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PREFACE 

This Sixth Technical Report describes the work performed on Contract 

Number DAHC15-73-C-0127 on Theoretical Studies of High-Power Ultraviolet 

and Infrared Window Materials during the nominal period from July 1, 1975 

through December 31, 1975.   Hie work on the current contract is a continuation 

ofthat 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 theoretical 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; electron-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 (even the 

position of the absorption edges) in alkali halide..; and surface-state and re- 

lated absorption in wide-bandgap insulators. 
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Sec. 1 

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 contamination must be avoided by 

obtaining high-packing-density films and using ultrac lean-deposit ion 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. 

• • Absorptance 

• The major current problem with 'iigh-power infrared coatings is obtaining 

a sufficiently low optical absorptance. 

-4 • Values of film absorptance A. per surface of Af = 10    , or absorption 

coefficient ßf = 0.5 cm'   for film thickness l{ = 2|im, are desired in order to 

avoid greater film absorptance than bulk absorptance. 

• As a result of the coating absorptance usually being orders of magnitude 

greater than the value corresponding to the absorption coefficient of the bulk 

material, the problem of obtaining low optical absorptance las been even more 

difficult than the severe problems of obtaining stable coatings with ultralow re- 

flectance plus the usual requirements for field operation. 

• 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. 

.j** 
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Sec. I 

• Important contaminants include water, such other molecules or correspond- 

ing molecular ions a;9 03, HCCXj. C103, N02, C02, 1^0, C02, UDO, S04, CHj, and 

various other hydroc.irtwns, and other less likely contaminants discussed in the 

text. 

• 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. 

• High-packing-density films are expected to be necessary to avoid exces- 

sive absorptance from contamination of the pores. 

• Additional possible sources of the greater film absorptance are deviations 

from stoichiometry and other Vss likely sources discussed in the text. 

• The ultraclean deposition conditions mentioned above are required in order 

to avoid film contamination during deposition and substrate contamination before 

deposition and to obtain stable films In some cases. 

• Substrate-surrace preparation Is Important since the substrate condition 

affects the coating quality, and the substrate-surface absorptance can be much 

-4 greater than 10     even before the coating is applied. In addition to Infrared ab- 

sorption by adsorbed layers on the surface, a damaged surface layer (resultmg 

from polishing, for example) could absorb water or ( her contaminants that in- 

crease the absorptance. 

• 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 methods suggested, and that the contamination of 

-Ikl 



Sec. I 

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. 

•   As | result of this surface adsorption of contaminants,  it may be difficult 

to reduce the total optical absorptance of field-operated.  IQ.bum optical elements 

below ~4 xlO"4. Two molecular layers of adsorbed water formally give absorp- 

tance Af »10     pe "4 per surface. A 99.9? percent dense, two-micrometer thick coating 

with the remaining ing 0.05 petcent occupied by water gives Af ■ 10     per surface. 

• Umitations 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 

maintaining the window environment at an elevated temperature. 

• Concerning the greater film than bulk absorptance, the only material 

known to be deposltable with film absorptance as low as bulk absorptance at 

lü.öjim is As2S3, with film and bulk absorption coefficients ß{ = ^ = 0.8 

cm'1, which would corr^.pond to a film al 

quarter-wave optical thickness of 2.2fim. 

-4 
cm"1, which would corr^.pond to a film absorptance Af = 1.8 x 10     for a 

Tht 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 conslde ed If they are not solved automati- 

cally in the process of lowering the absorption. 

I 
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Sec. I 

• • Measurements 

Spectroscopic measurements of film absorptance Af as a function of frequency 

co on very thick films and on coated attenuated-totil-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 hi the rule rather than the exception that some- 

difficult cs will be encountered in research programs, additional measurements 

probably will be desirable. Measurement results arc as follows: 

• Attenuated-total-reflection (ATR) measurements of film absorptance at the 
-4 

level Af 2: 10     are difficult to perform and to relate to the calorimeter value (nor 

mally incident transmission, as  >pposed 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" , with the interpretatkn difficulties, 

are iseful, especially in showing characteristic absorption bands of impurities. 

• Previous use of 45° ATR plates for all substrates and films is Fnown to 

cause difficulties in interpreting data as a result ol non-total internal reflection. 

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

• Spectroscopic measurements of Af(u)) on very thick films, both at normal 

incidence and on ATR plates, should be useful for materials which can he depos- 

ited as thick films. 

• 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 

jic 
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Sec. I 

opt.cal thickness on a metal substrate (electric field E £s 0 at surface and 

in»vrface), one with quarter-wave optical thickness on the metal substrate 

(E ^ 0 at surface and E 2= 0 at interface), and one with half-wave optical 

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

• Self-f'Im growth and characterization, including film-thickness and 

smgle-deposition-vs-multiple-deposition effects, would be useful. 

• JB situ   mcasureiut   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 ~3^m 

and ~6jxm for polycrystalline films that have been exposed to high hunidity 

and to water, possibly at elevated temperatures, are needed to rule out the re- 

mote possibility that it may be necessary to use a glassy or perhaps an amor- 

phous or polymer film as the outside film of coatings to avoid high absorptance 

from water contamination of pores. 

• 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 least in fluorides. 

• •  Guidelines fur Selecting New Materials 

Figure-of-merlt-type analyses, which were useful for window materials, 

are not appropriate for selecting coating-material candidates since the coatings 

must satisfy a number of Independent requirements. Thus, the following guide- 

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

W«* 



Sec. I 

• The value of the bulk absorption coefficient B^ must be less than a 

required value such as 0.5 cm" . 

• If the recommendations of Sec. II fail to produce values of the film ab- 

sorption coefficient 0f less than 0.5 cm" (for materials with /J. < 0.5 cm"1), 

a guideline for obtaining /3f < Ü.5 cm'   will be sought. 

• The value of the index of refraction nr must be within the required range. 

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

quired. 

• The stress In a film Is cetermlned 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. 

• Nonhygroscoplc materials are desirable, although it is presently believed 

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

layer stack. 

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

single-crystal requirement may be relaxed later In the program. 

• Materials must be nonradioactive and nontoxlc for some applications. 

• The hardness of the outside materials should be great for coatings that 

must pass abrasion standards. 

• Previous experience with the materials in question should be considered, 

but caution Is required to avoid misleading negative results. 



Sec. I 

• The followuig properties are desirable, but are difficult to predict for 

materials that have not been prepared previously in thin-film form: 

film packing d^neity 

stability (water or other chemical attack, thermal or photo decomposition) 

deposition compatibility in multilayer coating,- 

adhesion to substrate 

stoichiometric in thin-film form 

no adverse diffusion effects at Interface, 

• • Candidate 10.6|xm Coating Materials 

Materials for lO.öjim 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. 

• • Candidate 2-6^m Coating Materials 

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

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

• •   Humidity Protection 

• Glassy films such as As2S3 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 of water on the surface of anti reflect ion roatings will be considered. In 

addition to the technical problem of obtaining •> in-hole-free films, there are poten- 

tial basic problems of high moisture-vapor trai;«»mi8üion through the films and of 

high infrared abso~ptance by the films. 
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Sec. I 

.   It is not likely that polyerystaUine films can protect large areas of alkali 

halides from moisture attack. 

.   It is probable, though not yet certain, that polyerystalline films can be 

sufficiently dense and sufficiently hygroscopic to allow Af ■  lO"4 to be attained 

in carefully prepared films. 

•   Priority of future research on amorphous semiconductor films is low 

since the likelihood of obtaining ßf less than 0.5 cm-    is smaU. 

• •  Laser Heating 

-4 
•   For equal film (two surfaces) and bulk absoiptances, 2 Af = ^ = 2 x 10   , 

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

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

total value T      ■ LOK, which is sufficient to cause thermally induced optical- 

distortion failure in some cases. 

•   In a typical system with repeated short pulses, only the time-average heat- 

ing need be considered (apart from inclusion damage, nonlinear effect, and possible 

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

,   The linear absorption (below the damage threshold^ by strongly absorbing 

(a       = ira2 ) one-micron-radius inclusions spaced 175,im apart in the coating 
v   abs , •  
gives rise to absorptance A^ = 10    . 

• •  Laser Damage 

2 
•   Inclusion damage is expected to occur at energy density ltp ar 1-10 J/cm 

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

al hundred joules per squ are mntimcter for microsecond pulses. In principle, 

values of It   < 1 J/cm2 are possible for nanosecond through microsecond pulses. 

w^» 



Sec. I 

3 2 
•   Intrinsic damage of coatings is expected to occur at lt

p - 
10 J/cm   for 

a pulse of duration t   »  lOjis and Af = 10"   as a result of linear heating of the 

coating, or a. It   » 100 J/cm2 (or 1 = 10 GW/cm2 ) for a 10 ns pulse of ~1 to 

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

nonlinear process. 

• Intuitively it appears 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. 

• •   Damage of Detached Areas of Film 

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

cause coating failure: 

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

segment of diameter D = 2 mm is surprisingly small. 

• The temperature is proportional to D . 

• The thermally induced stress corresponding to T = 25 K has a typical value 

of 20 M Pa (3 x 103 psi) which may be sufficient to cause further detachment, then 
2 

further temperature increase since T ~ D , and possibly a runaway condition re- 

sulting in damage. 

.^JL 
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II.   NEAR-TERM RECOMMENDATIONS 

The following recommendations are based on conversations with investigators 

having experience m deposition of thin films, on information obtained from the lit- 

erature, and on the simple analyses in the following section:*. 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 

adHitional film deposition 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 research-laboratory conditions, which is the first step in obtaining usable 

coatings, are considered directly. The ultimate applications and the problems of 

production of field-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-al sorptance stable coat- 

ings with the desired properties have been solved, the stringent deposition con- 

ditions can be • elaxed.   Indeed, the engineering problems of canying out r. 

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 areas, several laboratories already have large- 

deposltlon-area 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. 
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Substrate preparation, film deposition, and film measurements should In- 

carried out at a single location.  Such a program will be larger than the individ- 

ual coatings programs supported in the past.   The need for such a large single 

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

• •   Film Deposition 

• 1 .ie substrate and the entire vacuum chamber should be baked at a hi^h 

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

readsorption 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, 600C 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 adhete to substrates without special pre- 

cautions. However, in order to obtain low valies of absorptance, and in view of 

the known iensitivity 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     -»ns are especially important in the near- 

term program    when the sour cs of the Mm problems are being sought and when 

new film materials are being tried.  Films which could not be deposited success- 

fully in original tries have been entirely satisfactory when proper deposition care 

was exercised. 

11 
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•   State-of-the-a it ultrahigh-vacuum deposition systems should be used. 

-7 -9 
Even though ultrahigh-vacuum systems (less than 1.3 x 10    Pa, or 10    torr) 

are expensive to construct and to operate, they should be used since contamination 

of films during deposition has been identified (Sec. IV) as a major problem üi high- 

power .'Ums. Even though there art 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 storting material is not 

expected to give low-absorptance films in general. Second, a lowering of absorp- 

tance for values below ~10    would not have been detected 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 

produce coatings on large windows under ultrahigh-vacuum conditions. 

• The optimum substrate temperature must be determined and used. 

Substrate temperature is critical In obtaining maximum film density (for 

minimum wat^r uptake on exposure to the atmosphere) and maximum film sta- 

bility. Trial and error are necessary to determine the optimum substrate tem- 

perature. Substrate-temperature requirements are known for some materials, 

but even these requirei.ients could change wlivn the strict deposition conditions 

are maintained. 

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

program. 

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

promising, previous difficulties in depositing stable, low absorptance films 

w«* 
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^ by methods other than vacuum vapor deposition strongly suggest that only vacuum 

deposition he used in the near-term program.   Unless the ultraclcan, vacuum depo- 

sitions fail to produce acceptable coatings, depositions by other methods should be 

considered as studies of advanced deposition methods, not as studies of coatings 

for high-power infrared optics. 

• 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 Hitter's article    are highly relevant: "The 

preparation of the material to be evaporated is of consioerable 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 suitable, since they have too much adsorbed gis, which is 

desorbed during heating and leads to pressure /ise and spattering of material, 

even to jumping out of the boat. Some fluorides tend to form oxide or carbonate 

l.'.yers on the surface. These layers may impede free evaporation ind cause 

sudden spattering of the evaporants."   Ot'ier precautions such as particle filters 

and great distances to the substrate should be exercised. Hughes Research Lab- 

*3 
oratories found     that commercially available As,^ was not*5atisfactory for 

high-quality As2S„ films. 

•   Stoichiometry must be obtained. 

Nonstoichlometric films are unstable and have great absorption. 

13 
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• •  Substrates 

• Only substrates with statc-of-thc-art surface preparation should be used. 

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

10"2 and me importance of substrate smoothness and cleanliness on film quality 

arc now icnown. 

• ATR plates with one Third of the plal^ uncoated, one third coated with a 

film of normal thickness, and one third coated with a very thick film should In. 

used as substrates.   The appropriate angle for the given substrate-coating com- 

bination should be used and the Raytheon-pi ate dimension, 2 mm thick and 5 cm 

long, should be used. 

• 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. 

• Later in the prograir it may become desirable to make depositions 

simultaneously 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 Sees. V and I. 

14 



Sec. II 

• • Mcasur rnents 

•   The- near-term orogram   should include spectroscopic measurements of 

A (CO) on very thick films, on attenuated-total-reflection (ATR) plates coated 

with standard-thickness films, and on ATR plates coated with very thick films 

(even though difficulties in interpreting the experimental res« Its have prevented 

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

• Laser-calorimetry measurements at specific wavelengths also should be 

included in the near-term program   since small values of absoiptance can be 

measured. 

• Measurement oi absorptance at the water absorption peaks a 3^1 and 

6 pm for polycrystalline films that have been exposed to high humidity and to 

water, possibly at elevated temperatures, should be- made to rule cut 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. 

• 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. 

• Improved methods of measuring small values of absorptance In the range 

of 10'4 as a function of wavelength "om 2 through 14^ are badly needed and 

should be supported. However, previous attempts to make such measurements 

using a variety of different techniques have all encoui tered serious technical 

difficulties. Thus It Is strongly recommended that the near-term costings pro- 

gram should proceed Independently of any measurement-development 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. 

• •  Film Materials 

• Studies of new materials should not be underta' en for conditions other 

than those specified above. 

Even though new coating materials are urgently needed, it w^uld be eco- 

nomical to first obtain the slate-of-the-art vacuum-deposition systems and the 

methods of measuring low value.; of |3(co). Any failures of coatings of new ma- 

terials deposited under nonoptimum conditions would be of limited value and 

could be misleading since it is known that good films ha"p been deposited with 
4 

sufficient care after failures under nonoptimum conditions. 

• The following 10.6^'" candidate film materials are selected as the most 

promising: 

Low-index materials 

ThF. 4 
NaF 

BaF2 

High- ■ index mate 

ZnS 

ZnSe 

As2S3 
As2Se3 

rials 

SrI2 
NaCl Til 

KC1 

KGaF4 + othe- Cryol'*j- 

ty] 1 materials 

The Cryolite-type materials are mixture   of (Na, K, Rb)F and (AltGa, In)F3. 

•    The material-seK ctlon guidelines of Sec. X and the information in Sees. 

X, XI, XIl, and XIII should be used In selecting coating materials for the near- 

term program. 

16 
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III.  BACKGROUND INFORMATION 

In this section coat.ng requirements and problems are discussed in general 

terms, ai.d some useful backgiound information is given. Results of this section 

include: 

• Coating requirements and coating problems, listed below with heavy dots, 

illustrate the severity of the high-power coating problem. 

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

tant as problems of coaling materials. 

• A ^^KI.. current regüred value of absorptance per coated surface of 

A = 10'4, which corresponds to absorption coefficient ß{ ■ 0.5 cm X for film 

thickjvss i - 2Mm, is obtained by requiring the film absorptance to be no greater 

than a typical bullc absorptance. 

