratory, Naval Weapons Center, China Lake,
"High Energy Laser Mirrors and Windows," Semi-Annual Report No, 6,
September 1974 - March 1975

Surfaces with absorptance less than 1 x 10-4, parallel to less than 3 sec

of arc and flat to better than a quarter wave in the visible, have been pro-

duced. This procedure, which employs a combination chemical-mechanical

polish, has been successfully applied to pure KC1 (single and polycrystalline),

KC1 alloys (single and polycrystalline), and NaCl windows.

Although we have demonstrated that it is possible to polish KC1 and NaCl
surfaces using the pitch-lap, triacetin-polish technique to rms roughness values
under 30 A rms, we have not succeeded in producing surfaces with low surface

absorption which are this smooth,

The first absoi1ptance measurement on a triacetin-polished single crystal
KCl1 yielded total absorptance of 0.0062 to 0,014 (measurements at different
spots) on a 5 mm-thick piece. Hope that the measurements were wrong was
vanquished by measurements on a similar specimen polished by Harshaw which
indicated total absorptance of 0,0011, Since the specimen with the high absorp-
tance had been polished for weeks in order to try to optimize surface finish, the
logical thing to assume was that extensive surface damage had resulted and the

surface had been contaminated.

This theory was tested Ly etching the high absorptance specimen, After
3 minutes of etching the total absorptance was reduced to 0.00077, thus indi-
cating surface absorptance in the polished piece on the order of 0.005 per sur-

face in the polished surface. This high surface absorptance cast serious doubts
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as to the usefulness of the polishing technique. However, as we were to discover,
the technique could be used successfully if polishing time could be restricted to

less than 8 hours and preferably 4 hours per surface,

After etch the specimen discussed above was polished until flat to one-half
wave in the visible. The absorptance was measured after polish and found to be
0.00053. Since this va'ue was less than that of the freshly etched piece, it
secmed that all the surface contamination was not removed in the 3-minute etch,
The specimen was etched again for 3 minutes and the absorptance went down to
0.00041, The specimen was polished again on both sides to a flatness of less
than A/2 in the visible on each surface. The specimen was polished a total of
8 hours using fresh feed and the total absorptance was 0, 00066, indicating sur-

face absorptance on the order of 1.2 x 10.4 per surface,

In general, MNaCl was easier to polish than the KC1, Both figure and surface
quality were easier to control; however, tie problem of "coatability” discussed
below is as serious for NaCl as for KC1, The absorptance of a polished speci-
men indicates no increase over value for the chemically etched surface; the
total induced absorptance is less than 3x10™4, i.e., less than 1.5x10™4 per

surface,

Absorptance studies of thin films were initiated. One run was made with an
A5253 thin-film wedge, from which a bulk absorption coefficient of the film
volume of 6,5 x 104c'n.l is calculated for A = 0,4825um, During the run cer-
tain time-dependent changes were observed; these are thought to be due to photo-
decomposition of the material in the ~0,15 watt/cm2 cw laser radiation. More

detailed studies of this effect are plaraed.
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In previous reports we discussed the problems involved in coating KCI
windows with Ge films which are stable, uniforn:, and low absorbing. It is the
presence of defects and contaminants in Ge films which causes the increased
optical absorption and decreased optical stability. Since the number of defects
and impuritics in a film is influenced by deposition conditions, of en one can
find sample preparation techniques which produce improved coatings, For ex-
ample, we have found that the most optically stable Ge films are formed with a
deposition in UHV at 160°C followed by an anneal at 250°C after exposure of the
film to air. This treatment produces a dense film with few defects, and a stable
structure, The denseness of the film reduces oxygen uptake and optical absorp-
tion, Furthermore, the surface of KC1 is stoichiometric in the temperature
range between 65°C and 300°C, whereas the surface contains excess potassium
below 65°C. It is possible that coating at an clevated temperature can help sta-
bilize the surface compovition, Unfortunately a large thermal mismatch between
Ge and KC1 prevents thermal cycling, and we have not been able to grow stable
Ge films on KC1, On the other hand, we have been able to grow A5283 coating.
on KC1 with residual absorptions less than 10 cm‘l; Aszsc has a closer thermal
match to KC1 than does Ge., Therefore, we have shifted our effort during this

period to amorphous or glassy ASZS3'

We report for the first time the deposit of Ge coatings (on quartz) which are

simultaneously thick (half wave optical thickness at 10. 6 um), optically uniform,

low absorbing, and thermally stable, The recipc for producing high-quality Ge

films is as follows: 1, During deposition the substrate and environment must be

held at a uniform temperature of 160 +10°C (higher deposition temperatures,

l.e., to >170°C will result in crystallization of the film). To obtain the required
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temperature uniformity, we heated the entire chamber; uniform Ge films

could not be produced when the window was heated directly with a heater block

2. The coated window is anncaled in uitrahigh vacuum (1x IO-IOtorr) at 250°C

fcr 2 hours after the coated window has been exposed to air., The entire system

was heated to achieve a uniform anneal. 3, Germanium was evaporated from an

E-yun; the bias of the gan was adjusted so that the cvaporation always occurred

from the center of the melt. 4. The window was scparated from the evaporator

by 20 inches, 5, The coating was deposited at 3 A/sec at a pressure of 2 x 10-9

torr,

Points 1 and 2 contain the improvements in coating technique which are re-

quired to produce high-quality Ge coatings on quart or sapphire, As reported

previously, the presence of oxygen is correlated with high residual absorption

at 10, 6um, Ultraviolet photoemission spectra obtained with synchrotron radi-

ation show that the oxygen is chemically bonded to the Ge, probably in the form

of GeO, Since GeO has an absorption band wh.ch overlaps the 10, 6um region,

its presence certainly contributes to the increase of residual absorption at

10. 64m. Notice that all the improvements in technique for producing good Ge

coatings on quartz involve trcatment at elevated tecmperatures,

Unfortunately, thick (greater than quarter-wave) coatings on KCJ do not
tolerate cycling to high temperatures; we have found that the Ge coatings flake
off after deposition at a uniform temperature of 160°C, In this connection,
it is suggestive that ability to grow good coatings seems to be correlated with
the thermal match between the coatings and the window, [ Great thermal expan-

sion mismatch is known to cause great film stress, In general, the "intrinsic"
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stress is greater than the thermal-expansion mismatch stress.‘z] For example,
we can produce good Ge coatings on quartz and sapphire, and the linear expan-
sion coefficients of these materials at room temperature are 5.5, 4.1, and 5.8

X 10'6/°K, respectively. Similarly, we can produce good A8283 coatings on KCl1,
and the linear expansion coefficient for these materials is 36 and 25 x 10'6/°K .
respectively. Apparently the thermal mismatch between Ge and KC1, 20 x 10-6/°K,
is so large that a 200°C temperature variation creates enough stress to destroy
the coating. [ The corresponding stress is of order 0 = (CCL = 200 (20 x 10-6)(1.2

x 10’ psi) = 4.8x10*

psi, which possibly could be great enough to destroy the coat-
ing.] This implies that the high temperature treatments, required to producc good

Ge coatings on quartz or sapphire, will fail :o produce good Ge coatings on KC1,

Previously we found A8283 coatings on KC1 to be hizhly susceptible to dam-
age by bombardment with high energy electrons during Auger analysis. The entire
coating evaporated at one point. For this reason it appcared that thermal instabil-
ity might be a scrious limitation of Aszsa coatings, Bulk A5283 is stable to tem-
peratures well above 200°C. On the other hand, we found that A3253 coatings
evaporated at some temperatures less than 200°C. For some reason A32$3 is

less stable in coating form than in bulk form,

The A5253 coatings were depcesited in an oil-pumped system at a vacuum of

4x1076 torr. The evaporator, a molybdenum boat, was located 10 inches from

the windows. With the boat at a temperature of 400°C, coatings were deposited at

a rate of 10 A/sec.

A nuiaber of A8253 coatings were deposited on polycrystalline Eu' - doped

KC1 window suvrfaces, and the absorption at 10.6ym determined directly by
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calorimetry. The range of coating absorption is practically within the limits

(2= 8= 10 cm-1 ) previously reported. | It would be of interest to determine

if . > value of Bf could ne reduced to the lowest value Bf = 0.8 cm-l observed

to date by thorcaghly prebaking the system and depositing at 2 x lO-9 torr, ]

The absorptance of coatings deposited on the polished surfaces is as much
as a factor of 10 higher tiian that of chemlcally etched surfaces. Two possible
mechanisms for the higher coating absorptance are: (1) inadequate cleaning of
the polished surface, and (2) enhanced trapping of scattered light by the addition
of a quarter-wave optical thickness, high index coating (Aszs3). The value ﬁf

2 9 cm ! we feel can be obtained routlnely and is within the limits needed for

a usable protectlve coating on KC1. [Compare the HRL value of Bf =0, 8cm-l.]

A possible problem with A5283 involves the optic: 1 stability of the coatings.

It has been reported that A3283 coatlngs become optically more dense and under-

go a change in index of refraction when irradiated with high intensity visible light

with a yhoton energy greater than the band gap, i.e., for hy > Eg' where Eg

= 2¢cV or 6200 A. We have verified both the optical densification and increase

in index of refraction In the visible and near IR regions, after irradlation with a

high intensity xenon arc lamp. Further, in the IR (2.5-10.6 um) we have observed

no similar change in index; however, we have observed an increase in absorption

-1 . y
~5cm " from transmisslon maxima. Calerimetric measurcments show an In-
1

crease of a factor of 2, from 2,9 cm'l to about 6¢cmr °, Preliminary results sug-

gest the increase In abscrption can be reversed by annealing to a temperature of

150°C for 1-2 hours at a pressure of 10'3torr. Further work Is In progress to

understand the effect of Intense visible radlation on the stability of this materlal.
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The condition of window surfaces during deposition profoundly influences

the nature of the interface between the window and the coating. in an cffort to

better understand the relationship of surface conditions and optical absorption,

we have initiated studies of electronic states at the surface of window and coat-

ing materials, In a recent publication, Rowe identified surface states on Ge

using low energy electron loss spectroscopy (J. E. Rowe, Solid State Commun.

15, 1505, 1974). Here we revort similar data which confirm his findings and

show that a low density of carbon on the surface strongly affects clectronic

surface states.
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D. L. Stierwalt and M. Hass, Proccedings of the Fourth Annual Conference
on Infrared Laser Window Materials, Nov. 18-20, 1974, Tucson, Arizona,
January 1975

The strength of the absorption band near 9.5 ym in KCl was observed to
4 4

be reduced from ~2.5x 10 cm ! [to~1.4x%10 cm-l] by baking the sample

at 250 C for 60 hours. After exposure to air for 30 hours the absorption cocffi-

cient increased to its original value of ~2.5 X 10-4 cm°l.

[ Also see Refs. *85 and *15. The most likely source of the 9.5 ym absorp-

tion band is a contaminant containing O3 , such as N03, C103. or l(Cl()3 . The

contaminant could be adsorbed on the surface or absorbed in a damaged surface
layer. Exposure of the sample to ozone in one case and to dry oxygen in another,
rather than to air, would be of interest. Since molecules containing O3 are
strongly absorbing at ~9.5pum, a monolayer on ecach surface of the sample
would give an absorptance of ~2 x 10-4 (as shown in Sec. V), which ccrresponds

to an apparent value of 8 = 2X 104 cm™! for a one-centimeter-thick sample. ]
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P. A. Young, "Thin Films for Use on Sodium Chloride Components of Carbon
Dioxide Layers," Thin Solid Films 6, 423 (1970)

This paper is concerned with protective films to prevent attack of NaCl

components by water vapor,

Sodium chloride is hygroscopic and a polished surface absorbs more water
than a cleaved face, probably because it has a greater surface arca as a result
of the presence of a layer of crushed crystallites formed on the surface during

the polishing process. The rate at which a polished crystal absorbs water has

been measured as a function of relative humidity. The results, Fig. 1, indicate

that the rate of absorption is slow for humidities less than about 80%, but rapidly

increases at higher humidities. [ Note that the valuc of 1 mg mass increase (for
90 percent relative humidity for 30 minutes) in the figure corresponds to a layer
of water having the very great thickness ~1mg ( lcm3/g)/2 7(2.5 c:m/2)2 = 1pym!
The theoretical 10. 6 um value of A, is £ = 950 em 11074 = 9.5x 1072, The
experimental value was not reported. The theoretical value of Af may be inac-
curate as a result of using the value of 8 for water, whercas chemical interactions
may convert the water to other chemical species (which would be expected to ab-
sorb rather strongly also since they contain oxygen). The greatest valuc of mass
inc rease of approximately 3mg in Fig.1 corresponds to a layer of water approxi-
mately 3 um thick. If the effect were purely a filling of pores between the crushed
crystallites in the surface layer, a 12 ym-thick surface layer having 25 percent
porosity would give this value of 3 um. However, in photographs and scanning

clectron microscope views of surfaces exposed to 100 percent relative humidity

for one hour, it appears that the attack of the NaCl by water at the large scratches
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MASS INCREASE (mg)

0 10 20 30 40 50 60 70 80 90 100

% RELATIVE HUMIDITY

Fig. 1, Mass increase of a 2,5 cm diameter polished NaCl disc when exposed
to water vapor at 300 K, Exposure time 30 min for each value of R, H,
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(~0.5-2 ym) was quite heavy, the large scratches appearing to have increased
to ~20wn size, It is difficult to extrapolate from 90 percent relative humidity
(and 30 minute exposure) to 100 percent relative humidity (and one hour expo-
sure) since the curve in Fig. 1 of mass increase vs percent relative humidity is
so steep at high values of rclative humidity. Nevertheless, it does not scem un-
reasonable that the mass increasc corresponding to 3 gm of water could result
from the water attack of the large scratches. This attack of the large scratches
also affords a possible alternate explanation of the greater water absorption by

polished NaCl than by cleaved NaCl.]

Prolonged exposure to water vapor saturates the surface and leads to recrys-
tallization. When this occurs there is considerable absorption of laser radiation
at the crystal surfaces, which can lead to the destruction of the crystal for suffi-
ciently high laser powers. This damage frequently takes the form of extensive
cleavages along crystal planes, as a result of the thermal gradients set up and

of the high thermal expansion of NaCl.

It is difficult to prepare films of III-IV semiconductors 'y evaporation without
some dissociation and consequent high optical absorption, This may be overcome
by sputtering the films.