• The following typical values of parameters are chosen for use in examples 
3 2 

throughout the report unless specified otherwise: irradiance I = 10  W/cm , film 

and bulk thermal conductivity Kf = ^ = 5 x in"2 W/cmK, film absorption coeffi- 

cient ßt - n.Scm'1, bulk absorption coefficient ^ ■ lO^cm"1,  film thickness 

i  = 2 jim, window thickness ib = 2 cm, film absorptance per surface Af ■ ßf üf 

■ I0"4, bulk absorptance ^m ^ = 2 x JO"4, wavelengt! X = 10.6^«, and laser 

pulse duration t^ 10 sec. 

Excerpts from the literature are included in Sec. XIII. which is an important 

part of the report. Most of the results from Sec. XIII are not repeated in the other 

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

Summary of Results, and Sec, II, Near-Term Recommendations, together serve 

as a summary of the results of the report. Short section summaries are included 

at the beginning 01 each section. 

The overall objective of current Department of Defense high-power infrared- 

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 importance to high-power laser programs of obtam- 

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

"Hie 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 materials, and the subsequent successful developments in the 

wmdow-materials programs have now created an immediate need for antireflec- 

tion coatings. There is a vast history of antireflection-coating research ar.i 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 M 

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 
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The preliminary results are cxtrerr'^ly 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 films, to obtaining more materials to afford a wider choice of 

valves 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 satisfr.ctory coatings have been made, (e) Guidelines for selecting candi- 

date materials have been developed and used to select a set of materials to investi- 

gate experimentally. Other results are summarized in Sees. I and II and discussed 

in the following sections. The immediate needs of the coatings program are now 

clear. Specific ultraclean deposition conditions are required, and high-density, 

stoichiometric films are necessary. 

The emphasis of this report is on 10.b^jm system^:, although most of the re- 

sults are general and apply to other infrared systems as well. The problem of 

obtaining coatings for 2-6^m systems is expected to be less difficult than for 

10.6 jim systems, as discussed briefly in Sec. XII. 

The pi ^slem of obtaining satisfactory antireflection and/or protective coatings 

for high-power infrared windows is difficult, particularly at 10.6jim. 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 window materials, "    are not useful at the present stage of coatings studies.) 

The resulting overall requirements arc so stringent that there are no completely 

19 i 
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satisfactory coatings, and there are only a few candidate coating materials for 

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

• low reflectance 

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

• low optical scattering 

• good adhesion to the substrate 

• ability to be prepared as thin films 

• homogeneous and flat over large areas 

• great hardness 

• low radioactivity and toxicity 

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

applications 

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

attack in some applications 

• acceptably low cost. 

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

etc., have been established. 

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

strongly related to the surface 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 uf surfaces, before a coating is deposited, 

that are greater than currently acceptable values. Even a monolay« r of some ma- 

terials adsorbed on a surface can cause unacceptably great optical absorption. 

Since applying a coating to an absorbing surface is not e-q)ected to reduce the 
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absorptancc, the surface absorptance problem must be solved before the coatings 

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

eitles of a coating in general. 

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

lems is the paucity of materials with low absorption at 10.6 um. 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 0. For example, a value of ß 
-4      -1 

= 10    cm     is currently desirable for a window material. It will be shown below 

that a film material for 10.6fim use can have a value ß{ = 0.5cm"1 and still be 

compatible with a two-centimeter-thick window with ß ■ 10"4cm"1, roughly speak- 

ing. The advantage of being able to use materials with greater values of ß in films 

is partially offset by the fact that the value ß{ of the absorption coefficient of a 

material in the form of a film usually is greater, by two to four oxders of magni- 

tude in some cases, than the corresponding value ß,   of the bulk material. The 

severity of the absorption requirement for 10.6(im coatings is illustrated by the 

fact that the value /3f = 10 cm    for the popular and currently important infrared 

coating material TK'4 is a factor of 20 greater than the compatibility value ßf 

= 0.5 cm     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: 

• difficulty in obtaining low absorption, ß{ » ß.   for most coatings 

• only a few candidate materials 

• need materials with a range of values of index of refraction n 
r 
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• need method of measuring frequency dependence ßJui) of ß{ 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 

• compatibility of layers in multilayer coatings 

• good thermal contact with substrate is required 

• seme important film materials are radioactive (ThR) or toxic (Til) 

• atmospheric contamination, including water, of surfaces and pores of 

films may be difficult to eliminate 

• substrate preparation often is difficult 

• interface contamination 

• diffusion of Ions at interfaces 

• stress in coatings 

• optical scattering. 

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

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

per coated surface is Af = 10" , which corresponds rojghly to ßf = 0.5 cm'1 or 

extinction coefficient K ■ 4.2 x 10     at 10.6um.   The goal of recent Department 

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

value of Af for a lO.öjim coating reported to date is*9 Af = 3 x lO-4 for a two- 

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

coating on KC1 is Af = 1.9 xlO-3 per surface.*10  This current desired value of 
-4 

Aj = 10     Is based on compatibility with the bulk absorption in window materials, 
-4     -1 

for which ß^ - 10    cm    Is now a commonly mentioned value.   All of these 
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numbers are to be taken as typical values. Even smaller values of ß for both 

films and bulk materials already would be highly desirable and may be a neces- 

sity for future systems.  Finally, it should be mentioned that ß = 0,5 cm"1 is 

only a typical value, and that the value Af = 10     can be achieved with a coating 

material having ßf somewhat greater than 0.5 cm"1. An example is a multilayer 

coating in which a layer can oe both thin and located at a position of low electric 

field, as has been shown at the Hughes Research laboratory.*9 

In Sec. VII it will be shown that since thermally induced optical distortion, 

rather than melting or fracture, often limits the values of ßf and ft , a conven- 

ient measure of compatibility of the coating and bullc absorption is equal absorp- 

tance by the two coated surfaces and the bulk, 

2Af  =   ^     . 

(rather than equal values of the maximum temperature rise from bulk and coating 

absorption). For ßhlb« 1, where J^ is the window thickness, the absorptance 

of the bulk is ß^, and for /3f if <K 1, the absorptance of the film is ß{lf. 

Equating 2/3fjtf to ßbtb gives 

ß{ = (V2V0b  • *f = <V2V«b  • 

4 -1 ^ 
^f =   (10 ßb)n.5 cm , for jeb = 2cm and jlf = 2^m   . 

Thus, for ßh = 10"  cm" , the value of ß{ from (3.1) is ßf = 0.5 cm"1 and the 

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

*f at X = lO.öjim is K{ = 4.2 x 10" , which follows from the general relatio 

(3.2) 
= 8.44x10" ß at 10.6jim 

K = Xß/4v 
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with ß in units of cm   .   The extinction coefficient K is of course the negative 

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

High-power infrared coatings to date have consisted of at least two layers. 

Harold Posen      and coworkers at Air Force Cambridge Research Laboratories 

state that three-layer coatings are current state of the art at 10.6fim, There are 

1/2 so few candidate materials that a coating material with n = (n ) ' 0 rcoat        r window 

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

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 titjuli» ment for materials with both high and low values of the index 

of Tvfraction and limitaiions on the "substrate" temperature and possibly other 

deposition conditions for The various layers of the coating. 

The current ; tatus of 10.6>im film materials and of 10.6fxm antireflection 

coatings is sumru«   •/ed in Table 3.1. Notable features of the table are as fol- 

lows,   lliA best anti«> flection coating that passed the adherence, humidity, stabil- 

ity, and abrasion tests was a ThR/ZnS coating on ZnS from the Hughes Research 

-4 Laboratories. The value of Af = 6 x 10     is a factor of six greater than the cur- 

-4 -3 rer .ly desired value of 10    . ^The value of A, was less than the goal of 10     for 

thftt program.)  The lowest value of Af obtained to date for a 10 6^m antireflec- 

-4 
tion coating was 3 x 10     for a ThF^/ZnSe 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 materials that 

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

cm   . In addition to the current low-index material thorium tetrafluoride, the 
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only other of these six materials that has a low value of the index of refraction 

is KC1.   It is not yet clear if coatings conUlnln« KCl, even as inside layers, can 

withstand high humidity for extended pt nods of time. 

The only material for which the film absorption coefficient fy is ef|ual v. the 

bu'' -bsorption coefficient ^ is arsenic trisulfide, with ßf = ß^,    U'77 cm   * 

PoUMium chloride, cadmium tdluride, and zinc selcnide have values of ßf thai 

are three to four orders of magnitude greater than the corresponding values of fth. 

The value of 0f for thorium tetrafltoride usually is quoted in the literature as 

ß   = 10 cm"1; however, a value of /3f < 1.2 cm'1 has been observed ir one case. 

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

unless spec.fied otherwise: 

I  =   I03y//cm Kf -  Kh      5/10'2W/cmK 

ß{ = 0.5 cm"1 ßh '-   I0"4cm"1 

jt   = 2^m Jtb - 2 cm (3.3) 

Af -   ßfl{ - lO"4 S * V 2 X 10'4 

X -  10.6Mm tp  =  10 s     . 

Merc the subscripts f and b denote film (coating) and bulk values, respectively, 

I is the incident irradiancc (intensity), K is the thermal conductivity, ß is the 

absorption coefficient, t is the coating or window thickness, A is the absorp- 

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

The value of C is near 2 J/cm   K for most materials, and the value of K 

typically ranges from 3 x 10"3 W/cmK for Tl 1173 chalcogcnide glass to 0.13 
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for zinc selenlde. Since the value of I can vary considerably from system to 

3 2 
system and there is no typical valte of I, the value of I = 10' W/cm   is chosen 

as representative; the resulting typice.) temperature rise T = IK, from Sec. 

VII also Is a representative value. The choice of t    ■ 10 s also is arbitrary. 

For t » 10 s, the cooling of the sample must be considered.  This introduces a 

whole new phase of engineering 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 convenience: 

4ff^ /    *     \    / 10.6um \    .   1Q -1 
ß   = (^m—" 

A ? -ft 
IPa  =   1.450x10    psi  =   10.00 dyne/cm   =9.869x10     normal 

atmosphere (760 torr) 

=   10"5 bar ■ 7.502 x 10"3 torr (mm Hg@ 0 C) 
7 2 -5 2 

=   1.020 x 10     kg force/mm  (Knoop units) = 1.020 > 10    kgforce/cm 
2 

1 normal atmosphere = 760 torr =  1.013 bar =  1.013 M dyne/cm 

10 normal atmospheres = 1,013 MPa 
2 

100 normal atmospheres  = 1.033 Knoop ■ 1.033 kg force/mm 

-4 -11 
leV/A  = 1.6 x 10     dynes  =   1.6x 10       n 

1 cV/\ = 2.0x 1011 dynes/cm2 = 20 GPa  =  3.Ox 106 psi 
(2. 8Ar 

where 2.8A ■ 0.28 nm is the near-neighbor spacing in NaCl 

1 eV/molecule  =   24 kcal/mole 

lgmil/(100 in2) 24 hr  = 4.56 x lO-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 u.sed to indicate that the pores in the film 

material are siuficiently large to abso/h water or perhaps other contaminants. The 

ordinary density, that is the mass per unit volume, can he 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 Posen     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 •- the shortest possible time for a reasonable commitment of 

funds. The near-term program r( commended in Sec. II was designed for this pur- 

pose. Many studies, including investigations of new methods of measuring absorp- 

tance and methods of deposition other than vacuum evaporation, 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 literature, should not be confused with the packing density of spheres in the 

elementary 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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S 1 
Low vacuum.   10 - 3.3 x 10   Pa , 

-4 

(760-25 torr) 

Medium vacuum. 3.3 x 10-0.13 Pa  , (25-10     torr) 

(10':'-10"6torr) Higti vacuum. 0.13-1.3x10    Pa  , 

Very high vacuum. 1.3 x 10"4-1.3 x 10"7 Pa , (10"6-10"9 torr) 

-7 -9 llltrahigh vacuum, less than 1.3 x 10     Pa , (less than 10     torr) 

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

that .TC approximately 50-100 nm thick, which arc used for protective coatingo to 

reduce water adsorption and/or increase abrasion resistance. 
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IV. POSSIBLE SOURCES OF ADD 11 ION AL ABSORPTION IN COATINGS 

The most important result of this section is that tin- most likely source of the 

extrinsic absomtion in coatings is contamination, which can ocv'jr after deposition 

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

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

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

• One of the major current problems of high-power infrared coatings is that 

infrared absorption in a coating usually is much greater than in the lulk materials. 

s   The only material known to be depositable with film absorption coefficient 

as low as the bulk absorption coefficient at 10.6fim is As^, with film and bulk 

absorption coefficients 3f = ßb = 0.8 cm" , which would correspond to a film ab- 

sorptance Af = 1.8 x 10     for a 10.6fim half-wave optical thickness of if = 2.2jim. 

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

lar ions as O3. HCO3, CIO3. N02t C02> CO, N20, ItDO. S04> 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 03 are especially important 

at 10.6um. 

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

#   other possible sources of the greater film absorptance are deviation from 

stoichiometry and other less likely sources discussed below. 
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*m 

•   It is possible that an overall absorptance of lo"   may not be achievable 

for 10.6^ini field-operated windows. Two monolayers of adsorbed water give ab- 

-4 
sorptance Af = 10     per surface. A 99.95 percent dense, two-Tiicrometer-thick 

coating with the remaining 0.05 percent occupied by water gives A. = 10"4 per 

surface. 

Film absorptance.  One of the most serious problems with coating is the 

greater optical absorption in films than m the bulk materials. The absorption 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 th^' absorption coefficient ß is greater in a film, /3f, than in the bulk, 

ßjj, 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 experiments 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: 

• film contamination (contaminants are listed below) 

• deviations from stoichiometry 

• interface effects such as ionic diffusion across interfaces, contaminated 

interfaces, or absorbing interface layers 

• free-carrier absorption 

• electronic states, especially in amorphous films 

• phenon or electronic surface. Interface, or film modes 

• strain effects. 
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Contamination. It is proposed that film contamination is the most likely source 

of the extra optical absorption in films. There are many possib.e contaminants, in- 

cluding the following: 

• water contamination 

• contamination by such other molecules or corresponding molecular ions 

as those listed in the section summary above 

• macroscopic absorbing inclusions in the film or on '.he substrate, Including 

polishing compounds 

• precipitants 

• diffused ions or molecules 

• dirt 

• dust 

• pollen 

• residues from plastic containers 

• fingerprints 

• particles spattered from the starting material 

• residual-gas contaminants 

• cleaning materials 

• rinses. 

In general these contaminants can be ^Hsorbed on the surfaces of the coatings, 

they could be on the substrate before the film 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. 

^k w^ 
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Vacuum vapor deposition and other thin-film deposition methods are after all 

12 
simply methods of growing crystals. R« R. Austin     pointed out that the Raytheon 

chemical-vapor-deposit ion zinc selenidc and zinc sulfide samples are just ultra- 

thick films. The difficulty with vacuum evaporation and other thin-film deposition 

techniques is that these teciuiiques 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 early phase of the hi^i-power window materials inves- 

tigations in which hot-pressed and sintered materials h-id greater absorption than 

did single crystals. There was even the question if polycrystalline materials could 

have as low absorption as single crystals. It is now accepted that greater absorp- 

tion result! from contamination of grain boundaries. Clean grain boundaries aiem- 

-4      -1 
selves are not a source of absorption, at least at the level of ß,  = 10    cm   . Indeed, 

the bulk absorption coefficient of polycrystalline KC1 with internally formed grain 

boundaries is as low as that of single-crystal KC1. Thus, contamination of any open- 

ings in coatings by water, absorbing molecules, dirt, or other absorbing materials 

is a plausible possible source of absorption. The great variation from film to film 

in reported values of 0, leaves little doubt thp»^ most reported values of ßf 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 

*2 
than ~2.7jim, and is known to be absorbed in many coatings.     In particular, films 

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

refraction changes con iderably. The pores apparendy are essentially filled with 
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water.  The water nhsorption can occur on expoNinK rh« deposited film ro the 

atmoapherc. Water vapor in the residual gas also can contaminate th< film.   lh( 

packing density of a film is not only important fron  the point of view of its opti- 

cal Ixhavior hut also of its mechanical and chemical stability. 