[ It is of interest that Young measured a value of Bb =8 )(lO'4 at 11,6 ym and

4 .m ! for NaCl. This value of 3x10 4cm™! is the low-

extrapolated ﬁb =3x10"
est value of which the current authors are aware. The vrlue of ﬁb 10.6 = 0. 14

cm.l measured for BaF2 agrees with the value measured by others. ]

Five-centimeter diameter NaCl crystals were ground using 3 ym A1203

powder and then polished, parallel to one minute of arc and flat to two fringes,

243




Scc, Xiil Ref, *38

using a soft pitch lap, glycerine and successive polishing sizes of 0.5 and

0.03 um AL,0,.

Films of ASZSS, Bal’z , MgF2 , and ZnS were prepared on NaCl substrates
by vacuum evaporation of 99,999 pure materiai from a resistance heated boat

under a vacuum of l().5 torr. Ge films (using material with a resistivity of s0Q

. -6
cm) were prepared by clectron beam gun evaporation under a vacuum of 10 “torr.
Film thicknessces ranged from 0. 1-4 pm. In all cases the substrates were unhcated

l; Ge, 2-3nms-l;

and the deposition rates were: ASZSS' 2-6nm s.l; BaF,, 1-2nm s
MgFE,, 3-5 nm s}, and ZnS, 0.5-1 nm s'L. All the films adhered well to the sub-

strates and showed no visible crazing.

Some multilayer stacks were deposited onto NaCl to give mirrors of different
reflectivity at 10,6 ym; A5283 and BaF, were used as the high and low index films
respectively., H-L-H and H-L-H-L-H stacks were prepared, cach layer having an

optical thickness of A/4 at 10.6 ym,

Protection against water attack. The rate at which polished NaCl absorbs

watcr rises very rapidly with increasing humidity above about 80% and the ability
of a film to prevent this attack was tested under conditions of 100% relative humid-
ity (R. H.). A film able to withstand taese extreme conditions for a moderate time
is expected to provide water protection under atmospheric conditions for a con-

siderable period.

CO, laser measurements. Laser power was measured using a calibrated

radiometer with an accuracy of +4%. The laser beam was then focused with a
NaCl lens and a film on a substrate moved slowly along the laser axis towards

this focus. In all cases a point was reached when the area of the film in the beam
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would suddenly burn off and the laser power was then immediately cut off to
prevent enlargement of this area. This process was repeated at a number of
areas on the film. The minimum power density required to destroy the film
corresponds to the holes in the film with the largest diamcters and was ob-

tained by dividing the laser output by their mean area.

RESULTS

Sodium chloride surfaces. It is difficult to obtain a scratch-frec surface,

since polishing materials arc usually much harder. Also the surface heating
during polishing leads to many dislocations and small cleavages in the NaCl

6K-1).

surface because of its high coefficient of thermal expansion (44 x 10°
Electron micrographs show the presence of large numbers of small
scratches with widths in the range 0.05-0.2 pm; these are attributed to the
0.03 ym A12O3 particles used in the final polish., A smaller number of
scratches in the range 0.2-0.5 gm wide probably remain from the first polish
with 0. Sgm A1203. There are also occasional larger scratches up to 1.5 ym

wide, which have sharp edges and present a problem in the deposition of a con-

tinuous film to be used as a water barrier. Some scratches are filled with a

rubble of small NaCl particles broken off during polishing. ln addition a small

number of 2-4 ym A1203 grinding particles remained embedded in the soft NaCl

surface.

Thin films of A82$3 have a vitreous structure, which is virtually independ-

ent of the nature of the substrate. At short wavelengths the optical absorption of

thin films is the same as that of bulk material and there is very close agrecement

between the refractive indices of bulk and thin film A3283 over the wavelength
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range .49 to 16um. ASZS,; melts at 310°C and showed no measurable

[

decomposition when evaporated.

Bai, films on NaC! substrates are expected to have a well defined crystal-

2
line structure because of the close unit cell matching. ‘The l}aF2 fillms prepared

were quite hard and showed good adhesion to the substrates.

The infrared absorption of the Ge crystals shows strong free carrier absorp-

tion, which increcases approximately as )\2. At 10, 6 um the absorption is entirely

due to free carriers and the absorption coefficient is 0.07 cm-l at 300°K. The
absorption at this wavelength shows a very rapid exponential incrcase with tem-
peraturc. Ge films deposited onto single crystal or polycrystalline substrates

show considerable crystallite growth.

Mgi“2 films on amorphous substrates consist of small crystallites 2ad the
films have a high tensile stress, with some porosity. The crystallite size is
increased when crystalline substrates are used but is likely to be restricted for

NaCl substrates becausc of the mismatching between the unit cells.

ZnS can exist cither in a cubic or hexagonal form. Evaporated ZnS films

arc polycrystalline and show high compressive or tensile stresses, depending on

the dominant crysialline form, The films are normally slightly porous with a

density about 1% less than that of crystals. The films are slightly hygroscopic

and show a tendency to craze when exposed to high humidity.

Polished NaCl, with the distribution of scratches is rapidly damaged by water

vapor, the attack being mainly at the scratches. Crystals with a very good polish
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are not damaged as rapidly and the attack is mainly confined to thc deeper

scratches which are in the region of 0.2-0.5 ym wide.

Attempts to provide an offective water barrier using polycrystalline films

of BaF, and MgF2 were not successful. Films of both these materials consist

2

of crystallites of varying orientations, with high strains at the crystallite bound-

aries. Since the films are formed by the growth and cc »'escing of crystallites,

therc is some degree of porosity and water vapor can penctiate the films, Water

vapor caused rapid crazing of the film into islands, which were subsequently

broken up still further. ‘ater then easily penetrated through the cracks and at-

tacked the NaCl in all directions under the film,

Good results were obtained with films of vitreous ASZSB. These films have

a continuous network structure and therefore have no weak spots at which water

vapor can penetrate. NaCl coated with a relatively thin (0. 58 um) film of As,S
P pe y ym 2°3

was largely unaffected by short exposure at 100% R. H. but adequate protection

was not possible at deep polishing scratches. Water penetrated through the film

at these scratches and then spread under the fllm causing extenslve damage. In-

creasing the film thickness to 0.92 um prevented penetration at scratches less

than about 0.5 ym wide and delayed attack at the deep scratches. However the

coverage at the deep scratches was insufficient for long exposure and eventually

water reached the NaCl and spread under the fllm. When a 1.85um A5783 film

was used water vapor, at 100% R. H., did not penetrate the film at any point over

the period of observation. The deepest scratches are about 1.5 ym wide and have

sharp edges; the film thickness required to give sufficient coverage at thls type

of scratch is therefore approximately the same as the scratch width. After a
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long exposure to high humidity, water creeps under the film from the disc

perimeter and eventually causes damage right across the disc, even though the

film is intact.

Films of all five materials are able to withstand inc reasing power densi-
ties as the film thickness is reduced; this is expected since the laser energy
absorbed in a film is approximately proportional to film thickness. Single crys-
tal BaFZ and polycrystalline bulk ZnS both have an absorption coefficient of ap-
proximately 0.2cm-l at 10, 64m and 1gm thick films of both materials are
destroyed by 10°Wem™2, The bulk absorption coefficient of MgF, is 20 cm”!
at 10.64m and 1pgm films are burnt off by a power density of 1,5 x 104 Wcm-z.
Ge crystals have a 10, 64m absorption coefficient of only 0. 07 cm-l, but a 1 gm
thick Ge film is destroyed by the comparatively low power density of 3 x 103 w
cm-z. The temperature dependences of the bulk absorption coefficients suggest
that this anomaly results from the "thermal runaway'' precess that occurs in Ge

crystals at high power densities.

A8253 films can withstand higher power densities than any of the other ma-
terials examined. Films of As,S, between 1 and 4pm thick are able to withstand
power densitics in excess of 106 Wcm'2 and thinner films can survive powers in
the region of 107 Wcm-z. The implication is therefore that the absorption coeffi-
Cients, at 10,6um, of the polycrystalline films studied are higher than those of
these materials in the bulk state, in order to account for the lower power densi-

ties required to burn these filmns off, compared with A8253 films,

In conclusion, polycrystalline films do not appear to be very satisfactory as

barriers against severe water vapor attack since they tend to disintegrate. Films

of Aszss, however, have a network stiucture and provide an effective way of
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preventing water damage, The film thickness required for this protection has

to be sufficient to give adequate coverage over the .:ntire NaCl surface and de-

pends on the size of the largest surface damage present. Of the two low refrac-

tive index materials considered, BaF2 is the more suitable than is MgF2 for

high power laser use.

[ The value of the absorption coefficient of the films is difficult to obtain

from the damase experiments of Young because the damage depends on the speed
at which the sample approaches the focus and it depends on the unknown net energy
that must be added to the film in order to cause the ohserved damage. Howevcr, a
very rough approximation can be obtained by assuming that Bf E lcm-l for the
A5283 films and scaling to other materials by using T ~ 1A ~ lezf, which is
expected to be valid if the two samples have the same speed with respect to the
focus. The damage temperatures T surely will not be equal, but they probably
will not differ by more than a factor of two or so. Thus. for MgF

2'

-1
B, = lcm " (1¢) /(12)
f ASZS3 MgF2

= ] cm-l (106Wcm2 4um)/(1.5x 104 Wcm2 1 um)

= 270 cm” )

which must be considered as a very rough estimate (accuracy of a factor of

2 to 10). The corresponding values for BaF2 and ZnS are somewhat (depending

on the exact values of 1, which are not given) greater than 4cm'1, which are

reasonable in view of recently reported values of 1-2 cm-l and 2, Aﬁcm-l and

the expected varlation from film to film,]
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[Finally, the theoretical conditions for failure are reasonable: The tempe: ‘ture

rise for 2bsorption in a luyer of thickness Lf << Lo = (mnKt/4 C)l/2 and illum-

inated-spot diameter D >> ”th is 48,49

T = 2lAf(t/'nCK)l/2 . (1)

For slow movement of the sample toward the focus a reasonable value of t is
1 sec (then lf = 1,7 mm), and for A8253 with I = 106 W/cm2 and Af
4 4

= 1em Y (4x107%cm) = 4x 1074, with C = 1.84 J/cm®K and K =0.065 W/cmK
(both for KC1 since the thermal diffusion is into the KC1), (1) gives T = 1,300K,

which seems reasonable for damage. ]

250



Sec. XIII Ref, *43

R. W, Hoffman, "The Mechanical Properties of Thin Condensed Films,"
Physics of Thin Films, 3, 211 (1966)

IFor the most part we shall be concerned with films of metals formed
by evaporation techniques under various deposition conditions. Nonmetals
will be considered when the corresponding information for metallic films is

lacking.

The nucleation and growth of very thin films of Au, Ag, and Pb films have

been examined under electron-microscope observation. The density of crystal-

lization nuclei decreases, during deposition, by the coalescence of such nuclei.

The nuclei are usually rounded, but exhibit sudden changes in shape when two

join together in the early stages of growth, The mass-transport mechanism is

believed to be surface diffusion. Reorientation of two crystallites has also been

noted at this stage. As the growth continues, the nuclei become larger and grow

together to form a network with many open areas. These holes ultimately fill in

and may be the source of the large dislocation density found in most epitaxed

films, The resulting grain size of the deposit is large compared with the initial

separation of the nuclei, since as many as 100 initial nuclei may contribute to

cach grain. The grain size is thus determined primarily by the recrystalliza-

tion process rather than the density of initial nuclei. The crystallite size in-

creases as the substrate temperature is raised.

The stress in a thin film consists of two major components. One results

from the different thermal-expansion coefficients of film and substrate com-

bined with the difference between the deposition temperature and the tempera-

ture prevailing during the measurement; the other, sometimes referred to as
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the "intrinsic” stress, arises from film contamination and the incomplete

structural-ordering processes occurring during filim growth,

Thermal stress can be calculated with good accuracy from the differ-

cnce of the bulk expansion coefficients, and it does not exhibit any unusual

behavior,

The coefficient of expansion is about 8 for glass, 10 to 20 for many metals,

and 30 to 40 for the alkali halides, all in units of 10-6/°C. A tension stress is

found for metals on glass, but a compression stress for metals on alkali-halide
substrates. For nickel films deposited at 75°C on soft glass and measured at
25°C, the differential expansion contributes about 5% to the totsi stress. As
the substrate temperature is raised, the differential-expansion term increases
and the intrinsic stress decreases, until the differential thermal expansion be-

comes at about 250°C the only ¢ “atributor,

The intrinsic stress contribution to the total stress is more interesting

since it reflects the growth of the film in a way not well understood at present.

Even the experimental cata published by different authors on the intrinsic stress

are not very consistent, The average stress in thick films is relatively independ-

ent of the film thickness. The stress does not seem to depend strongly on the

substrate material, even though such a dependence is expected.

Values for the intrinsic stress in dielectric films are summarized in Table
III. Table 111 reveals two notable features. First, a relatively large number of
dielectric films exhibit compressive stress even at Jow deposition temperatures,
despite the relatively large film thickness, and second, the many instances where

the absolute value of the stress is extremely small.
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Films deposited at high partial pressures of water vapor or cxygen

usually exhibit compression stress.

Dielectric films may show a marked mechanicai instability when exposed

to air after their formation. This effect is accentuated when the e ‘aporation

is at other than normal incidence (36), and it presents a serious limitation to

the use of SiO in evaporated circuitry and optical coatings. These aging effects

are caused by the partial pressure of water vapor, since no stress change was

observed for exposure to dry nitrogen at atmospheric pressure.

Tensile stresses are definitely present before a LiF film becomes contin-

uous at about 100 A average thickness.

A satisfactory theory for the origin of intrinsic stiesses has yet to be
formulated. Murbach and Wilman (27) have advanced the hypothesis that the
total film stress might be explained as thermal if one regards the film surface
during deposition as having a high temperature. Hoffman et al. (63) question
the validity of the hypothesis, because the thermal relaxation processes at the
surface should be rapid enough to maintain the surface at approximately the
substrate temperature, This contention is supported by Blackburn and Camp-
bell (30), as well as by Pashley et al. (6), who showed experimentally that the
condensing surface stays essentially at the substrate temperature, The thesis
of a large temperature differential between condensing surface and substrates

is alsc refuted by another obsexrvation.

There is no question that phase transitions in films should lead to cor-
responding changes in stress, since they are always accompanied by a change

in volume.
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The compressive stress in copper film increases with the growing
thickness cf a surface oxide layer, and dccreases when the oxide is chemi-
cally thinned. This stress dependence on surface oxidation is not surprising

and has been observed repeatedly,

Gimpl et al. (19a) finally suggest that amorphous layers might be found at
both metal film surfaces, an assumption which is supposed to account for the
high strength often measured on fil:ns. These amorphous layers are probably
oxides which are responsible for most of the observed stress, since the body
of the film should exhibit neariy the properties of the bulk metal and should

thus relieve higher stresses by plastic flow.

Van der Merwe (68-71) has shown that epitaxial films can reduce their
total energy by forming interfacial dislocations which decrease the lattice
misfits at the expense of introducing an elastic strain into the film. As a con-
sequence of Van der Merwe's theory, dislocation-free films can only exist

when their thickness and substrate-lattice misfit stay below given threshold

values. Thus, for a given misfit below the critical or threshold value, a rela-
tively thick deposit might be obtained which is strained to match the substrate
lattice without interfacial dislocations, but for misfits greater than the misfit
threshold, interfacial dislocations always occur for even a monolayer film.

The critical misfit values can be as large as 13% for a "soft" film with "strong"
bonding to the substrate. "Hard" films with a "weak" bond, on the other hand,
may have a critical misfit value of only 0.04%. Only Matthews (72) has so {ar
checked experimentally the theory of Van der Merwe on epitaxial films. His

observations on 450-thick PbS films grown on PbSe and PbS crystals not only
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show the predicted dislocations by diffractlon contrast, but an elastic strain
of 0.06%, which agrees precisely with the theoretical value. There is, un-
fortunately, little agreement between the large body of experimental stress
and strain data obtained on polycxlystalline films and the theory. For one,
cxperimental evidence does not verify the prediction that the homogeneous
straln should vary inversely with film thickness. Second, tension or com-
pression should be observed depending on the condition of a positive or nega-
tive misfit, whereas most experiments show tension film stress regardless
of the sign of the misfit, Finally, there is little quantitative agreemel t be-
tween predicted and measured stress values, It is probably not surprising
that the theory of Van der Merwe breaks down for polycrystalline flims, sincc
the fine structure of the substrate surface has in this case little Influence on

the film growth,

Surface tenslon can be an important contribution to the stress of thin

films. However, surface tension is only a minor factor in the stress be-

havior of films of typlcal thickness of a few hundred angstroms or greater.
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TABLE 11
INTRINSIC STRESSIS N DIFLrcTRic Fums APPROXIMATFLY S000- A Timcx
Sithetrats Substrats bt T

Material temp., "'C* material dynefem?* Sign" Method*  Ref,
Ins o Gilasy 10 C C Jo
A Gilass 0.022) C C n
A Mica C C &0
S0 1o Cilasy 1.2 C C o
A Mickel 4 T C 1
MjgF, 1o Glass 10 T C o
b ] Mica 12 T B a8
A Gilass (0.11) T C 8
A Mica (Q.11) T C &0
A Cilass i T 5w
LiF Ho Gilass 04 T C 10
A Cellulose 20 T ED 47
A Cilass 028 T h
A Mica (0,0213) T C &0
A Gilass (0.023) T C n
CaF, 1o Gilass 02 T C 0
A Mica (= 0,0003) T C &0
A Gilass (None) c k]
Cryolite A Glass {0.061) T C 8
A Gilassy 10.06) T C &0
A Gilass 05 T ”
PbCl, 0 Cilam 0.8 T C E o
A Gilass {0.004) T C 8
PbF, Ho Glass 08 T C E
AgCl A Cilasy (None) C F
AgF A Cilass (MNone) c 2
Agl A Cilass (None) C .
RaF,; A Glus {0.006) T C P
PO o Gilass 01s C C 0
$»,0, A Gilass (0.004) C C N
£h,S, A Cilass (0.007) T C M
Ce, 0, 30 Gilass 1.6 C C 0
CeF, 0 Glasy 28 T C 0
Cds 1o Glass 08 C C 0
Sn0), A Gilass {0.008) T C M
C A Gilass 4.0 C C 1
MNaF A Glass 0.1 T w
B0, 1] Gilass 0l T C Jo
Chiolite A Cilass {0.029) T C ]
AlPw* 40 Cilasa 0.6 C C 3o
MgPh* 40 Gilass 06 C C 10
Mo, A Gilass 0oy T C »
Cul A Gilass (Mone) C n
AlF, A Gilass {MNong) C x
_Sso, A Gilass (Nune) C 28

* A, thermally fMloating at ambicnt temperature, * Values in parentheses are relative,

*Cand T, compression or tension.
‘B, end-suppoited beam: C, cantilever beam; and D, clectron-diffraction technique
‘Atand Mg thalocyanine,
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Anthony E. Ennos, "Stressee Develeped in Optical Film Coatings,"” Appl.
Opt. 5, S1(1966)

The development of stress in evaporated diclectric and metal films,
used as optical coatings, has been investigat~d experimentally by observing

the bending of a thin silica st .ip as it becomes coated. The substrate tem-

perature in all cases was close to ambient. Chamber pressure was in the

region 5 x 10-6 torr to S x 10-5 torr.

In @ films there is always an initial stage of tensile stress, which re-
verses to compressive after the first 50-100 A have been deposited. For both
fast and slow evaporation, the stress has reached a near maximum value by
the time a quarter-wave optical thickness [visible] has been deposited, and
the stress thereafter remains sensibly constant at the same value for both
cases. The values of maximum stress obtained (~ 2000 kg/cm2 =3X 104psi
= 1,96 x 108 Pa) arc rather higher than those quoted by Campbell (D. S.
Campbell, Electron Reliability and Microminiaturization 2, 207, 1963). No

relief or stress takes place after deposition ccases.

Magnesium fluoride develops a very high tensile stress both for slow and

for fast evaporation. The stress builds up to a substantially constant value

(~5000 kg/cm? = 7 x 104

psi) in the first quarter-wave, There is 2 slight in-
crease In stress at the end of the deposition; considerable stress relief takes
place when the layer is exposed to air, the final value lying around 3400 kg/cmz.
The measured value of stress is higher than that previously published, but the

substrate temperature in the present experiments was lower.
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The effect of exposing thorium oxyfluoride layers to the atmosphere is

‘nteresting. The stress decreases appreciably, and the apparent refractive

index rises from 1,51 to a value of about 1.52. The effect occurred only when

gases containing water vapor werc introduced.

Cryolite is somewhat hygroscopic. It develops a tensile stress which in-
creases continually with thickness, There is a considerablc aging effect after
stopping deposition. The resultant stress is fairly low for quarter- and half-

wave layers (~300 kg/cm2 ).

Thallium chloride deposits with very little stress (maximum 30 kg/cm2 ).

It is water soluble, and the film scatters visible light.

Thallium iodide develops a significant compressive stress (~300kg/cm2)

which falls to a small value for very thick layers. Stress relief occurs after

deposition ends.

KRSS5 films are water soluble with composition similar to the bulk ma-

terial, Its stress behavior is similar to thallium iodide, but yields lower

values of stress.

The refractive index of evaporated films of cadmium telluride is_about

3.05 in the near infrared, as opposed to 2.6 for the bulk material, This is

most probably due to partial decomposition, the evaporated film being com-

posed of a mixture of telluride and tellurium.

Other films investigated include Can 5 PbF2 " CcF3 , SiO, Pb012 , and Ge.

Resultant stress of multilayer stacks was not necessarily that to be ex-

pected irom a combination of stresses of the individual layers.

258




i Py

Sec. X1l Ref, *44

Significant stress appears in films as little as 30-50 A thick, It is known
that at this thickness most films are discontinuous, i.e., the crystals growing

on individual nuclei are not large enough to join up. Most materia's investi-

gated develop a tensile stress, This is what is to be expected from a film ma-

terial which, when it is first condensed, must be considerably hotter than the

substrate. On cooling, thermal contraction will causc a tensile stress, The

compressive stress of the cadmium telluride reported here is probably duc to

dissociation of the material and partial recombination on the surface. The re-

duction in tensile stress of thorium oxyiluoride films exposed to damp air is

also duc to the same cffect.

For those materials which develop a constant stress shortly after growth

(c.g.s ZnS, Mng. ThOF2). one supposes that a stable equilibrium stress is

built up withia the film. There is no reason for these films to break internally
as the thickness increases, and any failure that occurs will be initiated at the
film substrate interface, where there is, of course, a large rcversal of stress.
It is interesting to note that, for zinc sulfide, and to a lesser extent, thorium
oxyfluoride, the stress builds up slowly with thickness for fast evaporation and
rapidly for slow evaporation. One can conclude that the crystal growth process
is continuing in the sublayers at a finite 1ate, whild at the same time fresh ma-

terial is being deposited on top.

These materials are hard, do not show great stress relief in the vacuum
afcer the end of deposition, and, combined in multilayers, give a net stress not

greatly different from that to be expected by summation,
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Materials in which the values of stress vary strongly with thickness must
have considerable inhomogenecity of structure. That atomic rearrangement in
the crystallites is taking place all the time is horne out by the fact that the

stress changes considerably after the end of deposition (c. g., cryolite, chio-
lite, lead fluoride, thallium sal’s). These materials can be classed as soft in

that they do not exert the same stresses in multilayers as to be expected from

single-film values.

Some remarks can be made regarding the failurc of films by cracking,

peeling, etc, It is obvious from these measurements that the fact that a high

stress exists in a film does not hecessarily mean that it will break, Compres-

sive stresses can be borne more ecasily than tensile ones, for instance, since

a large area of film will have to become detached if it fails in compression.

In fact, three factors are involved in the process of failure: (a) the stress in

the film and its direction, (b) the rupture strength of the film material alone,

and (c) the bond strength between film and substrate. The latter can exert a

great influence, For example, a film having very great rupture strength will

only break when the shearing force betwecn substrate and film becomes greater

than the adhesive force., On the other hand, a film having weak rupture strength

may break internally befor= the adhesive forces are overcome. This can manij-

fest itself as a clcuding of the film rather than as a complete break,
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Stanley K. Dickinson, "Infrared Laser Window Materials Property Daia for ZnSe,
KC1, NaCl, CaF,, SrF,, BaFy," Air Force Cambridge Research Laboratories
Report AFCRL-TR~75-0318, 62Junc 1975

This reference contains a valuable collection of coatings information. The
present report grew to such great size that the excerpts from this reference
were removed in the final draft. The relative information on coatings is con-

tained in the following pages:

Coatings on ZnSe 35-47
Coatings on KCl1 86-100
Coatings on NaCl 144-146
Coatiags on CaF2 160-169
Coatings on SrF2 180-181
Coatings on BaF2 193-194
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E. Bernal G., ]J. Il. Chaffin, B. G. Kocpke, R. B. Maciolck, and R, I, Stokes, “A Study
of Polycrystalline Halides for High Power Laser Applications,” Honeywell Inc. Semi-
annual Technical Report #4, Contract No. DAHC15-73-C-0464, 15 January 1976

The previous problems of obtaining clear, 2 ym-thick T1l coatings on KC1

have now been solved by adding an intermediate rinsing operation in the chemical

polish sequence and raising the substrate temperature t) ~170C and Increasing

the deposition rate to ~250 nm/min. [ The crystallite grain size in the films ap-

peared to be ~-10-20 um in Fig. 35b.] The film absorption coefficient was Bf <1

-1
cm -,

Small particles about 0.4 um in dlameter, helieved to be potassium acectate

(l(C211302 ), on the KC1 substrate were ldentified as the cause of the hazy TI11

coatings. The intermediate rinse removed this precipitate.

T1l grows in a lvoscly packed columnar structure on room temperature sub-

strates unless growth conditions are very favorable to cpitaxy.

Chemical polishing appears to be the best method of removing mechanical im-

perfections in the KC1 surface. Pure chemicals and a dry atmosphere are used to

avoid fogging the KC1 during removal from the polishing and rinsing solutions.

Forelgn material on the substrate such as dust and oily residues is a problem

encuuntered in all thin film preparations.
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B. E, Knox. ]. Geneczko, L. Gilbert, R. Howard, G. Mariner, and K, Vedam,
Proceedings of the Fourth Anniual Conference on Infrared Laser Window Ma-
terials, Nov. 15-20, 1974, Tucson, Arizona, January 1975

For Ge films on KC1, Ge was found to neretrate tens of nanometers into
the substrate beyond the KC1-Ge interface. The Ge film rcadily oxidized
throughnut its bulk on exposure to normal atmasphere, with concomitant pro-
nounced absorption at 10, 6um. Sputtered CdTe films had tellurium-rich sur-
faces, and small amounts of oxygen are incorporated in the surfacc layers of
the filin. [ These results suggest that the values of Bf for sputtcred Ge and
CdTe films are cxpected to be too great for these films to be useful for hiyh-

power usc. ]
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John R. Kurdock and Edward A. Strouse, Perkin-Elmer Corporation, "Optical
Processing of Alkali Halides and Polycrystalline Zinc Selenide for High-Power
Laser Applications,” Technical Report AFMI1.-TR-74-166 Part H, July 1975

Samples of KC1 and ZnSe were machined using a single-point diamond

tool. Recent work on copper metal mirzors using this technique gave good re-
sults in the fabrication of samples, with reflectivities of 99.2% at 10, 6 gm and

surface roughness of less than 70 A peak-to-peak. However, after machining

the KC1 and ZnSe sample surfaces contained tool grooves. There is, at the top

of each tool groove, a rid,e of material that is apparently ('isplaced from the
tool track. The overall surface resembles that of a finely ground sample, Vari-
ation of tool speed and spirdle speed have not resulted in surfaces signific zatly

different from those ground with & Sgm abrasive. This failure of the single-

point-diamond micromachining process to produce acceptable surfaces was

disappointing.