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

is seen from skimming the excerpts in Sec. XIII.   All 18 attenuated-total-reflec- 

tion spectra of coatings recently measured at Kaytheon      showed evidence of 

water abso:ption, as discussed in Sees. V and Xlll.  In fact, most film-porosity 

measurement techniques involve detecting the absorbed water.      A striking ex- 

ample of film porosity is discussed below, in this section, in the discussion of 

amorphous materials. 

It will be shown that at 10.6>im a 99.95 percent dense, two-micrometer-thick 

-4 coating with the remaining S / 10     fraction occupied by water has a theoretical 

value of absorptance Af = 10    . Alternatively, two monolayers of water (formally 

1 nm thick) gives rise to Af = 10" .   The corresponding values of Af from two 

monolayers of water for 2.8^m iß = 2.2 y lO^cm"1), 3.8>xm (0 ■ 197 cm"1), and 

5.3»Am O = 340 cm' ) arc Af = 2 x lO-4, 2 x lO-5, and 4 x lO-5, respectively. 

These important results indicate that high densities of the coatings surely 

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

field-operated, 10.6^m optical elements below A ■ 10     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 (A ) 
s 

measurements by Deutsch     '      offer some encouragement that Af = 10"4 may 

be obtainable. At 10.6^m, for CdTe, the value A    = 7,7 x 10"5 is at the double- s 

layer-water value of ~10" , and for KBr the value 1.8 x lO-3 is well above 10"4. 
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ft -5 
At 5.25 (4m, for CdTe, the value 10 0 ± 2 x 10     is below the double-layer-water 

value of 4 x lO-5, and for KC1 the value 9 x 10'5 is above 4 x 10°. It Is encour- 

aging that such low values for CdTe have already been achieved. However, at some 

as stated above. 

.3     -1 Since the absorption coefficient ß = 2,9 x 10 cm    at the strong absorption 

peaks at 2.95 and 6.04|Am is only a factor of three greater than the value of 

1 -4 ß = 950 cm    at lO.öjim, a value of Af = 10     at 10.6^m from water absorption 

35 

point in the coatings program it will be necessary to consider the absorptance of 

-4 windows with low total absorptance (near 10    ) after exposure to various contami- 

nants and environments and after field use. 

The transmittance T   of water is shown in Fig, 4.1, and values of the absorp- 

tion coefficient ß at absorption maxima and at some prominent laser frequencies 

are listed in Table 4.1. There are strong absorption peaks at 2.95(im (ß = 2.9 

X 103cm"1)and6.04^m (/3 = 2.9xl03cm'1) and a peak at 4.70^m {ß = 540 cm" ) 

that is a factor of five weaker than the 2.95 and 6.04 |im peaks. (There are slight 

discrepancies between positions of the maxima and between relative valuer of ß 

in Fig. 4.1 and Table 4.1, which are from different references.) For ßif « i, 

the expansion T  = cxp(-ßlf) ^ 1 - ßi{ is valid for the transmittance T.; then 

Af B 1 - T. = ßjtf    . H-1) 

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

at 10.6^m is 

Af s (950 cm"1)(2xl0"4cm) (5.26 xlO"4) =   10"4    , 

» 
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-4 would correspond to only 3 x 10     absorptancc at the peaks. Thus, transmission 

measurements at the absorptancc peaks would not detect the values of A, of inter- 

est. However, assuming that attenuated-total-reflection plates can give a detecta- 
_2 

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

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

Other possible sources of optical absorption and scattering resulting from 

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

crystallization of the surface region with upward-growing crystallites.       In 

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

pores could cause inclusion damage, as discussed in Sec. VIII. 

Molecular impurities.   Another important possible mechanism that could give 

rise to /5f X> ß^ is lint 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 

hi:ve been observed. Contamination of the interface layer lias been postulated inde- 

pendently to explain the thickness dependence of absorption and of the index o. re- 

*2 
fraction.      For exampl , a ZnO layer could exist between a ZnS or ZnSe coating 

• 17 
and a substrate. The observation      that the film absorptance Af of sputtered 

ZnSe films on KC1 showed very little increase as the film thickness was Increased 

from 0.4 to 2|im 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. 
p.    ,      *15, 16   . 
ueutscn observed molecular absorption on sample surfaces in attenuated- 

total-reflection studies. Duthler18 showed that molecular-ion absorption was an 

important source of buUc absorption, pointed out the relp.tion 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 ip 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^m range. 

Compounds containing oxygen and carbon are particularly important. Oxygen- 

containing compounds found in the atmosphere include CL, 11,0, CO, NLO, CO , 

and HDO-  Compounds containing 03 usually have absorption bands near 10.6>im. 

Coupled with the reactivity of ozone, this makes 03 a pot   itially important con- 

taminant. Carbon-containing compounds found in the atmosphere include CH , CO 
4        ' 

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

Auger micrographs by Bemal and Coworkers*19 showed a carbon-containing resi- 

due about 5 nm thick uniformly distributed over the surfaces of chemically polished 

KC1 samples. 

Formation of such molecular cations as SO"2 on the surface, wlh subsequent 

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

to explain strong absorption bands at ~ 9 fan and ~ 16 »im in NaCl windows that had 

^»» 
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Table 4.2.  Rxporimtntally observed absorption frequencies of several impurity 

ions in KC1 crystals and the estimated impurity concentration to produce ß ■ 10"4 

cm     at the Cü2 laser frequency.  From Ref, 18. 

Conc.(ppm) for 
Ion Frequencies (cm'  ) ^(943cm'1) = 10   cm'1 

FT 500 >10 

OH~ 3640 > 100 

SH~ 2590 >100 

CN" 2089 100 

B02- 590,1972 10-100 

ccq 1696 10-100 

N3" 642,2019 100 

NCO 629,1232,2169 10 

NO~ 805,1290,1329 0.1 

N03- 842,1062,1396 10 

680-72U,883, 886,10S8,1064,1378, 1416, 1488 ,1518   10 

3- 
«8 

736. 949(w), 1222 1-10 

broad 738-850 1-10 

HCO3- 589, 672,713,840,971,1218,1346, 1701, 3339 0.01 

BH; 1142,2321 10 

so4 630,978,1083,1149,1188 0.03 

Crof   a 
862.890,930,941 <0.1 

2-   a 

834,860,009,923 <0.1 

MnO2"   a 
899, 909, 914, 925 <0.1 

NH^ 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. 

Molecular Group 
Wavelengths of 

O-H 2.8 

N-H 3.03,6.12,6.46 

C-H 3.4,6.81 

C-K, O« daf   u« o.» 

Carbonyl 5.75 

Methyl 7.26,7.71 

Ester 3,9.74 

C-O 9 (broad), 13.47-14.20 

C-Cl 14-15 

Si-O 4.5,9.5 

Al-O «#6.5 

Ge-0 rx 5.5, 11.6 
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Fig. 4.3. Positions of absorption peaks of some contaminants. 
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been used in chem'cal lasers employing mixtures of CS   and CL with transient 

active species including Ü, S, SO, CS, S20, and many others. 

Consider the strength of the optical absorption of molecular contaminants. 

The absorption cross section of a molecule at the peak of an absorption band has 

a typical value of a = ß    / N     -  10 cm   / 10 

responding value of ß in general is, of course 

5-1      22-3 -17      2 a typical value of a = |3    / N     -  10 cm   / 10    cm    =10      cm .  The cor 

m m (4.2) 

where N     is the number of molecules per cubic centimeter. In the limit of small 

absorptance Am <: 1, the expansion cxp(-fl   I    ) » 1 - B_i    is valid, and the 
ill 

absorptance is given by the relation 

m   m m m 

A     = ß   i m      Hm m (4.3) 

For a monolayer of molecules, with i    =0.5 nm formally, and a typical density 

of I022cm'3, (4.2) and (4.3) give 

A_ =  No I     = lO22^'17 

m m     m 5 x ID'8  =  5 x 10"3 

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

-4 times more absorptance than the compatibility goal of A = 10     per surfcee. The 

-17     -2 absorption cross section could be much smaller than 10      cm   , with a cor- 

responding reduction in absorptioii, 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 

-1 22-3 illustrates the point. Thr- value of /3 = 950 cm   , with N = 10    cm   , ( orresponds 

to a = 9.5 x 10"20cm"l, and from (4.2) and (4.3), A    = 5 x 10'5. 
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(Xher 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 holes, are strong absorbers of 

infrared radiation. Unless special precautions are taken in the deposition of films 

of semiconductor materials, the resulting material can have a sufficiently great 

conductance to cause great absorption. Conductivity measurements of films would 
2 

be useful. Also, the frequency dependence of g should show the near- X  dependence 

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

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

Optical absorption at lO.bpm and evrn at 2.8, 3.8, and c.25jim usually is re- 

lated to ionic vibrations, rather than to electronic transitions.   One case in which 

electronic 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 involving states in the pseudo gap are involved. 
-4 

The resulting absorptance normally is much greater than A = 10    ; thus, the (non- 

glassy) amorphous materials studied to date are not acceptable coating materials. 

The lowest value of ß obtained in attempts to lower the absorption of amorphous 

germanium films was 0f =  10 cm"1, which Is to be compared with the value ßb 

a 2 x 10"2cm'1 for bulk germanium. Electronic trai.sitions Involving surface 

states are conceivable and will be considered if elimination of tne more likely 

sources does reduce the absorption sufficiently.  It Is conceivable that the IQ.öqm 
20-23 

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

volve electronic transitions. The 10.6jim 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 0^ can be as great as 10"2cm for heavily damaged crys- 

tals, with 0M.center er 10 cm"1 and ßF.centcT * HO cm1.)  However. Duthler's 

explanation 8 of the radiation-induced lO.öfim 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 coefficient are important.24  In studies of laser 

damage to materials, distinguishing between the inclusion damage and the Jamage 

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 inclu- 

sions. However, excessive inclusions in the coatings and problems associated with 

the local heating of the coating and the coaling-substrate interface could cause 

further performance limitations. Polishing compounds of various materials have 

been one Important source of Inclusions in window materials. Other sources In- 

clude such macroscopic 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-radius, very 

strongly absorbing Inclusions (with absorption cross section equal to the geometri- 

cal cross section) spaced 175^^m apart gave rise to Af = lO'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 

3 25 in /3f over &, by factors of 10-10 . Sievers     has shown that even by grossly 

overestimating the effects of strain, only a factor of five increase ever the in- 

trinsic values of ß could be obtained. 

Its 
The Winsor mechanism     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 independently suggestecT    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 decrease 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 

*10 the electric field across the coating.      As 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's 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 suggested27 that it might be useful to distinguish between resonant 

and nonresonant absorption. "The resonant type is a result of such processes as 

molecular impurity absorption which we think might be removed by means of 

proper vacuum deposition technique. The nonresonant type appears to be one 

whose wavelength depenoence is slowly varymg. 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 I0.6)4m 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 NdrYAG wavelength of 1.06Jim can be employed. In other cases, 5.3fim 
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,„3      -1 

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 

Jfe. 

wjmtmmmmmi'Kmmmmmmmmmmmmmimm^^^^^^^^^" 

can he used. In a number of cases studies at S.Jjim 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- 

trinsic absorption gave rise to bands.   Unfortunately, neither 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 absorption at a particu- 

lar wavelength such as I.06^m or 5.3^m 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 

frequency region of Interest is not true in general. A striking example is seen 

in Fig. 4.1 where the transmittance of water Is extremely flat from approxi- 

mately 7 (im to approximately 11 ^m.   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 

10 cm   . 
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intermediate layer of a third material at the interface.  StronR adhesion of metal 

films to glass results from an intermediate uxidc layer.      Even a monolay. r of 

oxygen could cause too much optical absorption.   If experimental results should 

point to investigation of this effect at a later time, layers of S and perhaps Sc 

or Te could be considered. 
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V.  SUGGESTED MEASUREMENTS 

Recommendations from this section are as follows: 

• The near-term program   should include spectroscopic measurements of 

Af(u;) on very thick films, on attenuated-total-reflection (ATR) plates coated 

with standard-thickness films, and on ATR plates coated with very thick films 

even though difficulties in interpreting the experimental results have prevented 

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

• Läser-calorimetry measurements at specific wavelengths also should 

to included in the near-term program since small values of absorptance can 

be measured. 

• 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 Raytheon-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 verified 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, 

• Measurement of absorptance at the water absorption peaks at 3fim and 

6ßm 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 poly.ner film, as the outside film of coatings to avoid high absorptance 

from water contamination of pores. 
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• 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: 

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

at the low level of Af ^ lO-4 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. 

• 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 ss 0 at surface and In- 

terface), one with quarter-wave optical thickness on the metal substrate (E =^ 0 

at surface and E = 0 at interface), and one with half-wave optical thickness on 

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

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

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

• In situ measurements of ß may be needed. 

• Other experiments are discussed and listed below. 
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Absorptancc measurements.  The main purpose of the experiments considered 

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

methods of characterizing candidate coatings also are important. 

Methods of measuring the absorptance of coatings include the following: 

• laser calorimetry 

• spectroscopic transmission 

• attenuated-total-reflection spectrcscopy 

• emissivity 

• ellipsometry 

• 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: 

dm 

• spectroscopic measurements on extremely thick films 

25 • Sievers " low-temperature calorimetry to obtain large temperature rise 

from small heat capacity 

31 • thermal-diffusion-time method of M, Hass and coworkers     of distinguish- 

ing between surface and bulk absorption 

♦32 *32a 
• China Lake wedge-.ingle method     * of distinguishing between surface 

and bulk absorption 

• 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 selenide fiiins deposited on zinc 

selenide substrates) 

• variable film-thickness measurements of ß and other variables on a 

series of coatings codepositcd 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 die value of /3,. 

Measurements other than absorptance.  In ,uld''.ion to these measurements of 

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

characterizing films: 

• electrical 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 

• electron microscopy 

• X-ray analysis 

• Rutherford back scattering. 

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

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

of the absorption coefficient, ß{ui).  (The relation between the absorption coefficient 

ßf and the absorptance A^ for the cafes of interest in which Af <C 1 is, of course. 
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Af * ^f ^f' where £f is r^e film thickness.   Absorbing molecules show their 

characteristic absorption bands, electronic absorption tends to increase with in- 

creasing frequency, free-carrier absorption increases with Increasing wave- 

length X (as X   with n * 2 typically), and scattering typically decreases with 

-4 increasing wavelength (as X    for Rayleigh scattering). 

The measurement of /3(Cü) is not trivial in general. The detectable absorp- 

tance limit of spectrometers, which is typically ~0.01,   s not sufficient to mea- 

-4 
sure the values of ~ 10     of current interest. There arj not enough high-power 

laser frequencies available for calorimetry measurements, 

A(Cü) 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^m- 

thick films on both sides of a substrate and a detectable absorptance of 0.01, the 

minimum detectable absorption coefficient ia ß = 0.01/(2 ) (5 xio'3) = 1 cm"1, 

which is only a factor of two greater than the desired value of 0.5 cm"1. 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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very roughly. By using very thick films, values of ß{ considerably smaller than 

the goal of ßf = 0.5 cm"1 can be measured in principle. For example, for lf 

= 50(im, the minimum measurable value of ßf is ßf ^ 2 xlO    /5 x 10 ' = 4.0 

-2      -1 y 10    cm   .very roughly. 
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process (rather than the thin-film geometry of the sample, interface effects, 

substrate effects, or film-surface effects) is responsible for the additional ab- 

sorption. The Raytheon chemical-vapor-deposition ZnS and ZnSc crystals are in 

fact grown as films (though not by vacuum-evaporation deposition) and the crys- 

tals do not exhibit the anomalously large absorption coefficients. 