At face value the results of a chemical-mechanical polishing technique show

that surface absorption was reduced 0.025% per surface by etching, indicating

that residual absorption due to polishing damage, hcwever sm.all, is certainly

not insignifican ,

In all of the previous work in AR coatings on 7 _.3e and in all other develop-
ment work on multilayer 'hiu film devices at Perkin-Elm:r, the experimenters
have been able to rely on an extensive library of strese data taken from measurc-
ments on the Ennos interferometer using fused silica and BK-7 substrates. In past
exp.riments thes~ data have been applied without significant error to ~ystems de-

posited or CerVit, germanium, silicon, Irtran I, Irtran IV, sapphire, and a number
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of different optical glasses. In these instances, the difference in stress in the

film due to the difference in expansion coefficient between tuc actual substrate

and the substrate on which the initial stress measurement was made was obvi-

ously only a small fraction of the g_c_sidual stress in the film, which is due

primarily to condensation phenomena. Thus the biggest surprise in the present

program and th~ factor that created the bulk of the initial problems in applying
antireflection coatiags to KC1 was the inability to predict the film residual
stresses due to the modification of these values by the difference in expansion

coefficients between KC1 and the film materials.

The influence on stress due to the high ¢xpansion coefficient of KC1 was
manifest in the failure in the compression moade of ccatings in which both the
high (ZnSe) and low (ThF4) film materials were deposited at the high substrate
temperature (150°-250°C) that had been used for th> ZnSe AR coating designs.
Samples deposited at lower temperatures (30°-80°C) were more durable but

showed absorption in excess of 0. 1%, a value that increased with time because

of hydration of the ThF, film. Experiments performed later in the program ind.

cate that this dilemma could be resolved by applying the thorium fluoride films
at 150°C and the zinc selenide films at a lower temperature (80°C). The results
of three runs that represent attempts to refine the six-layer ZnSe (80"C)/'I‘hF‘4
(150°C) design to match its theoretically predicted performance arc that the total
film absorption was measured at less than 0.1 percent, It is evident however,
that some difficulty was experienced in contrclling both the minimum reflectivity

value and the center wavelength location.
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When KRS-5 is deposited on a substrate with a low co _fficient of expansion,

it forms a film with a low tensile stress. It has a low value of bulk absorption

coefficient and, while not as hard as zinc sclenide (Knoop nuinber 40 compared

with I.ioop number 100), it is harder than the component materials, thallium

biromide and thallium iodide (Knoop numker ~ 10).

In this _investigation only single discrete films of KRS-5 were evaluated.

‘The thickness was chosen to represent the thickness that would be employed in

a six-film design. The results indicated excellent adhesion to KC1, The first

two runs produced erratic absorption measurements, presumably because of
the poor quality substrates, but a later run on substrates of better quality indi-

cated that the 1, 1ym-thick film had less thaa 0, 05% absorption. The KRS-5

vapor would not condense on substrates held at 150°C which means that in a

multilayer combination with thorium fluoride it would be necessary to cycle

the substrate temperature between alternate film depositions. Another nega-

tive factor ‘vas an index homogeneity in the film thickness direction. This took

the form of a refractive index increasing with thickness, which is indicative of

preferential evaporation or condensation of the iodide component at the initial

stages of the evaporation. It is probable tnat, in practice, what we have is a

thin layer cf the pure iodide material or a layer very rich in the iodide material
at th- gubstrate surface. It might be avoided by forming the films from a vapor

phase mixture (coevaporation) of the two components.

decause of the aberrations of compressive stress enhancement in zinc
selenide films and tensile stress relief in thorium fluoride films deposited on

KCl substrates. it could be postulated that this same mechanism might permit
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the deposition of thick films of highly tensile material such as cerium fluoride,
which cannot normally be deposited in the form of thick film on low expansion

substrates.

In the only experimental deposition of cerium fluoride, a film deposited
on a KC1 substrate held at 250°C failed in compression on removal fromn the
vacuum chamber. A film condensed on a BK-7 substrate in the same cycle re-

mained intact.

The resu'ts indicate that the flexibility afforded by the Herpin design ap-
proach can be exploited to yield an antireflection coating for KC1 using ZnSe
and ThF 4 which has less than 0, 1 percent absorption. However, the lowest
value of reflection achieved in practice was 0.2 percent, and the design in its

present configuration will not pass the MIL-M-13508B tape test.
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Walter Heitmann, " Vacuum Evaporated Films of Aluminum Fluoride,” Thin
Solid Films, 5, 61 (1970)

[ It appears that Bf is too great at 10,6 ym for AIF3 to be a useful
antireflection coating at this wavelength, The transmittance of a 0.8 um-
thick AIF3 layer on a KBr substratc starts to decrease: at 10gm. The ab-
sorptance at 10.64m appears to be Af = 0.02, corresponding to Bf = 250
cm-l. but this value may be highly inaccurate since 1t is obtained from a
transmittance curve. This value of Af = 0.02 is two orders of magnitude

greater than the desired value of 10-4. ]

Evaporated aluminum fluoride forms porous films in vacuum with a re-

fractive index of 1.23 and a tensile stress of about 1.6 x 109 dyne/cmz. Ex-

posed to air, refractive index and optical thickness of the film increase about

13% while the stress is considerably reduced. These changes are probably

caused by chemisorption of water, The refractive index of the coatings in air

is 1.385 with no perceptible dispersion between 0. 25 and 1 gm, A1F3 films
arc practically free of absorption for wavelengths from 0.2 to .0 gm with the

exception of two absorption bands at 3 and 64m. The coatings are not affected

by water and show good mechanical stability. Evaporated AIF3 films are amor-

Ehous and have a very smooth uniform surface.

Only a few compounds and some elements fulfill the practical requirements
for Of;tical film materials. Even these materials are not totally satisfying. This
is illustrated by considering some properties of the low-index fluorides: cryo-
lite forms soft moisture-sensitive and sometimes inhomogeneous layers. Mag-

nesium fluoride films exhibit large internal stresses. They tend to crack from

268



Sec, XIlli Ref, *70

a certain thickness and in multilayers they often destroy the whole stack.
Thorium flucride, however, while having nearly perfect properties, is

somewhat radioactive. The application of large quantities of ThF4 requires

expensive protective measures.

In the literature we found only some short notes on AlF3 films, stating

a reiractive index of 1.38-1.39, For the water solubility of the material a

value of 0.559¢/100 cm3 is reported, Therefore a certain water sensitivity

of these films is to be expected.

We obtained as the average value of numerous measurements a refrac-
tive index of n = 1.385 * 0.5% for the wavelength region from 250 to 1000 nm.
In vacuum the refractive index of the films was considerably lhwer. From
changes in the trarsmittarce, which were measured for film thickness control
during depositior, a refractive index of n = 1,23 was calculated. When air
was admitted into the bell jar, the transmittance of the film changed. From
subsequent measurcments in air in the spectrophotometer, n = 1. 385 was de-
termined which means an increase of 13%. Cince bulk aluminum fluoride has

a refractive index of n, = 1.3767, the films show a packing density of P = 0. 64

in vacuum, When exposed to air the refractive index of the film rises to a value
which exceeds that of the bulk material. This is probably caused by hydrate
formation. Fluellite (AlF3 . HZO)' for instance, has a refractive index of

n = 1,49, Chemisorption of water is probably also the reason for the decrease
of stress in the films already mentioned. The formation of porous layers is

not only observed for AlF3 . As we have shown in a previous publication, nearly

all commonly used fluorides for thin film production form more or less porous

films.
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The infrared transmittance of a 0, 84m-thick AIF,; layer on a Kidr
cubstrate shows a broad absorption band between 2.7 and 3. 8m and a
weaker band between 5.8 and 6.7 ym. The absorption bands in the A1F3

films are also probably caused by water. At 10 um the inherent absorption

of the aluminum fluoride begins.

To test the water -esistance, one quartz glass and one plate glass with a

0. 8um-thick A1F3 layer were put into tap water for oue hour. The films did

not show any visible changes. From transmittance measurements it was also

found that the refractive index was not altered. In spite of the water solubility

of the bulk AlF3 mentioned carlier, the films were found to be stable in water.

This is also likely to he due to the hydrate formation.

The films we ¢ strongly rubbed with a wet cotton plug wrapped around a

wooden stick. Even this test did not cause any damage. Evaporation of rela-

tively thick A1F3 coatings showed that film thicknesses of at least 2 4m can

be produced on suitably prepared surfaces without formation of cracks.

X-ray analysis revealed that aluminum fluoride forms amorphous films,

Trouble may ve caused by the large difference of the refractive index

and the optical thickness of the film in air and in vacuum,
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Air Force Cambridge Research Laboratories LQ Technical Memorandum #30,
"High Power Infrared Lascr Window Materials,” edited by Normantas Klausutis,
Semi-annual Report No, 1, July 1, 1975

Crack-free Ce FB coatings adhered strongly to KC1 substrates and were
immune to atmospheric humidity. Values of Bf were not reported, but trans-
mission measurcments on a Beckman IR7 spectromete r showed ' 100 percent
transparency in the 3-14 um region.” [ This probably implies that the film ab-
sorptance Af satisfies Af < 10-2. compared with the desired value of 10-4cm-1.
Calorimetric measurements are needed to determine if Af approaches the 10-4
value. As discussed in Scc,XI, there is weak evidence ("'good to 14um"68) that
previous CcF3 films had Af considerably greater than 10-4.] These CeF3 films
were deposited at 0. 13 to 0.23 nm/sec, 1.1x10™> to 1.2 x 1075 Pa (8 x 10”8 to

9x1078

torr), and a substrate tempe rature of 150 C. They were 1-2 ym thick and
nearly invisible to the eye. They passed the Scotch-tape test, and showed no

visible deterioration after exposure to atmospheric humidity for one week.

Sputtered Mgl’z, LaF3. BiF3 films and high-vacuum, thermally deposited
films of I’bF2 and LaF3 were found to be uncatisfactory. [ Thermally deposited
MgF2 is of course one of the standard coating materials.] The PbF2 films were
soft and milky and showed optical absorption characteristics of OH™ or HzO.

Carbon and sulfur were found as surface contaminants,
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J. H. Chaffin, "Protective Coatings for Alkali Halide Optical Components," Third
Conference on tigh Power Infrared Laser Window Materials, Nov. 12-14, 1973,
AFCRL-TR-74-0085(111), 14 February 1974

Copper chloride, TIC1, and TIBr films on KCl substrates are not stable
in the presence of humidity. Cul films are stable in humidity, but we have been
unable to reduce 8¢ below 103cm-l at 10. 6 ym, even though B, =1 em! has
been reported. A long diffusion tail of Cu into the KCl1 substrate is probably re-

lated to the great value of ﬁf.

We have fabricated T1I films on KC1 substrates with Bf <] cm-l. It is
essential to deposlt these films very slowly (3 nm/min) to achieve this degree
of transparency., T1I films on glass substrates are very stable in humid en-
vironments. [In a later report, Ref. *64 which is also excerpted, clear 2 pum-
thick TI1I films on KC1 were obtained by adding a rinse step to the chemical
polish procedure and depositing at the high substrate temperature 170 C at the

high rate 250 nm/min., |
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H. Winston, R. Pastor, R. Turk, A, L Braunstein, and R. F, Scholl, Hughes
Research Laboratories, "'I'luoride Window Materials for Use as Laser Windows
in the 2 to 6 um Spectral Region, " Technical Report AFML-TR-75-73, Contract

No, F33615-73--5075, Final Report for period 15 March 1973 through 15 Decem-
ber 1974

It was pointed out that the band over which the laser er.:Igy is emitted is

approximately 0.5 um wide for all three chemical lasers (CO at 5. Jum, DIF at

3.8um, and HF at 2. 8um). Thus coatings with low reflectance over this width

of ~0.5um are desired. I'wo-layer coatings, which are called 1/4-1/4 coatings,
consisting of quarter wavelength optical thickness iayers of two materials, and
three-layer coatings, called 1/4-1/2-1/4 coatings, consisting of a first layer of
quarter wavelength optical thickness, a second layer of half wavelength optical

thickness, and a third layer of quarter wavelength optical thickness were de-

signed and fabricated.

individual layers of Ce F3 and MgF2 prepared on CaF2 substrates showed ab-

sorption bands at 6 ym and 2,9 ym. [Water absorbs at these two frequencies, At

AFCRL, CeF3 films on KC1 showed " 100 percent transparency in the 3-14 ym
*
region,” 106]

In prior work, it was found that similar absorption bands at 2,9 and 6. lym

in ThF4 films were only present wiieu the films were deposited at temperatures

below 120°C, The first attemp’s to eliminate the absorption bands in MgF2 and
CcF3 films, therefore, aimed at determination of a substrate temperature which
would eliminate the bands, This has thus far been unsuccessful at temperatures

up to 300°C.

The next series of experiments was aimed at the determination of the cffect

of source material purity on the absorption bands in the films, MgF2 films were
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prepared from Harshaw MgF2 crystals, and C(:F.3 films were prepared from HRL
RAP Ce F3 at substrate temperatures up to 300°C. No change in the film absorp-

tion bands was nbserved.

The fluoride film absorption bands are believed to be caused by the incorpora-
tion of residual gases (particularly water) into the growing films. Directions for
iurther work are to increase the evaporation rate to reduce the effects of residual
gases, and to reduce the residual water in the system by baking and prolonged
pumping. [ Water absorption and adsorption after deposition could also be respon-

sible for tiiese optical absorption bands, as discussed in Scc. 1V, ]

Attenuated-cotal - reflection (ATR) spectroscopy with the Beckman 1R-J2 and

the RIIC TR-25 attachment yields only qualitative information about the intensity

of absorpliou. However, characieristic absorption bands stand out prominently,

and changes in them with surface treatment are easy to monitor. Typical absorp-

tion bands in Can ATR plates are at 2.9, 3.4, 3.5, 5.7, 6.2, and 6. 8 um. After

Freon vapor degreasing, one ATR spectrum showed a dramatic reduction in the

absorption of the bands, indizating that they are indced surface-related. A further

reduction in the bands followed firm rubbing with tissues moistened with methanol.