In future programs it could be of interest to deposit four films simultaneously, 

one on the substrate of interest, one on the lowest absorptance substrate obtain- 

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

A(u;) from attenuated-total-reflectance spectroscopy. Attenuated-total-re- 

flection (ATR) spectroscopy has already been used to obtain useful information 

about surface*15,16 and coating*14 absorption in high-power infrared-laser- 

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 difficulties, ATR spectroscopy and thick-film spectroscopy 

are the best currently available methods of observing surface and coating 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 

with 50 reflections could measure Af 2 0.01/50 ■ 2 xlO-4, very roughly. For 

noraial-thickness films, this value of Af = 2 x 10'4 corresponds to 0f ä 1cm 
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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 beam 

travels 2.8 mm between internal reflections. The absorptance in this distance is 

equal to the above film absorptance Af = 2 x 10"4 for a plate with bulk absorption 

coefficient &, = 2 x 10'4/0.28 = 7.2 x lO^cm"1. Thus, in a plate with a large 

absorption coefficient, say ^ = lO^cm"1, the bulk absorptance of the plate could 

mask the coating absorptance. For 2 mm-thick plates of state-of-the-art materials, 

with say ß   ' lO^cm'1, the bulk absorptance of the plate does not limit the mea- 

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

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

In previous coatings programs the best available substrates were not always 

used. In the future, onlv the best substrate materials obtainable should be used. 

In exact AFR-plate calculations, the reflectance R at the substrate-film interface 

must be taken into account. The value of R liei. on the range l(ns -nr )/(ns+ nr) 1 

--  R $ 1, dependirg on the angle of incidence. 

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

the above estimated ATR-plate value of 2 xlO-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   , thus this detectable limit would be sufficient to 

determine the source of gross problems.   Even if the value of A were 5 x 10    at 

fte operating wavelength, say in.6jim, 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 ß there.  If characteristic absorption bands 
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from specfic Impurirics arc present, the frequency dependence of absorpfance of 

the impurity can be used to extrapolate from values of ß at the absorption peaks to 

values at other wavelengths.   • inally, for very thick films the value of A   - 2 / If)"4 

corresponds to small values of /3f.  For example, for film thickness f., = SOjim, 
"4 -1 -2 

/}f = 2 x 10    /5 x 10 '   ^ 4 x 10    , which is over ten times smaller than the desired 

value 0.5 cm   . In the case of total internal reflection at the substrate-film inter- 

face discussed below, the electric field may not penetrate far enough into a thick 

film to give such small values of ßf. 

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 uncoatcd surfaces.*14 

In the near-term program one third of the ATR plates should be coated with the 

standard-thickness film, one third should be coated with a very thick film, and 

one third should be uncoated. Spectroscopic measurements on the uncoatcd third 

of the film are useful for measuring surface absorptance and for comparison with 

the two coated sections. Calorimetric measurements can be made on these same 

ATR plate samples. In the calorimetry measurements the laser beam could either 

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 material 

that is different from that of the substrate to be used in the application it must be 

kept in mind that the vai.ie of ßf depends on the substrate material (and condition) 

in general. The Raytheon 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 different for every film-substrate pair as 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 films should be codepositcd 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 thLn 

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

Eighteen half-coated ATR plates from three vendors were measured on the 
♦ 14 

coated and uncoated halves.      Coatings of ThFj, ZnS, and As2S3 on ZnSe sub- 

strates and coatings of ThFj, ZnSe, and As2S3 on BaF2 substrates were included. 

All 18 coatings spectra showed evidence of the water absorption bands,  ranj.Jig 

from barely detectable in two cases to zero transmittance from 2.8^m to 3.2^m 

in the worst case. 

Difficulties in interpreting the ATR spectra severely limit the usefulness 01 

the method. Ideally 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 wavelenjths at which the absorp- 

tance of the coated ATR plate is /.ero. The difference between the two traces should 

give the coating absorptance. The first obvious difficulty with this method is that 

there may not oe a region of negligible absorptance at which the maximum transmit- 

tance can be set. There are other difficulties. In one case 14 of a ZnSe coating on 

BaR, the two traces were nearly identical from 2,5 to ~5,6/im, 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 cases. Another dif- 

ficulty is that of verifying that the bulk absorptance is negligible for all wavelengths 

of interest. 
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ZnSl ON Bjf 2 

Fig. 5.1. ATR spectra of zinc selenide films 

on barium fluoride. From Ref. •14. 
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Even if the net film absorptance could be obtained, the relaiion to the value 

of A   for normally incident transmission would have to be calculated for each 

coating-substrate pair at each wavelength. If total internal reflection occurs at 

the substrate-coating interface (n^/n^ > /T for the 45 degree ATR plates), 

as in the case of ThF4 on ZnSe at IQ.bym ^2nSe/nThF4 
= l'79 >/T)' thC eleC" 

trie field 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 As^ on 

ZnSe, the effective path length through the coating is not equal to the coating thick- 

ness I . If n   .< /T, then there will not be total internal reflection at either 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 nr for BaF2 at 5.3 and lO.ö^m are 

n   = 1.45 > /T and nr = 1.395 < /T, respectively. Thus, the lack of total in- 

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

reduction in die observed trans mi trance beginning at some wavelength between 

5.3 and IQ.bjim,  The effect has not been analyzed, but all nine spectra for Bar2 

samples In the Raytheon measurements*14 do show evidence of such reduction 

(Fig. 5.1), while the ZnSe-ATR-pi ate 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 wavelengths for which ns>(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. Calibrating 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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ThF4 ON ZnSt 

Fig. 5.2. ATR spectra of thorium tetrafluorlde 

films on zinc selenide. From Rcf. *14. 

rite 
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Consider the ATR-plaU- angle 9.   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 ß can be determined by using the reflection-angk- formula 

n. sin 0J   =   ti2 sin 92 (5« ^ 

and the total-internal-reflection equation 

sin 9,2   =  n2^nl ^5*2^ 

successively at the air-film and film-substrate interfaces. The ATR plate 

angle 9 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 

9 >e      = sin'^l/n  ) (5.3) 
8 8 s 

is satisfied, there 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 9      denotes the total internal reflection angle that would 

exist for a substrate-air interface. 

For the case of nf > n   , total internal reflection is possible only at the film- 
IS 

air interface.  For the case of n, < n   , total internal reflection is possible at 
I s 

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       < 9 < 9of 2  sln'^n./n)    , for nf < n (5.4) 
sa sf is is 
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Is satisfied.   The condition for no internal reflection at the substrate-film 

interface is 6 < esf, which is the second part of the inequality In (5.4). 

The other inequality 9^ < 9 in (5.4) is the condition for overall total in- 

ternal reflection, as already stated. This follows from  sin6,    =  1/n    and 
fa f 

sine= (nf/n   )sinefa = 1/n    =  sine     . 1     " i a s s a 

As an example of the required value of 9 consider a ZnSe (nf = 2.4) coating 

on a KC1 (ng - 1.46) sulstrate. Since ns < nf, total internal reflection can occur 

only at the film-air interface, and the condition (5.3) for total internal reflection 

is 6 >esa = sin"1(l/ns)  =  43.23°. 

As a second example, for a KC1 (nf = 1.46) coating on a ZnSe (ns = 2.4) 

substrate, the values of eg a and 6,, f are 6, a = sin"1 (1 / ns ) = 25 0 and | 

esf = sin'   (1-46/2.4) = 37°.   Thus (5.4) gives 25° =>  8 « 37°.    For a 45° 

ATR plate, the total internal reflection would occui at the substrate-film inter- 

face. 

For the case of nf < ns, it is possible in principle to use an ATR plate with 

6 > esf and a relatiwy 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. 
27 

However, M. Hass     pointed out that this apparently is not true: ' fhe major cost 

is in obtaining an ATR plate. We paid $300.00 for a calcium fluoride ATR plate 

although one might be obtained for approximately $50.00. The coPting 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 difficulties."   At present (March 1976) Mass pointed 

out that he paid $250 for the AIR attachment and is now paying $85 each for 

ATR plates. 

Laser-calorimeter measurements. Even a me'.uod of measuring the coating 

absorption at one wavelength or at several wavelengths would be useful in the ab- 

sence of the frequency dependence of ß{, especially in characterizing available 

materials. It is known from bulk-sample measurements that much smaller values 

of ß can be detected by laser calorimetry than by spectrometer measurements. 

Thus, laser-calorimeter measurements of Af should be made. As already 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 

31 order of five watts or greater).   Hass and coworkers'    have proposed and devel- 

oped a thermal-diffusion-time method of distinguishing between surface and bulk 

absorption. A radiation-shielded thermocouple is placed sufficiently far from the 

illuminated surfaces thai there is a significant delay between 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 much 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 this 

method attractive. 
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T* may be poss  -le to distinguish between ab.sorption at the surface of a 

coatL- gt al sorption in the bulk of the film, and absorption at the film-substrate 

interface by comparing the absorption in fÜntg deposited simultaneously on highly 

transparent substrates and on highly reflecting metallic substrates. The electric 

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

and at the surfaces of a half-wave length optical thickness of transparent dielec- 

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 reflector. Thus Re E x H* ü 0, and 

the traveling-wave component of field has E s 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 ufced in measurement techniques. 

Surface absorption is expected to be great for the film on the transparent sub- 

strate and lor the quarter-wave film and lese foi the half-wave film.   Interface 

absorption is expected to be great for the film on the transparent substrate and 

less for the Mms on the metallic substrate. Pore contamination or other absorp- 

tion that extends throughout tike Ulms or well Into the films should increase the 

absorptance of all three films. 

This three-film techmni'c 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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U may be possible to distinguish between adsorbed contaminants and those 

absorbed deeper in films. 

The surface-electric-ficld effect could explain the following "anomalous" 

1 results: The value of ß{ < 1.2 cm'1 for a ThF4 film rn molybdenum is lower 
33 

than the bulk value of ß. ■ 3.6 cm   . Also, the consistently obtainable values 

of 3-4 cm'1 for ThR on molybdenum are lower than the consistently obtainable 

values33 of 7-10 cm     for ThF^ on KC1 and ZnSe.   Thli 

of so little Information is of course highly speculative. 

values33 of 7-10 cm"1 for ThFj on KC1 and ZnSe.   This explanation on the basis 

Concerning these ThF  measurements, it is significant that the lowest value 

of ß   < 1.2 cm"1 measured for ThF^ is well below the value |3f =  10 cm    which 

can be obtained consistently.33   It would be of great significance if the conditions 

required to obtain ßf< 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 /3f < 1.2 cm"1, 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 ThF4 films codeposited on metals and transp trent 

substrates are among the more urgen» present needs. 

There are a number of other experiments that would be useful in determining 

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 

ZnSe films grown on ZnSe substrates. Measured values of ßf = 1-2 cm    for ZnSe 
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-4      -1 films arc much greater than the hulk values ß.   ^   10    cm    .   Eliminating the 

material difference between the coating and substrate ruminated the mismatches 

between the thermal expansion coefficients and lattice constants, assuming that 

there is no difference between the film and bulk values.   It should be possible to 

d^pos.t thicker coating than for heterofilms (films grown on ;  substrate of ma- 

terial different from that of the film) since the increase in strain with increasing 

thickness in the latter often limits their thickness. The measurement of ß{ui) is 

simpler in general for thick films, and the variable-film-thickness measurements 

discussed below may be possible for some self films which could 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. St rain-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 lire-polished quartz would 

be useful, but the great absorptance of the substrate at 10.6fim limits the studies 

to properties other than optical absorption at 10.6^m and to values of ß at shorter 

wavelengths. As pointed out above in the Discussion of ATR plates, the value of 

ßf depends on the substrate material and condition in general. Harold Posen and 

coworkers      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 100Jim thick, that a significant increase in absorption 

would be obtained, thus making the measurement of absorptance easier. The »ub- 

strate and interface region could be removed from thick films. 

Absorption at the region of the interface between the coating and the substrate 

also could possibly be detected by comparing the absorptance of codeposxted 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, vhich 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 each layer. Ion sputtering has been used to conjunc- 

tion with surface measurements. 

It is well known that films often deteriorate on removal from the vacuum- 

deposition chamber and that absorptance sometimes increases after exposure 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- 
_ .      .   .34 

tance would be useful. Such in situ measurements are planned at China Lake. 
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M. Hass27 commented that "--- makliig calorimctrlc measurement in situ at 

IQ.bpn 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 adiabatic 

vacuum calorimeter. A small C02 laser should be ideal. Again this is not some- 

thing to be don,' lightly, but migHt be expected of research problems on coatings." 

Since m Mtu measurements of ß{ui) are not simple, an alternative would be 

useful. One possibility would be to heat the sample prior to removal from the 

deposition chamber 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 temperate re dependent;     thus, comparison of absorp- 

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

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

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 temperature dependence of the absorption coefficient must 

be taken into account of course. 

Sparks suggested     measuring the temperature rise in calorimeter experi- 

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

*32 
The wedge-angle technique of Burdick and Rehn     distinguishes between sur- 

face and bulk absorption by using the fact that light trrversing 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 meisuring thermal conductivity 

could be adapted to the measurement of coating absorptance. 
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Other megfaodg of measuring absorptancc. The method of measuring /3(a!) that 

has the greatest potential is cmissivity spectroscopy. However, the measurements 

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

ments of bulk absorption. The Xonics emissivitj cavity should make the measure- 

ments much easier.  The difficulty from the point o* view of the coatLigs 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- 

ficulties.  Other methods of measuring absnrptance include surface acoustic- 

wave velocity mepsurements,     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 an J 

the absorptance of films are isensitive to moisture. Recall 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 avoid high in- 

frared absorption from water contamination of film pores. An often used humidity 

test is storage at 48 C, relative humidity 95 percent, 24 or 48 hr. Immemon In 

water, often salt water. Is a test frequently applied. Well prepared films of MgR, 

many oxide rllms, and combinations of these films withstand the humidity and Im- 

merslon tests. 
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The military-specification tests that are usually performed should be 

performed routinely K ;hc 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- 

ig££» which can detect partial pressu/es of 10       torr (~ 10'8Pa) wouid bo use- 

ful. Residual-gas analyzers already are in use in high-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     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 

rcporrs as the need arises. 
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VI.   OTHER PROBLEMS 

Problems other than optical absorption in films, measurements, laser 

heating, laser damage, and material selection are considered in the present 

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

as follows: 

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

program. 

• The entire vacuum system should be baked at high temperature for a 

long time in order to reduce the deadsorption and diffusion contributions to 

the residual gas, to cle-m the substrates and starting materials, and 10 ob- 

tain stable films. 

t   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 concentration s in the 

range of parts per million can cause difficulty. 

•   Only state-of-the-art substrates should be used since die surface ab- 

  _ -4 
sorptance of the substrate can give rise to Af greater than 10     and th; 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 units. 

Other results of this section Include the following: 
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• Glassy films such as arsenic trisulfidc offer the greatest potential for 

protecting underlying materials from moisture attack. 

• In a subsequent report, the possibility of using polymer film i for pro- 

tecting substrates and antirefi^-tion layers from moisture attack and of re- 

ducing adsorption of water on the surface of antireflection layers will be 

considered. In addition to tlie technical problem of obtaining pin-hole-free 

films, there are potential basic problems of high moisture-vapor transmis- 

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

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

alkali halides from moisture attack. 

• It Is probable, though not yet certain, that polycrystalline films can be 

sufficiently dense ana sufficiently hygroscopic to allow A, = 10      to be at- 

tained in carefully prepared films. 

• Priority of future research on amorphous semiconductor films is low 

since the likelihood of obtaining 0, less than 0.5 cm     is small. 

• T: 3 stress in a film is determined by the tliermal-expansion-coeffir.ient 

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

be calculated for all new films. 