It was found that the appaven’ caloriinetric absorption depends strongiy on the

water vapor content of the atmosphere in the calorimeter chamber. A striking ex-

ample of this eftect is a series of measurements on a farged CaF2 specimen. When
the calorimeter head contained room air, the absourption constant was 0.0027 cm l.
typical of many earlier measurements. After 15 minutes in a desiccated calori-
meter chamber, the app: rent absorption decreased to 0. 0014 cm'l. and after an

hour it decreased further to 0.0012 cm-l. it appears that there is a close coinci-

dence between one of the sharp output lines of the CO laser and one of the sharp
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water vapor absorption lines, and that energy absorbed by the water vapor is
transferred by convection to the calorimetric sample. In fact, we now believe
that this has been the major source of temperature rise in our calorimetric
measurements, rather than the absorption of the sample itself. Of ccurse, the

problem can best be handled by employing a vacuum calorimeter.
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M. Braunstein, |, E. Rudisill, and A, I. Braunstein, "Optical Coatings for !igh
Energy ZnSe Luser Windows," Third Conference un High Power Infrared Laser
Window Mate - ials, Nov, 12-14, 1973, AI<CRL-TR-74-0085(IH), 14 February 1974

The value of n. of ’I‘hF4 was found to be 1,35, rather than 1,5, Coatings
of Ba 172 / ZnS, 'Thl"4 / ZnSe, and ThF4 /ZnS were deposited on ZnSe substrates,
The value of Af was Af = 3x 10.4 at 10.6um for a ThP4/ ZnSe coating on
ZnSe. This coating passed thc MIL Spec, adhe rence, humidity, and salt spray
tests, but failed the abrasion test. No coating passed the abrasion test. [Ina
*9

later report, ’ two ’I‘hF4 / ZnS coatings on ZnSe passcd the abrasion test. )

Y
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E. Bernal G., R. H. Anderson, J. H. Chafiin, B. G. Koepke, R.]. Stokes, and
R. B. Maciciek, Honeywell, Inc., "Preparation and Characterization ol Poly-

crystalline Halides for Use in High Power Laser Windows,'"' Quarterly Techni-
cal Report No. 6, Contract No. DAHC15-72-C-0227 and DAHCI15-73-C-04064,

1 July to 30 September 1973

Thallium bromide (T1Br) powder was obtained from the Ventron Corporation
with a heavy metal impurity level of less than 10 ppm. This powder was sub-
limed from a boron nitride crucible with a bell jar pressure of 2 X 10-5 torr and
condensed on glass and cleaved single crystal KC1 substrates held at room tem=-
perature. The deposition rate was 7.5 A/sec and the total film thickness was

10, 586 A.

The optical absorption coefficient at 10. 6 ym of the T1Br film on KC1 was

determined by laser calorimetry to be 11. 8 cm-l. One of the films on glass

was placed in a 100 percent relativee humidity environment and turned cloudy in

less than one minute. The other fil.n on glass war left in the ambient environ-

ment over a weekend, and it also turned cloudy. This extreme sensitivity to

humidity is somewhat surprising cince T1Br has a bulk solubility of only

0.05 g/100m1 of water, In an effort to find out what causes the cloudiness, we

took a series of SEM and Nomarski micrographe. An SEM view at 15, 000 x of

a T1Br film on glass which had been overcoated with a thin layer of gold im-

mediately upon removal from the T1Br deposition facility shows chat the sur-

face of the as-deposited film appeats to be smooth, with no structure visible.

Another film, made at the same time as the first and exposed to 100 percent

humidity for five minutes and photographed by the SEM with no overcoating

shows that the surface seems to be covered with large crystallites, It is safe

to assume that these crystallites can scatter enough light to cause the cloudy
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appcarance. A Nomarski micrograph of the same specimen rev-als the same

surface condition.

We made another T1Br film in which the substrate temperature was heid at

100°C during deposition. This filam displayed the same extreme sensitivity to

humidity as described above, and we are therefore forced to conclude that thal-

lium bromide filn's are not suitabie as protective coatings for the aikali halides.
[ Since 'I'hF4 films also are unstabic uniess deposited at >150 C, a substrate

temperature even greater than 100 C possibly could give stable TIBr films, )

We have tried several completely diffe rent methods of fabricating Cul films

ircluding reactive thermal evaporation, reactive RF sputtering, and iodinating

sputtered copper films. The only method which consistently yields clear, highly

adherent films is the standard thermal evaporation process. Despite the fact

that deposition rates and substrate temperatures have been varied over very

wide ranges, the lowest 10. 6 ym absorption coefficient attained to date is approx-

21 118
i.nately 1000 cm l. Our initial suspicion as to the source of the high absorption

was that the films were growing off — stoichiometry, and since Gudden and

Schottky (ihysik. Z. 36,717, 1935) have characterized Cul as a stoichiometric

imbalance conductor, this could iead to high eclectrical conductivity with high

absorption at 10. 6um. We began to question this hypothesis because variations

in deposition rate, substratc temperatire, and annealing treatments in both

iodine vapor and vacuum conditions were not efficacious in lowering the absorp-

tion coefficient,
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Searching for other possible causes, one film was analyzed at Physical

Electronics, Inc., by a combination Auger spectroscopy/sputtering operation

to obtain the profile of the concentration of various elements through the film

thickness and down into the KC1 substrate. Very small concentrations of carbon

and oxygen were detected. We feel that it is likely that the high absorption of

our C 1l films is related to the long copper diffusion tail that extends approxi-

ma: !. two film thicknesses into the KCI1 substrate,

Kraemer (]. Chem. Phys. 33, 991, 1960) has studied the uv properties of
cuprous halide films on alkali halide crystals. He has observed spectra sug-
gesting the interstitial diffusion of Cu+ ions into KCI and KBr from films of
CuCl and CuBr, but not from Cul films. We found that this does, in fact, occur
for Cul films on KC1 substrates., Kraemer points out that Cu+ ions should dif-
fuse most rapidly into KCJ, less rapidly in KBr, and perhaps not at all in KI
because of decreasing interstitial distances between halide ions. We plan to
deposit Cul films on KI single ~rystals and repeat some of the above measure-
ments. If we are able ‘o prepare sufficiently transparent films on KI substrates,
we will consider the possibilities of a ""double-alloy" coating, i.e., KC1 = KI

= Cul, in which the KI serves the function of a copper diffusion barrier,
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Ferdinand A, Kroger and John H, Marburger, "IR Window Studies,' University of
Southern Califernia Semiannual Technical Report No. 1, Contract No, F19628-75-
€-0280, 15 March 1975

[ See our notes in the excerpt of Ref,*15 relating the work in this to the 9.8 um
absorption band in KCl.]

Sodium chloride exposed to atomic oxygen develops a surface layer which ab-

sorbs fram ~930 to 1000 cm ., with peaks at ~970, ~990, and ~940 cm > (10.3,

10. 1, and 10,6 ym), in order of decreasing intensity. The absorption, which was

believed tu be due to C103. continued to increase without signs of saturation for

periods of exposure to the atomic oxygen up to nine hours, at which time the trans-
mittance at the strong 970 cm.l peak was reduced by ~ 17 percent, This value of
absorptance corresponds to an effective thickness of pure NaC.‘03 of 10-100 nm,
The lack of saturation implies that more than one or two monolayers of absorbing
ions are involved, The role of diffusion of atomic oxygen in the bulk and through
the antireflection or protective coatings were expected to be important and were

hoped to be investigated "1 the future.

The effects of atomic oxvgen on KCl and KBr were much weaker than on

NaCl, the absorption bands being wider and at least an order of magnitude

weaker.
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E. Bernal G., J. H. Chaffin, B. G. Koepke, R, B, Maciolek, and R. ]. Stokes,
Honeywell, Inc. Semiannual Technical Report #1, Contract No. DAHC15-73-
C-0464, 1 January 1975 to 15 July 1975

A two-layer T11 (2., 1um thick)/Th¥, (1.2 thick) coating >*on KC1 showed
a reflectance of 9 x 10-4 at 9.5um. The calorimetric absorpticii coefficient of the

composite coating was 8 cm-l | corresponding to an absorptance Af =8(2.1+ 1.2)

-4

107% = 2,6 x10™3, supposedly ], most of which was attributed to the ThE,. [ The in-

terpretation of most of the absorptance coming from 1.2 um of 'I11F4 gives Bf =22

s -1
cm l, which is reasonable but greater than the lowest reported value of €1,2cm ~,

T1 -1 : . . — *“86,*109
1 value of Bf< lem ° for T1l was given in later publications. ]

Films of T1l grown on glass, cleaved KC1, and mechanically polished KC1 are

clear until a critical thickness of M. 3 to 0.5 ym is reached. [ The problem of obtain-

ing clear, 2 ym-thick T1I coating on KC1 was solved in a later report. See Ref, 95,

which is excerpted in this section.] Then the films turn uniformly hazy as a result

of scattering in the coating itself. By contrast, films grown on chemically polished

KCl substrates exhibited cloudy streaks at small thicknesses as a result of scatter-
ing at the coating-substrate interface. The haze was not believed to be due to coating

surface roughness in either case, Edge vicws (obtained by cleaving the substrates)

of cloudy coating by the scanning electron microscope indicate that the films begin

to grow in a "pancake’ morphology, then abruptly switch to a loosely packed colum-

nar growth pattern. The unclouded coatings had the appearance of cleaved surfaces.

The difficulty in growing clear, thick T11 films dramatically increased with a
second purchase of T1l powder. It was found that the second purchase was purer
than the first and that the first powder contained a small trace of sulfur. Inten-

tionally adding 0.3 wt percent sulfur to the purer T1l powder resulted in a large
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value of Bf = 100 cm-l at 10,6 um and scverely cracked and crazed films,

[ Adding a smaller amount, say a few parts per miliior, of sulfur or somehow
exposing a clean, fresh substrate to sulfur before the deposition of the coating
would be of interest for T1I and other coatings. The relation of the sulfur re-
sults here to the final solution to the hazing problem reported in Ref. *95, which

is also excerpted, is not known.] By varying the deposition rate from 50 am/min
to 500 nm/min it was found that two-micron-thick T1I films that were only slightly
hazy could be grown consistently at 100 nm/min. The films were, however, cpi-

taxial. [ Concern was expressed over the birefringence of the epitaxial films. ]

X-ray diffraction, X-ray oscillation camera, and scanning electron micro-

scope studies indicated that the T1I films are single crystal and in some cases

grow epitaxially on KC1,

The good T1I coatings were deposited at room temperature. Coatings de-

posited at 100 C were cloudy and had rough surfaces.
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Jonn R, Kurdock, Perkin-Elmer Corporation, "Optical Processing of Alkali
Halides and Polycrystalline Zinc Selenide for High-Power Laser Applications,"

Quarterly Progress Report No. 2, Contract No. F33615-73-C-5127, October
1973

Thorium fluoride is known to be reactive with residual water vapor in a

coating chamber atmosphere, and the hydrated 'I'hF4 films so produced have

more absorption on hydrous films, It is fairly well kr.own in opti :al coating

practice that if the condensation rates are reduced, the grain or particle size

of the films will be incrcased due to the fact that fewer nucleating points are

formed on the substrate during the initial deposition. It scems that the ab-

sorption mectanism for ThF4 films is primarily concerned with chamber

residual aimospheres reacting with the ThF 4 vapor.
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John R. Kurdock, Perkin-Elmer Corporation, "Optical Processing of Alkali
Halides and Polycrystalline Zinc Selenide for High-Power Laser Applications,”

Quarterly Progress Report No. 3, Contract No. F33615-73-C-5127, January
1974

Thin (=~ 1000 A) PrF3 protective films deposited on ZnSe (at 250°C)

did not pass the MIL-C-675A requirements for abrasion and humidity,

Using the three-film Herpin Section, antireflection coatings (ZnSc-’111F4-
ZuSe) have been produced that mect all the design goals except durability,
[ Thin films of PrF3 and Ce F3 applied over ZnSc-ThF4-ZnSc did provide
soine increase in abrasion rcsistancc.116 It was not known whether or not

the resistance to humidity attack was increased .“6
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John K. Kurdock, Perkin-Elmer Corporation, "Optical Processing of Alkali
Halides and Polycrystalline Zinc Selenide for High-Power Laser Applications,"
Quarterly Progress Report No. 4, Contract No. F33615-73-C-5127, April 1974

An unspecified substrate and antireflection coating that was overcoated with
50-60 nm-thick CcF3 or 'I‘hO2 films had Af < 0.1% [apparently a measured

value at 10,6 pym] and passed the MIL-C-675 eraser and humidity tests and
the MIL-M-13508B Scotch-Tape tests.
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E. Bernal G., R, H. Anderson, J. H. Chaffin, B. G. Koepke, R. B. Maciolek,
and R.]. Stokes, Honeywell, Inc., "A Study of Polvcrystalline Halldes, " Semi-
annual Technical Report #1, Contract DAHC15-73-C-0464, 15 July 1974

We have extensively investigated the properties of KC1 and T11 coatings
evaporated in a tenuous argon atmosphere prepared by first evacuating the
bell jar to ~5 X 10-7 torr and then admitting argon through a needle valve
until the pressure reached 1 x 10-4 torr. The substrate temperature was

60°C, and the crucible-substrate distance was 40 c¢m.

We observed that the films are clear and adherent up to pressures of
7 X l().4 torr, but at 8 x 10.4 torr the T1l films become very cloudy. The
absorption at 10, 64m for these films, as measured calorimetrically, was
found to be unaffected by the argon at pressures up to 6 x 10-4 torr. Two
six-inch long glass substrates were coated with T1l, one in a hard vacuum
(1 10-6 torr) and the other In an argon atmosphere of 4 x 10-4 torr. A com-
parison of the interference colors of the two films showed that the film evap-
orated in argon had a much more uniform thickness than the vacuum-prepared
film; the scattering due to the argon is responsible. Alloy coatings of T1I and
KC1 ~1500 A thick on KC1 substrates survive the '"Scotch-tape test,” but inas-
much as T1I is an extremely soft material, the coatings dc not reslst abirasion
to any degree. This will not be a serious drawback provided the remaining anti-
reflection coatings can be deposlited ont. the T1I coating and providing that these

"exterlor' coatings have good mechanlcal stability,

Micrographs of a 2000 A thick discrete Tl film on a cleaved and on a

mechanically polished KC1 surface, as-deposited, aftcr exposure to 100 per-

cent relative humidity, show that moisture attack is through as-deposited
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pinholes in the T1I film, and that the pinhole size and/or densi'y is smaller

for the mechanically polished surface than for the cleaved surface,

Scanning Auger micrographs hav~ been taken of chemically polished sur-

faces. The most useful are those measuring the carbon distribution of the

surface, since all of our polishes and rinses are carbon-containing compounds.

Carbon is uniformly distributed over the surfaces. An Auger profile Bhowed

that the carbon-containing residue was about 50 A thick. A layer this thin would

probably not produce measurable optical effects, but it could certainly inter-
face with good coating adhesion and integrity. We plan to try to remove this
thin residue with R, F, ~-induced low energy ion bombardment, without degrad-
ing the surface optical properties. [ The absorptance from a Snm (50 A) thick
carbon-containing residue may not be negligible. At an absorption peak (per-
haps C-H at 3-4fm or CO, at 4,3um) a typical value of B is 10° cm” !,
Thus, the resonance absorptance of the 5 nm thick carbon residue is expected
to be of order A; = 8d = 5x 1072, which i quite large. Such absorptance

could be mistaken for B; = 2.5 x 103cm in a 200nm thick film,
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E. Bernal G., ]. H. Chaffin, B. G. Koepke, R. B, Maciolek, and R, J. Stotes,
Honeywell, Inc., "A Study of Polycrystalline Halides for High Power Laser
Applications, " Semiannual Technical Report #2, Contract DAHC15-73-C-0464,
15 Januvary 1975

Chemical polishing of (110) and (111) surfaces was successfully performed

in a low-humidity environment oi. stress-free surfaces of samples that were

carefully polished with light pressure. We found that chemical treatment in

high humidity of any crystallographic face that had been heavily burnished

during mechanical polishing produced disastrous results. The enhancement of

the scratches and very non-uniform surface is the result of the stress-daependent
solubility of KC1 in the polish ar 1 in the water that condenses on the surface

upon evaporation of the isopropyl alcohol in high humidity.

The rate of moisture attack on alkali halide surfaces is a strong function

of the condition of the surface, i.e., surface stress and smoothness. Nomarski

interference micrographs show the effect of moisture on a severely scratched

single potassium chloride blank. Breathing on the sample, which is a severe

test because of the warm temperature of the water vapor exhaled, results in

enhancement of all the scratches in the original surface. But the overwhelming

features of the surface attacked by moisture is the exposure of the damage pro-

duced by mechanical polishing which had been covered by a smoothly smeared

layer during the final mechanical step. This is what we ca™* burishing, and it

is responsible for the familiar surfaces of alkali halides that look good but are

scverely etched by moisture,

These tests prove conclusively the im»ortance of very careful mecnanical

polish to minimize burnishing and avoid tmbedded particles of grinding compound,
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LY ]

They also explain why chemical polishing should be don= in iow humidity
environments to avoid water etching when solvents evaporate before the chem-

ical polishing is completed. Finaily, they give clear evidence of the moisture

resistance of chemically polished surfaces. The problems presented by chem-

lcal polishing of polycrystailinc ha'iues are certainly more complex than is
the case for single crystals, However, results to date suggest that by careful
mechanical polishing and proper annealing it should be possible to produce

high quality surfaces by chemical polishing,

Evaporated 11i films on KC1 or glass substrates are occasionaliy ob-

scrved to be cloudy due to a very rough film surface, with large-scale rough-

ness of order of the film thickness of 2000 A. This cloudiness is sometimes

not uniform over the entire film area, but instead is in the form of streaks;
In this case, we attribute the cloudiness to gross chemical residue left on

the substratc by the cleaninf; ov polishing procedure. It was found that only

the substrate temperarire during the film deposition directly affected the opti-

cal clarity of the coatings. It was ,und that at 25°C substrate temperature,

the coatings are always clear except under a bizarre set of circumstances.

At Ts = 60°C, roughly 10 percent of the films grow cloudy; at Ts = 100°C,

all of the films are cloudy. At TS = 125°C, no films grow on KCl, i.e., the

sticking coefficient has dropped to zero; however, a cloudy film grows on glass

at this temperature. We conclude that durig deposition the substrate tempera-

ture should be kept I'elow 45°C to ensure clear T1I coatings: however, the

coatings may subsequently be anncaled at higher temperatures as described

below.
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After preparing a large number of T1I films on 25°C KCl substrates, we

observed that a few, for no apparent reason, grew cloudy. We finally speculated

that there might be a correlation between the installation of "new” aluminum foil
(which is used as a shield to reduce deposits on the sides of the bell jar) and
cloudy films. Subsequent experimentation has shown this to be a well-founded

speculation. A deposition performed with new aluminum foil in the vacuum sys-

tem results in a cloudy film; a second deposition using the same aluminum foil

results in a clear film. We do not unde.stanc what could be causing this effect

at present. [ Tnis is perhaps additional evidence for the necd for thorough

baking. ]

It is possible to annecal samples at 100°C for at least 24 hours with no
deterloration of the coatings, but clear films annealed at 125°C fur 24 hours
become cloudy due to the formation of « heavily faceted surrace. It may be pos-
sible to safely raise the temperature to a higher value for a shorter period of
time for the purposc of applying another coating, but the absolute temperature
limit is somewhere around 175°C. Beyond 175°C the vapor pressure of T1I

begins to rise rapidly, and the coating begins to cvaporate,

Pinholes in the T11 coating have never been obscrved by us prior to ex-

posing the sample to humidity. After exposure they can then be located because

the humidity brings KC1 to the surface through the pinhole and the KC] subsec-

quently crystallizes near the pinhole upon removal of the sample from the humid-

ity. It is felt that the pinholes are almost entirely due to mechanical surface

imperfections. [ The fact that 200 nm-thick T1I films on KC1 do not prevent
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inoisture attack as a result of pin holes in the film is in agreement with

[ 3
Young's = findings that crystalline films did not prevent moisture attack

on NaCl.]

We would like to warn that the problems of producing a surface for coat-
ing are subtly different, and in many ways more severe, than the protlems

of producing good quality infrared optical surfaces,

B B
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FF. A, Horrigan and T, F. Deutsch, "Research in Optical Materials and
Structures for High-Power Lasers,"” Raythecon Rescarch Division Quarterly
Technlcal Report No. 3, Contract No. DAAH01-72-C-0194, July 1972

‘The OH concentration of a series of KC1 samples was determined using

UV spectroscopy, and tound to be of the order of 1-2 molar ppm. No cor-

rela. on between OH concentration and 10. 64m loss could be established for

samples with 8 = 3 x 10-3cm- l. | The lack of a measurable effect of OH™

18 =
on Bb at 10.64m is as expected since the tail of the OH infrared-absorption

line, center ncar 3gm, is very small at 10, 64m. ]

In the measurement of low absorptance (A ~ 10-4 ), any small pickup by
the sample tiermocouple can become appreciable compared to the temperature
rise due to material’'s absorption. Stray pickup can come from scatter or re-
flection of the laser beam or reradiation from the power cone. The following
experiment was performed to determine the amount of stray pickup occurring

in our apparatus,

A 1/2 inch diameter hole was drilled through a 1 in. square sample of zinc

sclenide, and the sample was mounted in the standard measurement position.

Under ideal conditions there should be no temperature rise indicated by the

sample thermocouple, since the hole in the sample is larger than the laser

beam and the 9 mm input irises. However, the sample temperature rose

about 0,05°C, which corresponds to a Power Absorbed/Power Transmitted of

2.7 x 10-4. This absorbed power was coming from either reflection or re-

radiation by the power cone or scatter from the edge of the irises.
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The experiment was then repeated with the sample moved closer to the
input irises, keeping it as far away as possible from the power cone in an
attempt to try to minimize small-angle scatter from the edge of the irises.
The pickup in this case has been reduced by about a factor of two. Also, the
shape of the curve indicates that direct reflection and rcatter have been elimi-

nated, and that the remaining pickup is due to reradiation, probably from the

power cone. It is expected that the installation of the bulk-absorbing power
absorber will reduce this effect considerably. In addition, another iris will
be placed on the other side of the sample to further reduce the spurious

pickup.
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G. Hass, J. 3. Ramsey, and R. Thun, "Optical Propertics of Various Evaporated
Rarc Earth Oxides and Fluorides,” J. Opt. Soc. Am. 49, 116 (1959)

The optical properties of evaporated rare earth compounds such as Y203 ,

30 Pr60ll " Sm203. Gd203. Lal‘3, NdFa. and CF3 were studied in the

wavclengtt. region from 0.22 micron to 2 microns. The materials were evapo-

LaZO

rated from tungsten boats and condensed on glass and fused quartz substrates

at various temperaturcs. The oxides condensed as alinost amorphous films,

whereas the fluorides developed fairly large grains as indicated by their sharp

clectron diffraction rings. All films were hard and showed excellent chemical

and mechanical durability, An increase in n and k at A = 0.22 micron is cvi-
dently caused by an increase of the film density concurring with a sintering

process.

The fluorides exhibited a simpler behavior than the oxides for two reasons.
First, the fluorides are chemically more stable and show, therefore, no decom-
position during the evaporation. Secondly, the fluorides arc deposited as rela-
tively large crystals as indicated by their sharp electron diffraction rings which
show the pattern of the regular fluoride structure. In contrast, L_A_ZOa as an ex-

ample for the oxides, has an almost amorphous film structurc, Such amorphous

film structures are frequently more influenced by a small change of the deposi-

tion conditions than well crystallized forms, and they show, therefore, proper-

ties less consistent froin coating to coating.
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Reinhard Glang, John G. Kren, and William J. Patrick, "Vacuum Evaporation
of Cadmiam Telluride,"” J. Electrochem, Soc. 110, 407 (1963)

Cacinium telluride films 0. 1- 1y thick were deposited on glass substrates
6

between 25° and 250°C at ambient pressures below 10" ° Torr. The vapors,

although dissociated into the constituents, form stoichiometric, crystalline

CdTe films with zincblende structure. The films are continuous, uniform,

and adhere well to glass surfaces if deposited at or above 100°C. To avoid

condensation of free tellurium, substrate temperatures above 150°C are re-

quired. At these condensation temperatures, films about 0, Sy thick have

grain sizes of 1000-2500 A, and their (111) crystal faces are oriented parallel

to the substrate surface, Regardless of deposition temperature, all films have

resistivities of 107 ohm-cm or higher, even if impurities are added to the

source material.

[ Cadmium vacancies, resulting from excess tellurium, give rise to p-type
conductivity with 0, 15 eV activation energy. Is it known if there is a correspond-

ing Infrared absorption extending from ~8.3uim longer wavelengths?)
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Richard |. Scheuerman, "Deformation of Optical Surfaces by Film Stress,"
J. Vac. Sci, Technol. 6, 145 (1969)

In general, stress in a thin film is most casily detected by m_asuring
the bending of the substrate upon which it is dcposited. A Laser Stress In-
Jderferometer (A, E, Ennos, Appl, Opt, 5, 51, 1966) mounted in the vacuum
chamber was utilized to measure the bending of a thin fused-silica strip
which formed one mirror of the interferometer, This method has an in-
herently high sensitivity and is capable of detecting a stress of 5.7 kg/cm2
(= S.6x 105 Pa = 81 psi) in a film 1000 A thick. Films of ZnS, ThF4,
and SiO2 ~ 110 nm thick had stresses ranging from 1100 to 2800 kg/cm2

(l.6Xx lO4 to 4.0 x 104 psi).
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A. K. Jonscher and P. A, Walley, "Electrical Conduction in Non-Metallic
Amorphous Films," |, Vac. Sci. Technol, 6, 662 (1569)

A distinction is made between simple amorphous films such as silicon

germanium and other semiconductors, glassy films, and finally, noncrystal-

line nolymers, both conducting and insulating,

slasses contain_microscopic regions of short- range order which define

their physical properties, such as energy band structure, while the long-

range order is absent because adjacent microscopic regions are randomly

oriented, The glr ssy state is a inctastable state, Glasses are characterized

by the presence of more than one type of bond and by a relative insensitivity

to the magnitude of bond angles in the structure.

Such materials as amorphous silicon or germanium may be characterized

by only one type of strongly oriented covalent bond with approximately tetra-

hedral coordination, which determines the short range order and, thercfore,

the clectronic properties,

For our purposes we shall define a polymer as a solid possessing some

rclatively strong bonds, typically covalent, which define extended macromole-

cules in the form of linear chains, gs, or planar lattices, and other much

weaker bonds providing int :rmolecular links. Amorphous polymers retain a

definite periodic order within the macromolecules, while the mutual arrange-

ment of the latter remains random. According tc this definition, plrstic sulphur,

amorphous selenium, and tellurium, as well as crystalline graphite, are all

polymers.

297




Sec. KIII Ref, *96

On comparing glasses with amorphous germanium and silicon, it can be

scen that glasses are more stable, Where there is orly one type of atom and

the bonding arvangement as in germanium and silicon, more strain is involved
in deviating froin the crystalline structure. I is well known in silicon oxide

that the ratio of silicon atoms to oxygen atoms is not a constant, but depends

on deposition conditions. We can infer that the short range structure of silicon
oxide need not be the same in various regions of the film, In order to relieve
stress, there may be rc;zions where there are more Si-Si bonds than Si-O bonds
or vice versa. This random variation in the bonding arrangements in compounds
or materials like carbon or selenium, may he what gives risc to what we call
glassy structurcs (as opposed to amorphous structures) in which more continu-

ously bonded extended networks occur,

Our own cvidence suggests a model in wi.ich initial morc or less uniform
amorphous material undergoes a continuous process of nucleation and growth
of microscopic regions of progressively inc reasing order. As these relatively
more ordered regions increase in size, one has to accept the possibility that
the surrounding disordered or amorphous matrix becomes depleced of atoms,
and thus has a larger number of vacancies than the original material. We leave
open the question of the extent of ordering in the more ordered regions; this
could be anything hetween the dodecahedra model and completely crystalline

grains,

Theoretical conclusions based on Gubanov's theory (A. 1. Gubanov, Quantum

Electron Theory of Amorphous Conductu.'s, 1965) are as follows: (a) the allowed

energy bands of crystalline materials retain their basic identities, but they ie-

come distorted near the band edges by the presence of deep "tail states’ which
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correspond to progressively more and more localized levels; (b) the forbidden

gap between the free band edges, to the extent to which it may be defined, is

larger than in the corresponding crystal; (c) the states due to donor and ac-

ceptor impurities tend to disappear in the allowed bands or, in the case of

glasses, thesc impurities become ineffective by slight adjustment of local

bonding. Thus the material becomes less sensitive to impurities than its

crystalline counterpart; (d) the mobility in the quasi-localized deep levels

is much less thai in the free bands of the crystal, typically by some orders

of magnitudc.

Conclusions

A. dc Conduction at Low Fields. This may be hopping or very narrow

band. If the former, the principal contribution to resistance must come from

"bottlenecks' or regions of difficult hops.

B. dc Conduction at High Fields, Poole-Frenkel mechanism, i.e., some

form of field-assisted hopping is very typical of amorphous materials.