• Radioactivity and toxicity should be considered in selecting film materials. 
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The problems considered hi this section include the following: 

deposition method 

baking requirements 

starting-mate rial preparation 

substrate preparation 

ultrahigh vacuum requirement 

thin protective coating 

adhesion and stress. 

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

are promising, previous difficulties ^ jbtaining 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 program.     Unless the ultraclean, 

vacuum evaporation depositions fail to produce acceptable 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 progress. 

Vacuum evaporation deposition has been the most succepsful method of pre- 

*2 
paring films in general. Ritter     states that, "among the various production methods 

vacuum evaporation has especially shown m^narkable progress with respect to size 

and efficiency of coating unit, reliability of the process, and the control of film 

thickness and uniformity.  DespKe the enormous progress that has taken place in 

reactive and rf sputtering, only very few optical applications of sputtered films 

are known.   This may be due t) tht small area to be coated in sputtering systems 

(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 

accurate monitoring is of course required in the multi ayor antireflection coatings. 

All high-quality low-absotptance 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 deposition 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 

Posen11   pointed out that his group demonstrated that sputtered coatings can have 

a higher laser damage threshold than evaporated coatings. Other film growth 

methods wjuld be of interest in programs other than the near-term program. 

BaVmg 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 deadsoiption 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 ore day was required to prevent a 

film from leaving the substrate on removal from the vacuum system.4 The baking 

temperature will in genera, 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 absoiptance 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. Posen     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 

problems must be carefully considered when determining the baking conditions. 

*37 
Stierwalt and Hass "     found that baking KC1 at 250 C for 60 hour? at atmo- 

spheric pressure reduced the surface absorptance as discussed below in tne 

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- 

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

be evaporated 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 

recommended that one uses vacuum sintered and outgassed materials or even 

pieceo of dense single crystals to avoid gas outbursts and spattering during the 
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particle filters a-id gre« distances to the substrate also may be required. 

Brauustein and ««orte»«" found that Increasing the purity of thorium tetra- 

duorlde and cadmium teUuridc used m multilayer coatings reduced the absorptance 

of their coatings from 5 x ID"3 to 1.2 x W3. lite au*ors anticipated that further 

in.proylng the starting material purity would result in further reactions of the 

Mm absorptance. Tüey found that rigorous control of starting materials used for 

the coatings and the deposition techniques were essential for the preparation of 

iow-absorptance coatings. Commercially available arsenic trisulflde was not satis- 

factory for high-quality films. 

Conceding the purity of the starting materials, II. Posen states: "I am not 

convinced that a major sou™ of film absotptance are molecular contaminants 

«her than the OH radical. Wc find that deposition under clean systems ensures 

radical free deposits. When we observe the OH bands by careful specroscopy we 

fiad that the cootammant is an integral part of the deposited material rttther than 

„cduded water picltup. A part of the problem is the purification of the coating ma- 

terial. Both our laboraton- and the Hughes groups using residual gas analyzers 

during the deposition process have monitored this phenomena." 

1 impurity concentrations In the range of parts per million can cause difficulty. 

\ Tor a strongly absortung impurity with ß ■ .05 cm"' at an impurity peait. five parts 

I per million of the impurity in the film gives ß - O.Scm"1. For water at 10.6Mm. 

78 

■ 

I 
w«* 



Sec. VI 

250 parts per million in the film gives ß = 0.5 cm" .  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 r arface absorptance 
-2 

as great as 10     is possible and the substrate can greatly affect the film quality. 

The problems of substrate preparation have received considerable attention in the 

last four years. There are many prescriptions for preparing various substrates 

and new techniques are still being developed. The excerpts in Sec.XIII contain 

several examples. Before preparing a given substrate the recent literature should 

be checked. 

In view of the importance of the substrate surface absorptance a method of 

avoiding contamination (In contrast to removing 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 elevated 

temperature until It Is cut and polished In a clean-room environment 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, especially during the 

cutting and polishing processes. 

The process of baking In the ultrahigh vacuum will hopefully remove some of 

*37 
the substrate contaminants. Stierwaltand Hass      found that baking a KC1 sample 

at 250 C for 60 hours reduced the absorption coefficient at an absorption line at 

9.5 ^im from approximately 2.5 x 10"  cm'   to approximately 1.4 x 10'4 cm'^ This 

experinent Is significant first because 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 pressure would be effective in removing the remaining absorption. (The ex- 

periment further illustrated that after exposure to air for 30 hours the absorption 

coefficient increased to its original value of approximately 2.5 x 10    cm    .) 

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: 

low vacuum   105- 3.3 x 103 Pa (760-25 torr) 

3 -^ 
medium vacuum  3.3x10 -0.13 Pa (25-10     torr) 

high vacuum 0.13-1.3 xlO-4 Pa (10"3-10"6 torr) 

very high va-uum 1.3 Xl0"4-1.3 xl0"7Pa (10"6-10"9 torr) 

-7 -0 
ultrahigh vacuum  less than 1. 3 x 10    Pa (less than 10     torr). 

"High vaci'üm" also is used in the broader sense to denote pressure less than 10 

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

atmosphere is equal to 760 torr or 1.01325 x 10   Pa. 

It is recommended that ukrahigh-vacuum deposition be used in the near-term 

program.       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 pvoblem 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. 

A lowering of the absorptance below 10     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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absorptancc 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 ultrr high-vacuum requirement after satis- 

factory laboratory films have been obtained is discussed below. 

Self cleaning.  Since (here 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 eliminated. It is hoped 

and anticipated that once satisfactory laboratory films are prepared the ultraclean 

deposition requirements can be relaxed. Indeed, the difficulty in manufacturing 

large components under the ultraclean deposition conditions is illustrated by tlv 

37a following comments by Leonard F. Mott of the Optical Coating Laboratory, Inc.     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 halce out, for example, can vastly improve the residurJ 

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 rompared." 

"It is important to consider the type of coating apparatus that will be required 

for the application of the research developments. Our experience at OCU 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 ultrahigl. vacuum systems. Con- 

cerning the dual depositions, one possibilif/ 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 approach may save time and money. 

Thin protective coatings: glassyr 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 irrlMln 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 adporp- 

tion is a major contaminant, a Hydrophobie coating would be desirable. The hydro- 

phobic coating could be very thin, which will mran approximately 50 to 100 nm K 

the following discussion.   The coating could be applied over an antireflectlon coat- 

ing, or it could be the outside layer of an ant i reflect ion 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 = lO-4 

to be attained in carefully prepared films,  (c) Very thin glassy films1 were found 

not to protect alkali halides. (d) Thick glassy lilms, say Ijim 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 possibility of reducing their normally great cptical absorption to 

acceptably low values, (f) The possibility of using very thin1 polymer films as 

Hydrophobie outside layers over antireflectlon 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 ß. less than 0.5 cm"1 is 

small, (h) The abrasion resistance of protective films will be considered in sub- 

sequent reports. 
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First consider polycrvstallim- coatings. Young's observation "   which has been 

confirmed by other investigmors. that polycrystalline coatings could not prevent 

moisture attack of alkali halides has the obvious important consequence that other 

.ypes of coating materials will be required to afford moisture protection. In addi- 

tion, this observation Implies that the polycrystalline films probably contain open- 

ings and that water goes through the openings.  TTnus even for the case of substrates 

that are not attacked by water the ob^rvation raises the question of whether or not 

polycrystalline f 1ms can be made sufficiently dense to keep the absorbed contami- 

nants from raising Af above lO"4, since this value of Af corresponds to only 

5 x lO"4 fractional content of openings. Fortunately there is some evidence that 

suggests that polycrystalline films may have Af ^ lo"4. Raycheon measurements*14 

on ZnS films deposited on a ZnSr attenuated-total-reflection (ATR) plate by Optical 

Coating Laboratories and by Spectra Phys-s gave ß{ - 1.00 ± 0.85 cm"1 for one 

film and ßf < 1.39 cm"1 (detectable limit) for another. For film thickness »f-5.25 

/ in"4/(2)(2.16) - 1.2»im, the corresponding values of absorptpnet are Af = 1.2 

* lO"4 and Af < 1.7 x lO*4.  The point is that values of Af near lO"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 nt of Af for these ZnS films 
4-4 

is that ATR plate measurements for a film with Af = 1.2 * lO-   ± 1.0 x 10     are 

consistent with the calorlmetric value, but the accuracy of the comparison Is only 

a factor of approximately two to ten. Tlie value of At Is obtained from the ATR 

trace as follows. It Is assumed that there are 25 reflections from the coating (only 

one surface coated and an estimated 50 reflection;15)and that the absorptance for 

an internal refaction at approximately 45 degrees (nZnS * n^. roughly) with 

Jau 
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two passes through the film is 2/r times that for normally incident absorptance. 

These gross approximations could easily give a factor of two to four error. The 

reduction in transmlttance (of the coated half of the plate with respect to the un- 

coated half) at 750, 800, and 900 cm'1 are approximately four, three, and one 

percent, respectively. At 943 cm"1 (lü.öjim), the value, which is too small to 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 

calorimetrlc value of Af » 5 x 10"3/2/T 25 = 7.1 x 10'5.  The agreement with 

the calorlmetric value Af = 1.2 x 10"4 ± 1.0 x lO-4 is well within the expected 

accuracy of the ATR-value estimate. 

Next consider glassy films. Young      found that very thin glassy films did not 

protect adcali halides from moisture attack. Thick films, typically l\ixn thick, on 

well polished suustrates did protect the alkali halides. The film thickness had to 

be somewhat greater than the size of the largest polishing scratches on the sub- 

sirate. For example. Young    found that on NaCl surfactn with O.Sjirn scratches, 

0.92 jim of A82S3 was required, axd for 1.5fim scratches, 1.85jim of As2S3 was 

required. Even for the films that were protected from humidity, on long expo- 

sure, moisture attack that started at the edges of the sample evenmally covered 

the entire substrate under the coating. In spite of this difficulty it appear? that 
■ 

glassy films of er the greatest promise for protection of coatings and substra.es 

from moisture attack. 

It is of interest that the only .'O.ö^m coating material for which ßf a ^ is 

the glassy material AsjSg. for which ?f a ßb ^ 0.8 cm"1. (It is conceivable tlwt 

ThF , which is X-ray amorphous and has the appearance of glass when broken, 

may be another example of a material with ßf a ^ However, a reliable value 
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of the intrmsic value oi    ^ i« nor known.) It is possible that the relatively pore- 

free glassy structure of As^ does not ahsorh water or other contaminants. 

Our «n,dvof polvmer coatings is not yet completed, and even additional liter- 

ature search is required. The results to date are as follows: There are two po- 

tential uses of polymer films that could be extremely important.  K^t, in view of 

the importance of water adsorption  OUM be ttgeftll to determine if satisfactory 

hydrophobic earner film, could be obtained. A number of polymers are known to 

be- Hydrophobie, but it is not known if polymer coatings would prevent such small 

adsorption as two molecular layers of water. The hydrophoblc films could be ex- 

tremely thin, possibly only 10-100 nm thick. TTrey could be applied as a protective 

coating over an antireflectlon coating stack. Tbe hydrophobe film possibly need 

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

Tfe sprond use of polymer films would be- g yrrvont moisture penetration of 

g^gritel or nnrU-rlyinp layers of antircflecaon 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 anti reflection stack. 

Thcjnain concern about poiyme, coating" to ttg gg was that of obtaining pin- 

hole-free coatings in order to t event moisture attack of the underly^ antirenec- 

rinn rnatinR or substrate. This is indeed important since it is known that moistur. 

w.U attack underlying substrates through pin holes in polymer films. Unljrtunately. 

m addition to this technical problem there are two fundamental properties of poly- 

mer films that poasibly .-uld prevent their use as moisture pror^tion 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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values of this moisture vapor transmission rate through unsupported (i.e., not 

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

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

substrate or an antireflection coating. However, the moisture vapor trantmission 

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

on unsupported polymer film. The results from the literature and from workers 

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

tion is possible and in other cases not.  W   suspe      hgt inhibition of the moisture 

vapor transmissiewi at the interface of the polymer and the substrate is importai.t 

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

the problem of moisture vipor transnission through polymer coatings, it must be 

recalled that these coatmgs are extremely thin and tlv.t only two monolay. rs of 

water transmitted through the film c)uld cause unaeceptably great optical absorp- 

tion. In addition to addressing these problems in a subscenient report, it ./ill be 

shown that arcording to available data abforpt'on of water by plastic films (as 

opposed to water vapor transmission through the films) probably will be tolerable 

at 2.8, 3. S, 5.3, and 10.6^m. 

The second fundamental problem with polymer coatings is that the published 

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

-4 tance that arc too great to allow A, - 10     for either antireflection coatings or 
 —j —  
very thin   protective coatings.   Two typical spectra are 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 poh mer and by eliminating con- 

tamination in the polymer coatings will be considered in subsequent reports. 

u~ 
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Wavelength (^m) 

Wavelength (/im) 

(b) 

Fig. 6.1. Spectral transmittancc 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. These 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 research on amorphous 

semiconductors is low since the likelihood of obtaining /3, < 0.5 cm    is small 

Evew   trge bandgap materials exhibit too great an absorption when deposited a8 

amornh »us films. In the context of coatings, a distinction will be drawn between 

am-»"  iGti«» rjid glassy materials, the latter of which have shown sufficiently email 

values of ß,. In an amorphous solid such as amorphous germanium, the arrange- 

ment of nearest-neighbor ions »s subject to several constraints and departs only 

slightly from the disposition in a perfect Jtttice. This is a direct consequence of 

the fact that chemical bonds especially covalent ones are relatively rigid both in 

direction and length and their distortion beyond certain limits requires excessive 

energy.   On the other hand, glasses have a multiplicity of flexible bonds and as a 

result remain vitreous over a wide range of temperature. Glasses have the ability 

to form more than one type of bond. Both glasses and amorphous solids lack long 

range order in the position of the ions. It should .x? mentioned that there are a 

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

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

(included in Sec. XIII) are ThF., Al^, As2S3, As2Se3, Ti02, Si, and Gt. 

Ccher 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 is some evidence in 

the literature that surfaces may be cleaned by the laser beam itself at intensities 
39 

below the intrinsic damage threshold.       In some cases it may be possible to 

maintain the window at an elevated temperature to reduce surface adsorptance, 

.•.•; IM a common practice in spectrometers. 

* wmm 
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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 matei 'al 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. 

Film 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 

*2 also of its mechanical and chemical stability.      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 ruechanlcal stability. Substrate preparation is extremely important in 

obtaining good adhesion of a film to a substrate, Ritter states that, "Adhesion of 

zinc stlenide and cryolite was found to be 2.9 x 10   psi and 6.4 x 10  psi without 

a glow discharge cleaning. In the case of zinc selenide the adhesion could be im- 

proved to 5.3 x 10  psi by a 20-minute glow discharge whereas in the case of cryo- 

lite the adhesion increased only to 6.8 x 10  psi. 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." 

90 
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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 wel: 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 determi'.e if the 

film can withstand this stress. Examples are given below. 

39a 
Film contamination typically leads to compressive stresses. Campbell      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, and certain sputtered and evaporated films. If the 

ion migration takes place from the interface to the film surface tensile stresses 

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 

*2 
a stress rüief takes place. 

The intriisic 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. 