C. dc Conduction at Very Low Temperature. When thermal activation be-

comes insufficient, a new mechanism frequently sets in showing 1 « V" where
n i greater than 3 and may be as high as 15 to 20. There is vanishing activa-

tion energy, typical of amorphous materiais,

D. ac Losses at Low Frequencies. There is ionic or electronic polariza-

tion of interfacial or bulk type, not leading to dc conduction.
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E. ac Losses at Low and Intermediate Frequencies. These could be due

to Maxwell- Wagner mechanism, in which conducting regions are presently in

a relatively less conducting matrix.

F. ac Conduction at High Frequencies. It is almost certain there is elec-

tronic hopping, decrecasing activation energy with increasing frequency. All

these mechanisms may be different and may have different activation energics.
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A. Vecht, '‘Methods of Activating and Recrystallizing Thin Films of 11-VI
Compounds,” Physics of Thin Films, 3, 165 (1966)

When a II-VI compound is evaporated onto a cold substrate, it does not
exhibit the required crvstallinity, but is cryptocrystalline --i.e., its crystal
structure cannot be resolved optically and can only be determined by X-ray
analysis. To increase the crystallite size, the substrate temperaturc can be
raised during deposition, or a postevaporation heat treatment can be em-
ployed. When evaporated films of 1I-VI compounds are heated, their crypto-
crystalline structure gradaally gives way to a mosaic crystallite structure,
Crystal boundaries can be morc readily detected under reflected than under
transmitted light. In hexagonal compounds, crystalline areas can best be

distinguished from the amorphous regions under polarized transmitted light.
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7. H. Meiksin, "Discontinuous and Cermet Films,” Physics of Thin Films,
vol. 8, 99 (1975)

In general, whei 2 film is depositvd on a 2lasslike substrate in vacuum by

evaporation or sputiering, the nucleation of the depos ted film begins at many

different nucleation sites, usuall ' at imperfections ir the substrate surface as

a result of the loss of the high mobility of arriving particles at such sites. Addi-

tional particles arriving from the source agglomerate about the nuclei, and an

island structured film is formcd. As the deposition continues, islands coalesce

decreasing the island dens'ty. The islands then grow until contact is made with

neighbors, and gradually the voids between the agglome:ites are filled producing

a filamentlike network, Eventually, a macroscopically uniform thin film is ob-

tained.

The sheet resistance of a metallic thin film decreases by several orders
of magnitude as the film structurc changes from the discontinuous to the uniform
continuous film structure. Similarly, there is a pronounced change in the optical
absorption spectrum. The resistivity of discontinuous films is governed by quan-
tum tunneling. The same tunneling precess is also responsible for a high strain
cocfficient of resistance. Two factors that yicld discontinuous films impractical
for general use are poor reproducibility and instability. Cermet ana low density
tantalum films can be made thicker than discontinuous films. They can be con-

gidered physically continuous, but electrically discontinucus or quasicontinuous.

The average thickness of gold films in this range is typically below 100 A.

The linear dimensions of the islands and of the interisland spacings can vary

from a few angstroms to scveral tens of angstroms. It is gencrally agreed that

conduction in such films is by quantum tunneling.
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Films of average thickness of the order of 100 A (typical for gold films)
consist of agglomerates which just make contact with their neighbors. The con-

tact diamater is typically between 10 and 50 A,

FFilament like thin films. Films in the range of average thickness between

100 and 200 A (typical for gold films) can be considered to consist of fine fila-

ments or capillaries.

Ce rmct films are composites of a metallic component and a dielectric com-
ponent. Such fiims were developed to obtain filme with higher values of resistance
per square than are possible with continuous metallic thin films. Cermet films
congist essentially of conductive phases similar in structure to discontiruous and
quasi-continuous films as presented in the previous sections, but the vacuum or
air in the voids of the metallic film is replaced with a solid dielectric phase. This
results in more resistive films. Most work has been done with chromium-silicoa

monoxide and with gold-silicon monoxide films,

Low density tantalum films are obtained by sputtering at relatively low
voltages between 1000 and 3000 V., Diffusion along grain boundaries is several
orders of magnitude faster than in the bulk, Thus, oxidation at grain boundaries
can occur both internally becausc of migratisn of trapped oxygen, and externally
from the surface. The oxidation process becomes even faster at higher tempera-
tures. Eventuzlly the filn's become electrically discontinuous even though they

are physically continuous.

A careful study of low density tantalum films ranging from 100 to 500 A
thickness has shown that the film growth does not follow the classical pattern of

film growth of mietal films, Films of 100 A thickness consist of aggregates that
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are linked by metallic bridges, and each aggregate contains many crystallites,
As the thickness of the film increases, the aver+age size of the aggregate in-
creases until it reaches approximately 350 A, Simultaneously, however, the

size of the voids, or cuannels, increases from approximately 20 to 50 A.
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A, K. Jonscher and R, M, Hill, "Electrical Conduction in Disordered Nonmetallic
Films," Physics of Thin Films, Vol. 8, 169 (1975)

The effect of the lack of structure on the electronic properties of liquid
semiconductors has been the subject of extensive studies from which the princi-
pal conclusion has been that the clectronic properties are primarily a function
of the short-range order in a material, whether liquid or solid (1). It is believed
that the crystalline band structure model remains substantially unchanged so long
as the environment and coordination of individual atoms in the system under in-

vestigation remains substantially unchanged. The disappearance of crystalline

long-range order has important consequences for transport and other physical

properties but does not affect the basic nature of the solid, e.g., the broad fea-

tures of the optical absorption spectrum,

A definition of an amorphous solid would be that it is a material lacking any

form of order. The arrangement of nearest neighbors, in typical amorphous solids,

is subject to severe constraints and departs only slightly from the disposition in a

perfect lattice. This is a direct consequence of the fact that chemical bonds, es-

pecially covalent ones, are relatively rigid both in direction and in length, and

their distortion bt~. ond certain limits requires excessive energy.

Giuoolo have a multiplicity of flexible bonds and therefore remain vitreous

over a wide range of temperatures. These materials have the ability to form more

than one type of bond,

The amorphous state is to some extent unstable, or metastable, and frequently

exhibits a gradual or even rapid transition to an ordered crystalline state. One ob-

vious consequence of this fact is that amorphous samples often show irreversible
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vdrift” in their electrical properties, especially at elevated temperatures and
also under the "catalytic" action of metallic contacts. A particular example of
metastability is afforded by reversible switching, which can be observed in a

wide range of glassy materials,

There arc three types of disorder which may be found in any amorphous
material (2). The first may be described as a continuously connected long-range
disorder which retains the topological perfection of a single crystal, i.e., uo
bonds are broken and no foreign impuritics are present. The second type of dis-
order arises in relatively "rigidly" bonded materials and is characterized by a
large density of broken bonds forming "grain boundaries' separating relatively
well-ordered small "'crystallites” giving a discontinuous structure with a rather
lower density than a single crystal, It is intercsting to note that both the continu-
ously disordered material and the "microcrystalline” material would give similar
radial distribution curves, which at present form the principal tool of struciure
analysis; this means that it is very difficult to distinguish experimentally between
these two alternatives, Finally, the third type of disorder is due to foreign im-
purities incorporated interstitially or substitutionally in the disordered "lattice”

of either of the first two types.

By far the most important source of experimental data on amorphous ma-
terials is the measurement of electrical conduction as a functior of temperature,
clectric field, and frequency, with drift mobility and photoconduction added as a

bonus in certain cases,

'_I‘hene is broad agreement (13) in the results that the conduction and valence

bands of allowed levels in which electrons may move in crystalline insulators arc
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basically preserved, but the forbidden energy gap of the crystal is replaced by a

"'pseudo-gap' in which the density of states remains finite, if low, throughout

its width. It has long been recognized that one condition for the validity of the
"free-electron" theory is that the resulting mecan free path £ should be greater
than the interatomic spacing a. Experimental measurements on a range of dis-
ordered solids indicate mobilities significantly below this value, and this has

led to the concept of hopping as an alternative conduction mechanism,

Hopping can be defined quite gencrally as thermally assisted transitions
between localized sites which in the electronic case may involve an element of
tunneling, It was first recognized in crystalline germanium and silicon contain-
ing partially compensating donors and acceptors (14-17). At sufficiently low
tempcratures, for which thermal excitation of carriers into the relevant free
band may be neglected, the residual conductivity is due to thermally assisted

hopping of carriers between occupied and empty shallow levels,

The concept of hopping fitted in very well with the idea of deep locaiized
levels in the forbidden gap of amorphous solids and it is generally agreed that
the low-field conduction in these materials is of the hopping type (8, 13, 18-23),
What is much iess definite is the precise nature of the hopping transitions in-
volved, i.e., the types of levels between which hopping takes place and the quan-

titative laws governing these transitions.

It is renerally agreed that the deep levels are strongly localized, which
means that the transition probabilities between them are small, We may dis-
tinguish the following four types of transport: hopping conduction in the region

of strong localization, percolation paths of easy transitions between selected
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sites as the ratio approaches unity, impurity bard formation where the ratio is
larger than unity, and the limit of free band conduction where lo.alization does

not occur at all.

On the important question of the distribution in energy of the lensity of the
localized levels we have little reliable experimental information and very little
theoretical guidance. We do not even know whether the density of states should
always show a monotonic decrease away from the free band edges and whether

enhanced densities may or may not exist in specific energy ranges.

A continuous long-range disorder without any broken bonds might be ex-
pected to lead to a wide distribution of localized levels in the "forbidden gap" of
the material. This form of disorder would be expected intuitively to lead to de-
creasing density of states with distance from the band cdges. This may lead to
a measure of overlap between the states derived from thr conduction band and
those derived from the valence band, On the other hand, a single well-defined
type of short-range disorder, for example, a broken bond or an interstitial atom,
may be expected to lead to localized levels more clearly restricted in energy
since the nearest-neighbor interactions are relatively well defined, regardless

of the absence o/ long-range order (24).

We adopt the convention, advocated by Allgaicr (25) that the only physi-
cally meaningful carriers are clectrons and no useful purpose is served by intro-
ducing t.hc concept of holes. This convention is applicable only to transport within
the "forbidden gap."

Denoting an occupied state by a solid symbol and an empty state by a light

contour, we may envisage the following two basic charging reactions:
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P20+ & donor (2)

and

OX+e=@ trap (3)

The state denoted by [J is electricaiiy ncutral when full and becomes positiveiy
charged when empty, the state O is eiectrically neutral when empty and becomes

regatively charged when full.

In the case of donorlike centers in which the interaction between the eiectron
and its positively charged center is couiombic, it is possible to estimate the bind-
ing energy from the "hydrogenic"” modei, taking into account a suitable value of
the dieiectric constant of the materiai and assuming a free electron mass for the
carrier. Nec such estimate is generally possible for traplike levels which depend

on short-range interactions whose nature is not so well understood.

Any iong-range disorder arising from a loss of perfect periodicity but not
involving broken bonds or electron numbers in cxcess of those required to satisfy
bonding conditions may be expected to icad to the splitting off of localized levels
from both the conduction and valence bands. All levels deriving from the conduc-
tion band would be neutral when empty and would therefore represert clectron
traps defined by Eq. (3). There is a widely held opinion, for example, that amor-
phous germanium is p-type because vacancies in crystalline germanium behave
like acceptors (26), although there is no firm experimental proof of p-type be-

havior in amorphous germanium,

If the Fermi level falls in a region of energy in which there is a finite de: - ity
of localized states, hopping conduction, with a small activation of energy, is pos-

sible.
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Our discussion of the effects of disorder on the formation of various
lozalized leve's would be incomplete without some reference to the important
differences that may arise between materials of different bond types, viz. co-
valent versus ionic. There is evidence, mainly from photo-injection studies in
metal-insulator-semiconductor structures (28-30), suggesting that some ioni-

cally bonded solids show remarkably few, if any, deep leveis. Covalently bonded

crystalline solids show both a high density of surface states, resulting in effec-

tive pinning of the I‘ermi level at the surface independent of the metal work func-

tion, and also a rigid conservation of k vector in optical transitions. One would

expect that the covalently bonded materials, such as amorphous Ge, Si, and C,
some chalcogenide glaeses, and probably silicon "monoxide,” would give the be-
havior characteristic of deep levels, mainly hopping conductivity. It would be
wrong, however, to expect similar behavior of the more strongly ionic dis-
oréered solids, in particelar silicon dioxide. In our opinion it is grossly mis-
leadiag in many rzal systems which may be very inhomogeneous. We have to
distinguish two types of inhomogeneity: local or microscopic inhomogeneitics
arising out of local fluctuation of short-range order, and gross inhomogeneities
due to macroscopic discontinuities in the material. The result is that the micro-
sco; «c path of a carrier is not straight along the clectric field but follows a random

pattern,

Gross inhomogeneities may arise in amorphous materials as a result of
the inherent instability of the vitreous state and its tendency to crystallize. Any
tendency for nucleation of crystallites in the amorphous solid will result in the

formation of regions of locally lower density elsewhere since the amorphous

solid normally contains more vac:ncies than the crystal.
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An ohmic contact is defined as one that is capable of supplying and removing

charge carriers from the bulk material at exactly the required rate, withont either
producing an accumulation of excess carriers or blocking their passage. In the
case of crystalline insulators and semiconductors in which conduction occurs ef-
fectively only in a free band, the requirement for an ohmic contact is seen to be
the ""flat band" situation. A barrier is due to a mismatch between the work func-
tions of the metal and the semiconductor which forces the Fermi level at the sur-

face to fall at an energy ¢ below the edge of the conduction band. Typical surface

state densitics in crystalline semiconductors are in the range 10“-1012 cm-2 and

the total density of surface atoms in a solid is typically 1.5 X 10ls cm-2.

The method of thermally stimulated currents (TSC) has been used widely in
crystalline large-gap materials, such as photoconductors and phosphors, to study
the energy level structure ia the forbidden gap. Its principal advantage lies in its
simplicity, the main disadvantage in the difficulty of interpreting the results unam-

biguously,

In the context of thin films, the most common method of excitation is the ap-
plication of a bias voltage Vb to the films, at a certain bias temperature Tb'
followed by lowering of temperature, with the bias applied o a temperature at
which the flow of current effectively ceases. The voltage is then changed to a
collecting voltage Vc # V_, including the possibility Vc = 0, and the temperature
is gradually increased at apstcady rate R=dT/dt. Under suitable conditions,

one or more current peaks appear.