M—I 



a  = (af - a8) E AT       . (6.1) 

Values of the linear thermal expansion coefficient o and the Young's modulus E 

arc 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 10   psi for sapphire being a factor of 12 greater than the 

least value of 4.3 x 10 psi for KC1,  Second, the ranges of values of the linear 

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

are as follows: 

Semiconductors, including IV, III-V, and II-V:    a = 4-8 x 10"6 K-1 

Oxides:    o  =  5-25 x lO^K-1 

Allcailne earth fluorides:   a  =   13-20 x 10"6 K*1 

Sec. VI 

In spite of the fact that cither the intrinsic or the "impurity" contributions to 

the stress usually dominates the expansion-cocfficicnt-mismatch contribution, the 

latter can cause mechanical failure of films of current interest. Thus, the thermal 

stress should be calculated before depositing any new coatings. The strain c is 

determined by the relation i = (af - a  ) AT, where af and a   are the linear 
IS IS 

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 c  by the Young's modulus F., that is, a = Ec.  This is an ap- 

proximation since the Young's modulus is appropriate for a tensile stress actLig 

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 

^m 
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Table 6.1. Linear Coefficient of Thermal Expansion and Young's Modulus 

Material 

sio2 

Invar 

Si 

CdS 

InSb 

InAs 

Ge 

GaAs 

CdTe 

MgO- 3.5A1203 

A1203 

ZnSe 

Borosllicate 
crown glass 

TiCL 

SrTIO, 

NaN03 

Mgh2 

MgO 

Coefficient 
of Thermal 
Expansion a 

lO"6/^ 

0.5 

0.9 

4.2 

4.2 

4.9 

5.3 

5.5 to 6.1 

5.7 

5.9 

5.9 

46.7j 
5.0e 

7.0 

7.97d 

13.37c 

9.19' 
7.U- 

9.4 

i2e
d 

lle 

13.7 

13.8 

Average 
Temperature or 

Temperature Range 

(0C) 

20 to 900 

20 

25 

27 to 70 

20 to 60 

2S 

50 

40 

50 
50 

0 to 80 
0 to 80 

22 to 498 

40 
40 

50 
so 

Young's Modulus E 

106 psl 

19.0 

14.9 

12.3 

5.3 

50 

10.3 

20 to 1000 

24.5 

36.1 
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Table 6.1.  Linear Coefficient of Thermal Expand ion and Young's Modulus (Cont'd) 

Material 

Cu 

TI1173 glass 

SrF2 

Te 

BaTiO, 

CaE, 

BaH 

A82S3 

CaCO, 

AgCl 

Sc 

NaF 

KC1 

UP 

KI 

KBr 

NaCl 

CsBr 

Coefficient 
of Thermal 

Expansion a 

10'6/Co 

Average 
Temperature or 

Temperature Range 

(0C) 

14.09 -191 to 16 

15.0 

15.8 

16.75 40 

19a 

6.2^d 

15.7b'e 

10 to 70? 
4 to 20 ° 
4 to 20 b 

19.7 20 to 60 

20.3 

24.6 33 to 165 

25d 

-5.8C 
0 
0 

3Q 20 to 60 

34c - 

M Room 

36 20 to 60 

37 0 to 100 

42.6 40 

43 20 to 60 

44 -50 to 200 

47.9 20 to 50 

Young's Modulus 

106 psl 

3.1 

14.7 

11.0 

7.7 

4.3 

5.8 

rfJA 
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Table 6.1. Linear Coefficient of Thermal Expansion and Young's Modulus (Cont'd) 

Material 

Coefficient 
of Thermal 
Expansion a 

10"6/Co 

Average 
Temperature or 

Temperature Range 

(0C) 

■ 

Young's Modulus 

106 psi 

KRS-6 50 20 to 100 

Csl so 25 to 50 

TIBr ," 
20 to 60 

T1C1 53 20 to 60 

KRS-5 58 20 to 100 ■ 

a Ceramic 

b Single crystal 

c Estimated 

d Thermal expansion measured paral'el to c axis 

e Thermal expansion measured perpendicular to c axis 

- Value not indicated 
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Chalcogenide glasses:    o  ■   15-25 x 10"6K"1 

Alkali halides:    a  =  30-60 x 10"6 K-1    . 

Fused silica (SiCty has a very small value of a = 0.5 xlO^K-1. Van Uitert and 
40 

coworkers      recently found that a single crystal of ThF4 had  |a | «S 2 x lO^K-1 

for temperatures between 25 C and 400 C, and the total expansion «AT for AT 

• 25C-600C was zero (with o negative on part of this interval).  The crystal 

was not cracked by application of a blowtorch.   The great differences between 

the values of o 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 failure in compres- 

s:on of zinc selenidc films on potassium chloride substrates for AT =  200K. 

From (6.1), 

0   =  (aZnSe * aKCl > EZnSeAT 

=  (7-36)IO"6(10.3xl06)200 

= -6.0x 104p8i   -   -0.41 GPa     . 

Using the rule of thumb that the compressive strength or. is approximately eight 

times the tensile strength gives or, ^ 8(7 x 103)  =  5.6 x 104 psi for ZnSe. Thus 

failure is expected since the compressive stress exceeds the compressive strength, 

|a | > ac.  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. 

ife 



\ 

Sec. VI 

in addition to these primary practical rv suits, the following results also are 

of interest.  Stress-induced optical absorption should be negligible, especially at 

the level of ß. =0.5 cm   , Thin-film adhesion and stress are reviewed briefly in 

41 *2 the Handbook of Thin Film Technology     and in Hitter's article,     and the subjects 

42 *43 are surveyed in detail by Chapman     and by Hoffman,       Hoffman's review and a 

In Table 6.2 from Hoffman's article stresses are listed for a number of films. 

V 
ü 

♦44 
key paper by Ennos       are excerpted in Sec, XIII. 

♦44 
The values measured by Ennos      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 dielectric films that exhibit compressive stress. Second, there are 

many instances where the magnitude of the stress is small, 

*44 The following quotations from Ennos      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 tensile stress of thorium oxyfluoride films exposed to damp air is also due to 

the same effect," 

"Some remarks can be made regarding the failure of films by cracking, 

peeling, etc,  K is obvious from these measurements that the fact that a high 

strdss 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 area of the film will have to become detached if it fails in compression. 
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Table 6.2. Intrinsic Stresses in Dielectric Films Approximately 5000 A Thick 

Material 
Substrate 

Temperaivre 
oCa 

Substrate 
Material 

Stress,109 

2b 
dyne/cm 

SignC Methodd Ref. 

ZnS 110 
A 
A 

Glass 
Glass 
Mica 

1.0 
(0.022) 

C 
c: 
C 

C 
c 
c 

30 
28 
60 

SiO 110 
A 

Glass 
Nickel 

1.2 
4 

c: 
T 

c: 
c 

30 
33 

MgF2 no 
75 
A 
A 
A 

Glass 
Mica 
Glass 
Mica 
Glass 

2.0 
2.2 

(0.11) 
(0.11) 

1 

T 
T 
T 
T 
T 

c 
B 
c 
c 

30 
M 
28 
60 
57 

UP 110 
A 
A 
A 
A 

Glass 
Cellulose 
Glass 
Mica 
Glass 

0.4 
2.0 
0.28 

(0.023) 
(0.023) 

T 
V 
T 
T 
T 

c 
ED 

C 
C 

30 
47 
S7 
60 
28 

CaF2 no 
A 
A 

Glass 
Mica 
Glass 

0.2 
(<0.0003^ 

(none) 

T 
T 

c 
c 
c 

30 
60 
28 

Cryolite \ 
A 
A 

Glaso 
Glass 
Glass 

(0.061) 
(0.06) 
0.5 

T 
T 
T 

c 
c: 

28 
6d 
^7 

PbCl2 sn 
A 

Glass 
Glass 

0.18 
(0.014) 

T 
T 

c: 
C 

30 
28 

PbF2 no Glass 0.8 T c M) 

AgCl A Glass (none) c 28 

AgF A Glass (none) c 28 

Agl A Glass (none) c 28 

BaF2 A Glass (0.006) 1 c 28 

BaO 50 Glass 0.15 C c 30 

*ft A Glass (0.004) c c 28 

•A A Glass (0.007) T c 28 

98 



Sec. V! 

Table 6.2. Intrinsic Stresses In Dielectric Films Approximately 5000 A Thick (Cont'd) 

Material 
Substrate 

Temperature Substrate 
Material 

9 
Stresf»   10 

,     5 D 
dyne/cm 

Slgnc Method0 Rcf. 

Ce203 
50 Glass 1.6 c C 30 

CeF3 40 Glass 2.8 T C 30 

CdS 110 Gl8>S 0.8 C c 30 

Sn02 A Glass (0.008) T c 28 

C A Glass 4.0 c c 31 

NaF A Glass 0.1 T 57 

h0* 'X) Glass 0.1 T c 30 

Chiollte A Glass (0.029) T c 28 

AlPhe 40 Glass 0.6 c c: 30 

MgPh0 40 Glass 0.6 c c 90 

Mo03 A Glass (0.013) T c 28 

Cul A Glass (none) c 28 

AIF3 A Glass (none) c 28 

SrS04 A Glass (none) c 28 

a A, theimally floating at ambient temperature 

b Values in parentheses are relative 

c C and T, compression or tension 

d B, end-supported beam; C, cantilever beam; 'üd ED, electron-diffraction technique 

e Al and Mg thalocyanlne 
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"In fact, three factors are mvolved 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 the film and the substrate. The latter can 

exert g* cat influence. For example, a film having great rupture strength will 

break only whon the shearing force between the substrate and the film becomes 

greater than the adhesive force. On the other hand, a film having weak rupture 

strength will break intemallv before the adhesive forces are overcome. This 

can manifest itself as a clouding of t.ie film rather than a complete break." 

Turner45 was able to increase the total thickness of a coating which could be 

deposited from 6 to 40|im by measuring the stress in films of various materia's 
39a 

and by using alternate layers with compressive and tenshe stress. Campbell 

makes a broad distinction between weak physical adhesion by Van der Waal's 

forces (~0.1 eV adsorption energy per bond) of a film to a substrate and strong 

chemical adhesion (~ 1 eV per bond) by chemical bonds. Values of the adsorption 

erergy per ion for the weak physical adhesion and the strong chemical adhesion 

ai-e, very roughly, 0.1 eV and 1 eV, respectively. The chemical behavior of the 

films is of importance with respect to the substrate and to neighbor ng layeii. 

Between glass constituents like PbO and film materials like L^C^ chemical 

reactions can take place and lead to the formation of absorbing metallic lead. 

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

strate temperatures. 

Radioactivity and toxicity.  There is disagreement on the importance of the 

radioactivity of ThR.  One comment on the preliminary draft was that the radio- 

activity of ThF. was blown out of proportion to its real importance, while another 

investigator stated that the ThF4 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 

T^e results of this section are as follows: 

■•4 • For 2 Af = A.   = 2x 10    , the film and bulk contributions to the spatial 

average of the window temperature, which determines the thermally induced opti- 

cal distortion, arr equal and have a typical value T     = 1.0K, which is sufficient 

to cause thermally Induced optical-distortion failure in some cases. 

• In a typical system with repeated short pulses, only the time-average 

heating need be considered (apart from inclusion damage, nonlinear effects and 

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

• The linear absorption (below the damage threshold) by strongly absorb- 
2 

ing (a .     = tra ) one-micron-radius inclusions with an average spacing of 175>im 

-4 gives rise to absorptance Af - 10    . 

There are three damage or failure regimes of interest in general. The first is 

damage or optical distortion resulting from heating by ordinary linear absorption 

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

inclusions.   Th's absorption can be linear or nonlinear.  The third is the intrinsic 

nonlinear damage mechanism.  The first t£ considered in the present section, and 

the third li considered in Sec. VIII.  The effect of inclusions on ordinary heating 

is considered in the present section, and the effect of inclusions oi. the damage 

threshold is considered in Sec. VIII. 

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

distortion      often limits the average temperature rise to values (typically ranging 

101 
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from a fraction of a degree to several tens of degrees Kelvin) below the melting 

temperature or the temperature at which fracture occurs. (Small-diameter win- 

dows can fail by fracture, however.  ) 

Spatial-aveiage temperature, for thermally induced optical distortion.  For 

this case of thermally induced optical distortion, the problem of determining the 

effect of the temperature rise is simple.  The average temperature along a ray, 

i.e., the average temperature across the thickness I, 

<T)l  =   ll     I    dx T (7.1) 

determines the optical distortion since the system remains linear for the small 

temperature changes that can be tolerated.   For the nearly constant absorption 

in the bullc for the case of cxp(ßbt) m  1 - ßbl, or Ab ■ ßhl « 1, the temper- 

ature rise is obtained simply from the heat-capacity relation that the temperature 

rise is equal to the energy added IAiflt   to the volume   Oil divided bv the heat 

f* 46 capacity C CU of the volume.  This gives 

Tb  =   lfibt/C   = lAbt/Cl = 0-50K     • (7.2) 

For no radial diffusion (discussed 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, T., from bulk absorption if the 

total energies absorbed are equal in the two cases. That is. 

2A f =   %     ' (7.3) 

^ 
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where the factor of two accounts for the coating absorption at the rwo surfaces, as 

in Sec. m.  When (7.3) is satisfied, the average value T     of T from the hulk and 

coating absorption is twice the value in (7.2), 
Ah 

rtot      2IV/C =   1K (7.4) 

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

systems. 

Spatial temperature distribution. This spatial-average temperature in (7.4) is 

all that is usually needed. However, in some cases the actual temperature distribu- 

tion will be needed. Also, it must be verified that abnormal temperatures are not 

present so that the assumed linearity is valid and thermal fracture from rhe 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 previously    '     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 

ß{, which has a desired value of ßf = 0.5cm    as found in Sec. III.  The window ma- 

terial i.self is assumed to have ß.   = 0 since the interest is not in the bulk window 
D 

absorption. For systems with no intentional cooling of the window, the small cool- 

ing by radiarion and radial heat diffusion will be neglected. 

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

M 
"th 

lth  m   (4Kt/C)1/2  =   1.0cm (7.5) 
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For the large windows of current interest (D > 10cm in some cases), the inequality 

X .  « 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 example, the case of continuous operation of edge-cooled windows for 

49 50 long periods of time has been considered Dreviously.   ' 

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 effects. Sec. VIM). 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- 

tance Jtf, the coating thickness is 

Tif ■   Cl2{/4K  =  4x 10"7 s    . (7.6) 

For a short pulse duration t    < T   , the heat generated in the coating does 

not have time to diffuse far into the substrate. Then, equating the energy absorbed 

Ißftf ^p by rhc volume  (Zxf of the film to the heat-capacity result T C Oil. 
.      46 P 

gives 

Tp  =   VV0  ^   2-5K     • (7.7) 

for 

'p*  Tif (7.8) 

where the numerical value is for the case of It    =10 J/cm2/pulse, which cor- 

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

of 103W/cm2. 
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This small temperature rise 2.5K ^n (7.7) is expected to be negligible. 

First, th • average temperature (which determines the thermally induced optical 

distortio.i) is (TV, ■ 2.5 K(2 x 2|im)/2cm = 5xlO"4K, which is negligible. 

Second, the small value of 2.5 K is not expected to cause damage. For example, 

the value of the thermal expansion coefficient af of the film, in the present case, 

is not greatly different from a typical value of the difference af - a.   between the 

film and bulk values,  in the case of cooling of the film and substrate from the 

deposition temperature of ^lOOC 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 T   below that of (7.7). Since the temperature rise during the 

pulse duration, T  = 2.5K from (7.7), already is negligibly small and the heat gen- 

erated 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 » T.,, with 
XI 

Tl{ - 0*4M8 according to (7.6). The temperature rise depends on the relative 
46 magnitudes of t    and 

Tib5  C^K   =  40 s    , (7.9) 

which is the time required for heat to diffuse across the window thickness JL, 

roughly speaking. 

For TJJ < t < rlb, the volume of material heated is ~öUtu. where JL. 

is the thermal diffusion distance in (7.5).  The heat deposited In this vdune is 

^C 
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I Af CLt   , which corresponds to the temperature rise of ~(I Af flU )/CuX . . The 

resulting maximum temperature rise (at the surface) is, with the correct numer- 

ical factor (4/ff) '    included, 

T = IAf(4t  /trCK)1/2 =  1.1 K    , (7.10) 

which is negligible. 