It is unfortunate that the other "classic" amarphous semiconductor materials,
Si and Ge, have such low activation energies that any investigations of these by TSC

techniques would require extrem:ly low temperatures.
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Conclusions: The cssential concept that distinguishes a disordered solid from

its perfectly crystalline and ordered counterpart is that of the localization of allow-

able energy states within what would in the latter case be the forbidden gap. Optical

absorption experiments show that the broad characteristic of the absorption in a

crystallire solid is retained, but that the fine structure, both within the bands and

at the band edees, is smeared out. We have little knowledge of the optical cross

sections to be expected of a localized defect, or even how such cross scctions would

vary with energy. The mean frec path o’ the carrier is much less than that expected

from normal crystalline scattering processes. Strictly applying the mean free path

analysis leads to values of the mean free path of the order of, or less than, inter-
atomic spacings. In crystalline semiconductors, with an empty forbidden gap, non-
isoclectronic doping has a large effect on the properties of the material because the
Fermi level is free to move within the range of the forbidden gap. However, once
one allows that the gap may contain a finite density of states, then the Fermi energy
may become pinned, making the material insensitive to doping. All theorctical ap-
proaches to the analysis of conduction in amorphous solids assume a homogeneous
model. There is plenty of cvidence that most real systems contain microscopic in-
homogeneities — whether due to phese separation in glasses, regions of variable den-

sity in amorphous materials, or fluctuations in composition in compounds,

To some degree conduction experiments can be used for the characterization.
There is no doubt that observation of Poole-Frenkel or Poole's behavior 1equires
the presence of ionizable neutral centers, i.e. donor/acceptor sites. Unfortunately,
the Mott T-l/4 behavior can be expected either from the neutral traplike centers,
or from a highly interactive dense impurity band where the coulombic potentials of
the single charged centers interact to give a randomly perturbed local potential and

hence a finite energy spectrum for the band.
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J. A. Bruce, J. J. Comer, C.V. Collins, and H. G. Lipson, "Effects of lon Beam
Polishing on Alkali Halide Laser Window Materials,” Third Conference on High
Power Infrared Laser Window Materials, Nov, 12-14, 1973, AFCRL-TR-74-
0085(111), 14 February 1974

[ This paper reports successful argon-ion beam polishings of single-

crystal KC1 and KC1-KBr, ]
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B. L. Weigand, "The Potential of Thin Organic Polymeric Films as Protective
Coatings for Alkali Halide Crystals,’ Third Conference on High Power Infrared
Laser Window Matcrials, Nov, 12-14, 1973, AIFCRL-TR-74-0085(111), 14 Febru-
ary 1974

The author is encouraged by the pcssibility of protecting alkali halides with
organic polyn.eric fluorocarbon films that do not show the characteristic hydro-
carbon absorption bands at 10-11 um and 3-4,5um. [ In Sec, VI it is argued that
the great values of the moisture-vapor transmission rates of presently known
polymer films precludes their use as protective films for high-power alkali-
halide windows or coatings. The suggested films have too great absorption,

even though there are no bands peaked near the laser frequencies, for use as

high-power antireflection coatings, The absorptance probably is too great even

for thin protective coatings. (As an example of strong absorption without bands,

dem 1, ) For ex-

water has no absorption bands near 10. 6 ym, but BIO.6 =10
ample, the absorptance of 1, 1-difluoroethane in Fig. 2 of the reference appears

to be ~40 percent. The thicknesses of the films in the figures, which were from
previous Autonetics reports, were not known, but were believed to be several
hundred nanometers thick on 25 bounce attenuated-total-reflection (ATR) plates,l 17
for a total effectlve thickness of ~5um, very roughly. The absorptlon coefflcient
would then have the value B, = 0.4/5x10 *= 800 cm™!, and the absorptance of a
0. 1 wn-thick protective coating would then be Ap = (0.1 um)( 800 cm'l) =8x 10'3.
which is a factor of 80 greater than the desired value of 10-4.]

38 109

*® *®
{ Such previous difficulties as those of Young °° and Chaffin and coworkers
in protecting alkali halides suggest that complete coverage of large areas by thin
films (l,f €0.1 pm) may be difficult. Polycrystalline films would not protect large

areas, and the thickness of glassy films had to be of the order of the largest
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*
scratches and imperfections on the substrates. ® Even though polymeric films

could possibly give better protection than glassy films, it is questionable that
very thin films would give complete pin-hole-free :overage of large arcas.
Weigand ol estimated that at least 100 nm thicknesses would be required to
obtain pin-hole-free coatings and that obtaining such coatings over large areas

of the order of 10 cm diameter would be a difficult engineering project. |

[ Hexachlorobutadiene should be one of the better rmaterials considered in
this papcr.117 A 0. 65 ym-thick sample on a 30-bounce ATR plate of KRS-5
showed a 9 percent transmittance reduction at 10, 6 ym from the value at a
large flat peak from 8,5-10 pm.“7 Thus, B; = 0.09/30 (0. 65 um) = 46 cm'l,
and the absorptance of a single, 0.1 ym-thick protective coating should be

5cm) = 5X 10-4, very roughly. Since this is an approxi-

A, = @6cm 1) (10"
mate value and it is only a factor of five greater than the desired value of 10-4
(assuming that two more factors of 10-4 could be tolerated for the protective

coating on the two antircflection coatings), it is conceivable that a sufficiently

small value of B could be obtained. However, a program to protect alkali

halides with thin polymeric films would be highly speculative in view of the

questions of obtaining a sufficiently small value of absorptance and of obtain-

ing complete pin-hole-free covorage with very thin films. ]
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B. E. Knox and K. Vedam, "Coating Science and Technology,"” Third Conference
on High Power Infrared Laser Window Materials, Nov, 12-14, 1973, AFCRL-TR-
74-0085(111), 14 February 1974

It is pointed oL that the strong adhesion of metal films to glass can be

attributed to an intermediate oxide layer which produces chemically bound

filmis and that tetrahedral carbon films, or so-called "diamond films," have

been observed by mass spectrometrists for many years and appear inside

their ionization chambers, Attempts to laser evaporate graphite and allow
the plume of evaporated species (mainly C3 and Cl) to pass through a micro-
wave cavity in an attempt to predominantly form atomic carbon which we hoped

might form diamond structure carbon were unsuccessful. Calculations after the

failure showed that the laser flux was too small,
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T. M. Donovan, L. E, Jenkins, R. C, O'Handley, and D, J. White, "Thin Film
Coatings for Alkali Halide Windows," Third Conference on High Power Infrared
Laser Window Materials, Nov, 12-14, 1973, AFCRL-TR-74-0085(11I), 14 Febru-
ary 1974

Amorphous Ge of one-half-wave optical thickness at 10,6 ym had Bf = 40

em Lt 30 am L,

Film thickness ranged from 0.1 to 2 ym, deposition rates were
0.2-0.3 nm/sec, and both ultrahigh (uhv) and standard vacuums were used. Under
uhv conditions, crystallization occurred for ’I‘s < 200C. Air-exposed or standard-
vacuum-deposited films crystallize at Ts 2 300 C. [ The absorption coefficient of
amorphous Ge on a KC1 substrate increased monotonically from 40 cm-1 at hw

= 0.1eV (10. 6 um) to 10° cm™ ! at 1.3V (0.9 ym), believed to be a result of ab-
sorpticn from "states in the gap" of the amorphous semiconductor.] Amorphous
Ge on fused quartz had lower values of va by a factor of ~10 at 2,5 um (wheie¢
Bf = 100 cm-l) [ again snowing the possible great cffect of the substrate on Bf].

[ Improved results for amorphous Ge films are reported by Bennett in Ref, *19,

which is also abstracted in this section, ]
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M, Braunstein, " Laser Window Surface Finishing and Coating Technology,”" Third
Conference on High Power Infrared Laser Window Materials, Nov, 12-14, 1973,
AFCRL-TR-74-0085(111), 14 February 1974

The Ge film with the lowest absorption, ﬁf = 10 cm-l, was produced on a
ZnSe substrate using ion-beam sputtering. A comparable absorption of 12 cm-1
for a film produced on KCI in uhv was obtained at the highest deposition rate
of 7 nm/sec. T. Donovan obtained 77 cm-1 for 0.1 to 0.3 nm/sec under uhv
conditions. There is evidence for K and Cl impurity migration into the Ge
film. Mechanically polished ZnSe surface layers are softer than the underiying
crystalline substrate. The surface layer is caused by smearing of the surface
during lapping in the necar-final polishing stages, since scratches are positioned
within tiie layer and result from finer abrasives, We have estimated that the

surface layer is about 500 nm thick and is amorphous, since no structure is

seen in the layer itself. lon polishing of ZnSe first reduced B, then increased

B and scattering.
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P. Kraatz, S.]. Holmes, and A, Klugman, "Window Surfaces and Coatings for
Lasers Operating in the 3-5um Region,” Third Conference on High Power Infra-

red Laser Window Materials, Nov. 12-14, 1973, AFCRL-TR-74-0085(1lI), 14
February 1974

Coatings of Mng / MgO, 'I‘hF4 / I’bFz, and 'I'hF4 / PbF2 were deposited

on CaF, . [ Absorptance was not measured. |
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Air Force Cambridge Nesearch Laboratories LQ Technical Memorandum No. 35,
Part 1, Semi-Annual Report No. 2, edited by B, Bendow and P. D. Gianino, Dec. 31,
1975

Lan, CcF3, NdFs, GdF3, and HoF3 coatings of thickness 1-2 ym on KC1 on

ZnSe at high substrate temperatures and low deposition rates all showed very
high absorption at ~3 and ~6um [probably water, possibly absorbed in porous

films after deposition], which was not removed by deposition at ~ 10-ll torr,

Values of B, at 10.6 um ranged from 32 to 106 em'L, [Since B; > 0.5 em’ !,

these films are not satisvfactory for high-power, 10,6 um use.]
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Perry A. Miles, D. W. Readey, and R. T. Newberg, "Research on Halide Super-
alloy Windows, " Raytheon Research Division Final Report, Contract No. F19628-
72-C-0307, 20 April 1972 to 30 October 1973

Coatings of A3253 with thickness ranging from ~2 gm to 20 yum were deposited
on cleaved and on polished KCI substrates. The background pressurc immediately
before evaporation was 8 x 10'7 torr. During the evaporation the pressure rosec to
between 10'5 and 6 x 10-5 torr. Evaporation times ranged from 10 to 35 minutes.
Substrate temperatures ranged from 35 C to 67 C in some cases and were main-
tained near 35C in later runs, Values of Bf at 10,6 ym ranged from 3 to 7 cm-l
in early runs, and a value of Bf = 1,5 cm-l, which is near the bulk value [ of
Bb L 0.8cm'l ], was obtzined in a late run, | The Hughes Research Lal)ox'atorlc;9

also achieved Bf ™ Bb.] The decrease in Bf resulted from repetition rather than

change of technique. [ Repetition apparently cleans the system in this case.] Itis

highly significant that a repeat of two measurcments after a three-day interval

showed an increase in the film absorptance (by ~7 x 10-4 for a seven-micron-

thick coating and by ~8 x10% for a 12 gm-thick film). [It would be of interest to
perform such time-dependent measurements for all of the coatings of the various
thicknesses, since this should distinguish between surface effects, such as ad-
sorbed layers of water, and such bulk-coating effects as filling of pores with
water. The results for the two thicknesses measured are inconclusive, but they
do suggest that the additional absorptance was from the surface since a bulk
effect should have shown an absorptance increase at 12 ym of 7 x10°4 (12/7)

= 1,2 10-3, compared with the measured value of 8 x 10'4.]
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J. H. Chaffin and R. A, Skogman, "Thallium lodide Protective Coatings for
Alkali Halide Optical Components," Proceedings of the Fourth Annual Con-
ference on Infrared Laser Window Materials, Nov, 18-20, 1974, Tucson,
Arizona, January 1975

Thallium iodide films on KCI had B¢ < lem™ and n_ = 2.1 at 10, 6pm.

Pin holes in the coating allowed moisture attack of the KC1 substrates. The
value of Bf increased rapidly for deposition rates exceeding 6 nm/min,

[ A later Honeywell pub]lcatlon86 reports deposition rates of 50-500 nm/min, ]
For substrate temperatures greater than 60 C the films were cloudy and had

rough surfaces, Graded T11-KCl coatings had B = 50 em’L,
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M. Braunstein and J. E. Rudisill, "Polishing and Coating for Large Diameter
(15 cm) High Energy ZnSe Laser Windows and Coatings for Alkali Halide
Windows,"' Proceedings of the Fourth Annual Conference on Infrared Laser
Window Materials, Nov. 18-20, 1974, Tucson, Arizona, January 1975

4

A 'I‘hF4 /ZnSe coating on ZnSe had Af = 8x 10°°, a ZnSe/ ’I‘hF4 coating

on KCI had A, = 1.7x 107, and an As,S,/ThF, coating on KCI had 1.9

f
X 10-3. Coatings of ZnSe/ 'I‘hl’~‘4 on KC1 cracked and peeled upon removal
from the vacuum system (as a result of the strain in the 2 ym thick inner ZnSe
layer). One ZnSc,’ThF4 film remained intact for a period of time, but then

crazed,
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M. Braunstein, A, I, Braunstein, D. Zuccaro, and R. R, Hart, "Ge and ThF
FFilms for High Energy Laser Components," Proceedings of the Fourth Ann‘txal
Conference on Infrared Laser Window Materials, Nov. 18-20, 1974, Tucson,
Arizona, January 1975

Germanium and 'I‘hF4 films on KCI and ZnSe substrates were prepared

by ultrahigh vacuum and ion-sputtering techniques. The lowest 10, 6 yin-

absorption coefficient obtained was Bf = 10 cm-l for both the Ge and ’I’hF4

films.
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P. Kraatz and P. ]. Mendoza, "CO Laser Calorimetry for Surface and Coating
Evaluation, " Proceedings of the Fourth Annual Conference on Infrared Laser
Window Materials, Nov, 18-20, 1974, Tucson, Arizona, January 1975

At the CO laser wavelengths (near 5,2 ym) for Csz stvbstrates, the

values of film absorptance were B, = 2,1 em ™! for ThE, and B, = 2.3

em™ ! for PbE, .
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