For the case of I. « I , < D. , where D.   is the characteristic distance 

over which the laser-intensity distribution changes appreciably, the temperature 

rise is again easily obtained.   The energy absorbed 2 IAf dt    at the two faces of 

the window heats the whole volume V = Cti. , rather than the volume 2Ctx ,   as 

in the case of / . <  y Jti.  The heat capacity result then gives 

T  =   2IAft   /Cjtb  ■   50K (7.11) 

for this case of if « ib <c |    < Db. This result (7. IV also follows directly 

from (7.2) and (7.3).   The large numerica' value T = 50K is for t = 1038e( (and 
4L 9 

It = 10 J/cm ) and values of other parameters from (3. 3). The corresponding 

value of / . is Scm. Thus, this value of T = 50K is only a rough estimate si'xe 

I « i .  « D.   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 distribution.   '       The following check is even simpler. Since all of the 

heat generated in the film flows into the substrrte (across the boundary x = i.) 

in the steady state, the heat flow J. at x = i, is simply 

ht  -   ,Af     ' 
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Equating this expression for J-f to-KT', where T* = (dT/dx)  _.   »gives 

T* = IAf/K.  Since the gradient decreases to zero at x = 0 (no heat flow out of 

the sample), an upper bound to the temperature difference (T) _n - (T)     , 
X — U X - Jtf 

-4 is -T'if = 4 xlO    , 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 intensities too low to cause damage (at a given value of t   ) can In- 

24 crease the overall absorption coefficient ß of the material.       In the same way, 

inclusions in the vicinity of the coating or of a surface could increase the overall 

value of Af or of A  . For example, consider the damage in ( ZnSe/ThF. )-en- 

39 hanced reflectors observed by Wang, Giuliano, and Garcia.1     If the damage (at 
2 

70J/cm  ) were a result of inclusions having radius a = l|Wm, cross section 
2 

o .     =  tra , and a mean spacing of 30(im between inclusions, the value of film 

absorptance would be 

Af =  ira2/(30Mm)2  =  3.5xl0"3    . 

Since the measured absorptance A- = 3 x 10     was belie/ed to result from absorb- 
-3 

ing in bulk of the coating materials, t     'act that Af . = 3.5 x 10    > A
f meas 

= 3 x 10     fcr a ■ l^m suggests that a < Ißm.  Alternate explanations are rnat 
2 

a .    « ira   or that the inclusio.) spacing is much greater than 30jj^n. For a = Ijim 

and a spacing of 175^m, the correspandlng value ol A. is 10    . 
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VIII.   LASER DAMAGE OF COATINGS 

In this section it will be shown that: 

•   Inclusion damage is expected to occur at energy density It   2: 1 - I0J/cm 

for nanosecond pulses or at It   - 10 to several hundred joules per square centi- 

P 
for nanosecond through microsecond pulses. 

7 
meter for microsecond pulses. In principle, values of It  < 1 J/cm  are possible 

3 7 • Intrinsic damage of coatings is expected to occur at It   2: 10 ]/cmz for 
.3 

a pulse of duration t   ' 10|is and Af =10     as a result of linear heating of the 

coating, or at It   2: 100J/cm   (or I s 10GW/cm2) foi a 10 ns pulse of ~1 to 

lOfim radiation as a result of electron-aval;uicuu bicakdown or perhaps another 

nonlinear process. 

• 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 the material. For lasers that are continu- 

ously operated, laser heating is the usual failure mechanism that limits the useful 

transmittancr 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 mamtained constant. For sufficiently short pulses, material 

damage can result from absorption by macroscopic inclusions or from such intrin- 

sic nonlinear damage mechanisms as electron-avalanche breakdown, two-photo 1 
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absorption, or cnhanced-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 duratons. This short- 

pulse coating damage, which nas been observed already in laser-damage studies 

39 51 
of coatings,   '      will be included in the laser-damage category. 

Absorption 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 material     and for inclusions near the surface of the material. 

The previous results should apply directly to the casp 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 arater, 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 tne bulk could affect the damage threshold. 

For example, it is conceivable that the stress in the region of the inclusion could 

cause or initiat   aim 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. 
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The analyses of these two effects is low on the list of priorities since the 

results will depend on details of the coatings and inclusions which are noi known, 

and in fact would be difficult to measure.   The lack of a complete theory of inclu- 

sion damage in coatings is not serious at present, since the damage threshold for 

inclusion damage of uncoated surfaces and of the bulk window material already is 

very low, and the other problems with coatings are great. In any case, a zeroth- 

order approximation to the damage threshold could be obtained simply by lowering 

the value of the temperature rise (103 K has been assumed24   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 an absorbing inclusion, 

damage occurs at a low energy density.   If the focal volume is free of imperfec- 

tions, the much greater energy oenslty is believed to be the intrinsic value for 

the material. 

It is expected that it will be difficult to avoid the inclusion-induced low-damage 

thresholds In large windows for use In the 2-11 Mm region since it may be extremely 

difficult to remove Inclusions and only a few inclusions in the whole window may be 

sufficient to cause failure in some cases. However, history does afford the en- 

couraging story of the removal of platinum inclusions from 1.06Mm-laser 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 

10GW/cm   in a I JO psec pulse still corresponds to only IJ/cm2. But values of 
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energy density It   (where I  is the irradi ince, i.e. Intensity, and t     is the 
2 

laser pulse duration) possibly as great as 60-100 J/cm    over large areas for 

53 30 ns pulses of I.06^m radiation have been reported     for an inclusion-"purified" 
2 

glass.  Such a great value It    = 60-100 J/cm   is two orders of magi.itude greater 
2 

thaj*. the value It    =  1 J/cm    for damage by Ifim-radius inclusion in the example 

below.   This strongly suggests, but does not prove conclusively, that the purifi?d 

glass does not contain inclusions of approximately one micrometer radius. 

Recall that inclusions near the surface of a bulk material can give rise to 

54 52 cone-shaped craters on the surface.    '       For coated samples it is possible that 

either 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 

54 and Dube      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 absorption by pores filled with water or other contaminants that are transparent 

in the visible region of the spectrum. However, the absorption coefficient of water 

it 1.06^m is small (ß     0.4 cm   ), and this mechanism is unlikely. At 1.06^irn 

for inclusions in sapphire (n    = 1.7), lea = l,7(2n)a/X is equal to unity for 

a = 0.1 fim.  Since inclusions that are even somewhat smaller than this value of 

0. Ißm could still absorb strongly, r ,' the inclusions could be widely spaced, 

their detection could be difficult. 

Inclusion damage threshold. Assuming that Inclusions will determine the 

damage threshold, recall that inclusion-damage thresholds vary greatly, with 
2 

typical values for l-10(tfn radiation of 1-10 J/cm   for nanosecond pulses and 
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10 to severaJ hundred joules per square centimeter for microsecond pulres. 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 mA known am the exact damage process is not 

known.  The inclusion-damage-threshold value of the energy density It    depends 

on the pulse duration. In the absence of specific values of It , the typical values 

of 1-10 J/cm   and 10 to several hundred joules per square centimeter just men- 

tioned will suffice as estimates of values to be expected in coated or uncoated 

materials. It is emphasized tha; values of energy density (J/cm2) alone have 

littk- significance/   a 

24 
Current theories     are sufficient to demonstrate that these values of It    are 

P 
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 t   of the laser pulse and the thermal-diffusion time46 

TH  =  CHa /4KH =  O.ljis (8.1) 

where CH  and KH  are the heat capacity per unit volume and the thermal conduc- 

tivity of the host material 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. l^is in (8.1) is for the case of a = Ijim. For t   « T 
p H' 

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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T a Oltp/^aCjHa^/na2)      , for tp « TH (8.2) 

where a .     and C1 arc the absorption cross sccrlon and heat capacity per unit 

volume of the inclusion and I is the irradiance (intensity) incident on the Liclu- 

sion,   For the other extreme of t   5> r,, which is satisfied for a I^F pulse with 
P " 

24 
Ifim-radius inclusions according to (8.1), the steady-state result for T is valid: 

T 2= (Ia/4KH)(oabs/7ra2)     . for fp ^ TH    * (8,3) 

Ir nas been arguetr    that failure occurs when T reaches a value Tf fc 1000 K, as 

a rough estimate. Setting T = Tf in (8.2) and (8.3) and solving for It   gives 

Itp =-   ♦aCjVtra2/^)      . ^r tp « TH (^ 

Itp =  (4KHtpTf/a)(traVaab8)     . ^r tp X> TH     . 1^5) 

2 
For the moment it is assumed that o.     = 0.1 ffa , and that all inclusions 

nave the same radius a = 1 Jim. Then, for a 10 ns pulse, t   « T„ Is well satis- 

fied according to (8.1), and (8.4) gives 

It    = 2.7 ]/cm2     , fort    =   10 ns    . (8.6) 

Fora l^s pulsi, t    5e> T„ is satisfied, and (8.5) gives 

1 
It    = 20J/cm2 (8.7) 

o 
thus illustratuig values of It    on the range 1-10 J/cir' for 10 ns pulses and 10 to a 

P 

few hundred joules per square centimeter for microsecond pulses. 
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Next consider the ratio < ^ >!     /(Itp),0ns. From (8.4) and (8.5), 

(VlUs 
dtp) 

lOns 

3KH(lMs) 

Cja2 
-   7.5 (8.8) 

where the numerical value 7.5 is for the case of a = I urn.46 For a = 0.1 ßm, 

the ratio has the value 750, and the values of It are 0.27 J/cm2 and 200 J/cm2 

for 10 ns and l/xm pulses, respectively. 

The temperature rise depends strongly on the inclusion radius a, as seen 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 (thar depends on the values of t , K,,, and o-her 
P     n 

parameters) will determine the damage threshold since their temperature rise 

will be the greatest.24 The value of a = Ijim used in the examples gives rise to 

large values of T, but the value of a was not optimized24 in the interest of sim- 

plicity of the examples. 

Minimum inclusion-damage threshold. It will be shown that values of energy 

denfity less than 1 J/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 

sufficiently small values of a the inequality tp « rH will K- satisfied, and the 

value of Itp will be given by Eq. (8.4).  Thus the value of 11   becomes extremely 

large for large values of a.  Next for smaU a, such that ka « 1 is satisfied, 

where k = 2trnr/X, the absorption cross section is smaU, 9.    « »a2   and 
abs ' 

Itp is great according to (8.4) or (8.5). 

The value of o^/tra2 = 0.1 used above is a reasonable approximation for 

a typical case. For example, for k a ^ 1, the value of a^/tfa2 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 
2 

value of CTg^g/tra   is less than 1 if either ka < 1 or ß.a < 1 is satisfied, where 

/3j la the absorption coefficient of the inclusion. 

Finally consider the minimum value of energy density It    for a sample con- 

taining the worst type of absorbing inclusions.  The problem of minimizing the 

value of It    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 t   * f   since in this case the heat does not have time to diffuse out of p H 

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 It is arbitrarily 

small. However, the value of a must be greater than 

Ath  = ^HW171   =  (tp/l»i8)1/23.2,im     , (8.9) 

which is equivalent to t   ^ TH, in order for (8.4) to be valid. Furthermore, a 

must be greater than 

k"1 = A/2ffni = (nr^r) (JT)
0

-
84
^   • (8-10) 

2 
otherwise the value of ira /cr^ in (8.4) becomes very large. 

.! 
For a 10 ns pulse at 10.6)im, the value of k     is greater than the value of jt .. 

Thus the value of a is limited by the value of k" .  Substituting a = k     = 0.84^m 

«2 2 
from (8.10) into (8.4) with ira /a^ = 1 gives It   = 0.2 J/cm .   For a l^s pulse 
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the value of ith       3.2^ is greater than the value of k'1 = 0.84^m for 

10.6 ^radiation.  Substituting this value of • - 1^ -  3.2^ into (8.4) gives 
2 

Itp •   0.83 J/cm .   Thus inclusion-damage values of energy density less than 
2 

1 J/cm   are possible in principle for nanosecond to microsecond pulses. 

In using the value tra2/^ = 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 tra2/aabg ^ I for the dielectric inclusions, the 

value of the absorption coefficient /S, must be sufficiently great that ^a > 1 

is satisfied, but that the value of 0, must not be so great that the reflectance of 

the inclusion becomes sufficiently great to reduce the absorption cross section. 

Braunstein .nd coworkers*10 at the Hughes Research Laboratories measured 

a damage threshold of multilayer antireflection coatings for metals of 65 J/cm2 

for their nominal   0.6»is pulse, which consists of a 0.23^ pulse followed by a 

3||l 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 J/cm , 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^ coating of 

thickness if = 2,im and absorptance Af = 10'3. The diffusion time T. for dis- 

tance if  Is 4« 

Tj =  CXJ/4K     . 
(8.11) 

For C = 2J/cm  K, K » 5 x lO-2 W/cmK, and if = 2,;m, this gives ^ = 0.4M8. 
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For t   » T , which is valid for a 6^.s pulse for example, diffusion Into the 
P * 48 

substrate must be considered, and the temperature rise is 

T  =  2IAf(t/ffCK) 
1/2 (8.12) 

For T - 103K and Af = 10"3, (8.12) gives I = 0.11 GW/cm2, or 

It    = 700J/cm 
P 

(8.13) 

Since such nonlinear effects as electron-avalanche breakdown and multiphoton ab- 

^ 2 
sorption do not usually occur for 1 < 10 GW/cm , which is less than the value of 

0,11 GW/cm   in the example, the intrinsic damage threshold is expected to be 
2 

700 J/cm , as given in (8.13) for ordinary linear heating. 

For t   <C T-, as for nanosecond pulses, the heat generated in the coating 
P * 

does not have time to diffuse into the substrate, and the temperature rise is 

T  =   IAftp/CXf (8.14) 

The value of It   corresponding to T = 10  K is 

It    =  400 J/cm 
P 

for Ar = 10 (8.15) 

and the corresponding value of I is 40 MW/cm . Since values of 1 for electron- 
2 

avalanche oreakdown can be smaller than 40 MW/cm , the electron-avalanche- 

breakdown mechanism could cause breakdown at values lower than the thermal- 

breakdown value of 400 J/cm   from (8.15).   For example for 10 ns pulses, the 
2 

observed value of I = 16 GW/cm   for NaCl corresponds to 

It    =160 W/cm      . 
P 

(8.16) 
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Finally, it is mentioned that the intensity 2 x 10   W/cm    corresponding 

2 -8 
to It   = 2 J/cm   and t   = 10     s is much greater than the cw intensities I       at 

P P — cw 

which failure occurs. Values of 1      vary greatly depending oi the material and 

operating conditions. A representative value is 1      = 10   W/c.n2.   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/cm   or the average heat- 

3 2 
ing threshold such as 10   W/cm   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 surfaces.        In addition to removing 

such particles as dust, it is believed that adsc bed layers (which are a less 

serious problem at 1.06^m) 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 I0.6|im radiation is ~15GW/cm2, 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 

I.06^m radiation.' "   There the values of lf increase from ~16GW/cm2 at t 
P 

= 10"88 to~500GW/cm2 at t    = 1.5x lO-1^. 
P 

These values are for bulk materials. It is possible that the intrinsic failure 

threshold could be lower at the surface of a coacing, at the surface of an uncoated 

118 

JUL. 



Sec. VIII 

material, at the interface of the coating and the material, or In the coating itself. 

53 
For example. Doling     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 hi mind the possibility of a lower 

surface threshold. Cilculation <jf this lower intrinsic value of If has low priority 

at present since the intrinsic damage mechanism In even the bulk damage Is not 

well understood. A recent theory     of breakdown does contain sufflc'ent details 

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 OF DETACHED COATINGS 

Thv following results arc obtained In the present section: 

• The calculated value of 25 K temperature rise for a detached film seg- 

ment of diameter D = 2 mm is surprisingly small. 

2 
• The temperature is proportional to D . 

• The thermally induced stress corresponding to T = 25 K has a typical 
3 

value of 20MPa (3 x 10  psi), which may be sufficient to cause further detach- 
2 

ment, then further temperature increase since T ~ D , 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 iatcrest, and the impedance to heat flow is n.uch greater along 

the long path thro- ^  > film than through the direct path from the film into the 

bulk w   dow material. Thus, it was originally expected that even very small de- 

tached areas of the coating would be easily damaged. The results of the sample 

calculation below were surprising. A detached area can be quite large without 

ex  ^snive temperature rise. For example, for the typical values of intensity 

3 2 -4 
I = 10  W/cm , film absorptance A, = 10    , and film thermal conductivity 

-2 
K = 5 x 10    W/cm K, the temperature rise T in a detached area of diameter 

D = 2 mm is only 25 K. 

This result is encouraging. However, the corresponding thermally induced 
3 

stress has a typical value of 20 M Pa (3 x 10 psi). Even though greater stresses 
4 

have been measured in films (70N'iPa, or 10  psi, is a fairly large value), this 
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value may cause further detachment of the already detached area.  Tiie larger 

detached area 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 narly 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 constar/ temperature of the coating 

and substrate; i.e.   T = 0 at time t = 0.   The film is assumed to absorb only a 

small fraction of the incident radiation.   Thus, expi-ß^) ■ 1 - ^^t and the 

absoivtance is Af a  ßfL 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 2: 0 at 

the edge of the detached area, at p =  jD, where p is the cylindrical radial var- 

iable.  This reduces the problem to the trivial one of heat generated at the constant 

rate \ßf throughout a cylinder whose surface at p =  yD is held at temperature 

T = 0.   With this boundary condition, the steady-state heat-flow equation 

K72T=   -^^T   =I*f 

has the solution 

■ s^M . 
which Is easily verified by substitution. The maximum temperature, at p = 

(9.1) 

0, Is 

-ttC 
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4 
Tmx  "   ^fDVWK (9.2) 

Notice the linear dependence of the maximum temperature on the detached area, 

Tmx "* ]T'   The Proponionality of T^ to ßr rather than to Af - /3f/f, i8 a re- 

su)' ^ the fact that T^ must be independent of t{ since the heat flow in the de- 

tached coating 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 = 2 mm, the result (9.2) 

gives 

Tm*  =  25K mx (9.3) 

as previously stated. 

We must now check the assumption that the boundary condition T ^ 0 ;it 

P   - 1 
7D is valid.  There are several simple models that give this result.   The 

following is the most satisfactory.   The heat f^w out of the detached 

P =  ID, is 
area, at 

J  =   -K(dT/dp) 
P = D/2 

With (9.1) this gives 

J  ■   jlßfD     . 
(9.4) 

This is the heat flow out of the area irDl.. 

The temperature rise at p = ^D is the same order of magnitude as that at 

the surface S in Fig. 9.1a for a seml-infinlte medium with a heat flowing in at 
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2p0=2lf/ir 

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 

lth  ■  (4Kt/C)1/2 

is less thai ~De, 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 in a semi-infinite medium can be replaced by a cylindrical source In an 

infinite medium, as shown in Fig. 9. lb. 

It can be shown by direct substitution that 

T =   -CjEK-u)      . u = CpV4Kt     . (9.5) 

where the exponential Integral is defined as 

is a solution to the source-free thermal-diffusion equation 

p 5pp^p + C  ST   "  0      • 

We are interested in large times ( t > Cp^/tK ~ 10'78ec), for which the ap- 

proximation48      -Ei(-u) 2-  jtn(yu)"1. with y m  1.781, is valid. Then, choosing 

the value of Cj = p0J/2 K, where p0  = |f/f (see Fig. (9.1a)f with J 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 

I 
■ n yd 

f 

9.6) 
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With the values of the parameters from (3.3), the value of Tj    from (9.6) is 

T.      =   0.3()K 

2° 
(9.7) 

Phis value of  Tj     ■ 0.30 K is negligible with respect to T      = 25 K from 

(9,3), as we intended to show.   If the time is increased from ten seconds to ten 

hours, the value of T,      is increased by a factor of only 1.6.  The approximation 

t>,   < D   is not satisfied for some cases of interest. For the case of i..  » D  , th        e th e 

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 T,      «■ T       is still 
jD mx 

satisfied when jt ,   < D    is not satisfied.  Specifically, a great increase in the 

value of T.     over the value in (9.7) is not expected.   There should be a very 

slight increase in the value of T.      as a result of the heat flow arriving from 
■D 

across the diameter in Fig. 9.1a.  But there is a decrease in the value of T. 
D 

since the diffusior is in three dimensions (spherically) for i .  » D , whereap 

the heat diffuses in only two dimensions (cylindrically) for 1 . « D . 

Next consider the thermally induced stress resulting from the temperature 

rise of the detached area.   A rough estimate will suffice.   The stresses a are 

related to the strains e by the elastic constant C  ..   For the simple estimate, 

the usual sum      is replaced by a single typical term 

a = Ee (9.8) 

where E is Young's modulus and the typical strain e is given by 

e = oT av (9.9) 

^ 
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Here a is the linear thermal expansion coefficient and T.     is the 

temperature 
av average 

av 
T      / ■s 

D/2 

dppT 

With T given by (9.1) and (9.2), evaluating the integral gives 

1 
Tav       iTrm (9.10) 

Comparing (9.8)-(9.10) gives 

O  =   y EaT 
l nix 

TTie value of Young's modulus does not vary greatly from material to ma- 

terial, a factor of ten variation from one material to another being very large. 

For example. KC1 has a small value,  E  = 29 GPa  =  4.3 x 106psi at room tem- 

perature, while sapphire has a large value, 340GPa = 5.0 x 107psl.  We choose 

the average, E = 170GPa = 2 x 107 as a representative value.  The thermal ex- 

pansion coefficient has a representative value of o = lO^K-1 (a = 0.7 xlO'V1 

for ZnSe and a = 3.6 x lo"5 K"1 for KC1).   With these values of E and a, (9.11) 

and (9.3) give 

a  = 21MPa  = 3.1 x 103 psl 
(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 xd the crack could result.  TTie Increased value of D causes an Increase 
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in the value o'  T      according to (9.2).  The stress is therefore increased, and 
mx 

a runaway situation should result. 

It could also happen in some cases that the coating irnelf could fracture, 

thus tending to isolate the detached area thermally.   For a thermally isolated 

area of the coating, all of the energy I Af^f    =  ^f ^f^n ab801*011 ta ^e 

volume (ll{ appears as heat in tl>is volume.  Thus, equating this energyab- 

/i 46 sorbed to Cu£,T gives 

T  =   l/3ft  /C  = 2.5xlO,,K     . (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 after the laser is turned off in some special cases, but this is unlikely 

in general. 

2 
In pulsed operation, for short pulse durations t   « r^   where "^ = C if/4K 

has a typical value of 0.4>is according to (8.11). the detachment causes little ad- 

ditional temperature rise since diffusion Into the substrate already was negligible. 

1     2 
For very long pulse durations t   » Tp, where TD a C( j D) /4K has a typical 

value of 2.5 x 10    s for detached diameter D = 1mm, the above steady-state 

results are approached. For intermediate pulse durations T« < tp ^ T£)» the <le~ 

tachment causes a greater temperature rise 

T fc   lAt   /Cjtf 

lhan the corresponding value T = I At  /Ciz_0, with Az_o 

for unimpeded diffusion into the substrate. 

(ffKtp/4C 1/2 
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X. GUIDELINES FOR SELECTING NEW MATERIALS 

Figure-of-merlt-typc analyses, which were useful for window materials, are 

not 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 ot the bulk absorption coefficient /^ muse be less than a re- 

quired value such as 0.5 cm"1. 

• If the recommendations of Sec. II fail to produce values of the film ab- 

sorption coefficient 0f less than 0.5 cm"1 (for materials with ^ < 0.5cm"1), 

a guideline for obraining ßf < 0.5 cm'1 will be sought. 

• The value of the index of refraction nr must be within the required range. 

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

quired. 

• 55 thermal-cxpansion-mismatch stress must be sufficiently small to 

prevent failure.  Other available information on -tress should be used, as dis- 

cussed in the text. 

• Nonhygroscopic materials arc desirable, although it may be possible that 

hygroscopic materials can be used as an insioo 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. 

128 



Sec. X 

• Previous experience with the materials in question should be considered, 

but caution is required to avoid misleading negative results. 

• The following proper.»es are desir.ible, 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 substrate 

stoichiometric in thin-film form 

no adverse diffusion effects at interface. 

Figure-of-merit and general broad-brush analyses, such as the figure-of- 
5-8 

merit analyses for window materials that were developed previously,       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 c invenient figures 

of merit.6"8  The dependence P(/3, o, C, K, • • •) of the power P, calculated by 

making simplifying assumptions, on s«":n parameters as the absorption coeffi- 

cient ß, material strength o, heat capacity C, and thermal conductivity K clearly 

shows the relative importance of these parameters. For example, diamond is a 

good material in some applications because its great strength and thermal con- 

ductivity more than compensate for its high lO.öjim 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. 

129 

mmm 



Sec. X 

homogeneity, stability in the atmosphere, and low absorptance, reflectance, and 

scattering. Failure to achieve any one of these properties makes the coating un- 
-10 

acceptable, no matter how good the other properties are. An absorptance 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 requirements. 

At the present stage of high-power Infrared coatings studies, a major prob- 

lem Is the extra optical absorption in films. The source of this extra absorption 

is not piesently 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 selecting 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 nonoptlmum 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 

10 tell in advance if a given coating material will adhere well to a given substrate. 

In spite of the difficulties, using the guidelines should greatly enhance the proba- 

bility of selecting a satisfactory coating material. 

One problem In selecting the most promising coating materials is that the 

values of ß{ of new materials are not known, and even the values of ^ are not 

known for some film materials. Sufficiently accurate estimates of the values of 

A   often can be made by using known tendencies of changes In ß with material Kb 
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and crystal-type changes in conjunction with known values of ß for similar 

58 
materials.      There is no reliable way of estimating the values of ßf since the 

physical source of the large observed values of ß. is not yet known. Thus, ma- 

terials will be selected on the basis of I heir bulk absorption coefficients. Indeed, 

the first task of the near-term program will be to obtain low values of ß, of the 

chosen materials. 

The first and most important guideline is that the bulk absorption coefficient 

must be less than the desired value, such as 0.5cm    as discussed in Sec. 111. 

Even though this value of ß.   = 0.5 cm    is extremely high with respect to the 

-4     -1 typical value of 10    cm    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^m coating materials. For example, the absorption is too 

great in the oxides for which the 10.6^m absorption coefficient is known. Other 

oxides for which the bulk absorption coefficient at 10.6^m 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>xm bulk absorption co- 

efficient of the fluorides is marginal. The values of ß. = 50 cm   ,18 cm   , and 

3 cm    for lithium fluoride, magnesium fluoride, and calcium fluoride, respec- 

tively, are too great. The absorption coefficient of 1-2 cm    for lanthanum flu- 

oride is marginally too great, while the values 0,17 cm    and 0.5 cm    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   ), 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. 

Fhe second guideline Is simply that the value of the index of refraction nr 

must be In the required range. Since all serious coating candidates now contain 

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 materials are con- 

sidered separately. 

The third guideline is that the film stress resulting from the mismatch rL 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 field 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 ibsolute necessity. First it may 

be possible that hygroscopic materials can be used as inside layers in multi- 

layer stacks. Second, it is possible 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 already 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. The 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,   as 

discussed in Sees. 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 lime there is some controversy over the im- 

portance of radioactivity, as discussed in Sec. VI. As another example, thallium 

iodide is a good current candidate for high-power 10.6 pm coatings, and KRS5, 

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. 

~~-~r- 



Sec. X 

In addition to the guidelines above, the following properties 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 jrtant properties of the film.   Tor example, the films 

obviously must adhere 'veil 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 Ser. IV. 
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XI. CANDIDATE 10.6>xm COATING MATERIALS 

-4 Since there are no coatings available with A- = 10     for any of the infrared 

frequencies of interest, and only a small handful of coating mnterials have been 

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 10.6fxm coatings: 

•   ThR 

•   Na(E,Cl) 59 

•   KC1 

•   (Ba,Sr)F2 

•   KGaF. and other Cryolite-type materials 

• As2 ( S3, Se3 ) 

• Zn (S, Se ) 

• Til 

-4     -1 A typical goal for absorption in window materials is ß, = 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. Ill, a vaiu' of absorptance 

-4 -1 A, = 10    , which corresponds to /S = 0,5 cm    for l{ = 2jim, is desired. At the 

chemical-laser wavelengths, slightly greater values of ß can be tolerated since 

smaller values of I, can be used. For example, at 2.8jim, a value ot ß = 2 cm 

may be tolerable. 

135 

- •■-— ■«  



Sec. XI 

This greater value of ß for coating materials than for window materials 

means that there arc many more candidate materials for coatings than for win- 

dows. As in the early days of selecting candidate materials for high-power laser 

windows, some gross selections 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 bullc 

and film absorption coefficients ßh and /3f at 10.6, 5.3, 3.8, and 2.8>im. Table 

11.2, taken from Hitter's article,     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 15^m in 

order for ß{ < 0.5 cm    to be satisfied. For example, the transmittance range 

of ThF4 is listed as 0.2-15jim, and the lO.b^m value of ßf probably is ßf m 10 

cm   . The range for ZnS is 0.4-14fim, and the 10.6jim value of ßf probably is 

/3f * 2 cm   . There may be exceptions to this greater-than-^jim rule. For ex- 

ample, ZnS, with transmission to Hjirn, has /l  HS 0.15 cm"1, and recently 
-1 *I4 

ß, < 1.4 cm    was measured. 

Table 11.3 and Fig. 11.1, from the Handbook of Military Infrared Tech- 

i       30 .    L nology,      contam 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 ^m. 

Useful 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. 
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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 exists 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 funher. From Ref. 30. 
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Table 11.4.   Properties of High-Power Infrared Coatings 

Coating Substrate Af 
R 
% 

X Ref. 
Date of 
Report 

84 
As2S3/ThF4 KC1 0.19 0.03 10.6 10 Feb. 75 

ZnSe/ThF4 KC1 0.24 
0.17 

0.02 10.6 
10.6 

10 
10 

Feb. 75 
Feb. 75 

ZnSe/ZnS KC1 0.05 5 10.6 11 July 73 

BaF2/ZnS CdTe 0.06 0.15 10.6 II July 73 

ZnS/ThF4 CdTe 0.25 0.15 10.6 11 July 73 

(ZnSe/ThF4)
3 KC1 <0.1 0.2 10.6 11 July 75 

TlI/ThF4 KC1 0.26 0.09 
@9.5j4m 

10.6 12 July 75 

ThF4/ZnSe ZnSe 0.03 10.6 3 July 75 

ZnSe/ThF4
a KC1 8 Feb. 75 

ThF4/ZnSe KC1 0.24 
-0.40 

:o.6 8 Feb. 75 

As2S3/ThF4 KC1 0.19 <:o.03 10.6 8 Feb. 75 

BaF2/ZnS ZnSe 0.11 0.23 10.6 82 

ThF'/ZnSe 
4 

ZnSe 0.03 0.03 10.6 82 

ThF4/ZnS ZnSe 0.06 0.02 10.6 82 

ThF4/ZnS ZnSe 0.07 0.2 10.6 83 

Bal2/ZnS ZnSe 0.12 0.1 10.6 83 

ThPyZnSe IScmdiam. 
ZnSe 

0.08 0.06 10.6 92 

-A       -7 
a.  cracked and peeled upon removal from vacuum system (10    -10    torr) 
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1000 

1.0 ».0 3.0 
REFRACTIVE INDEX 

A"l.«-I.T        ■"JO-.., ••'..„ 
• vlilbU value« for optic«! flu«««. 

4.0 

Fig. U, 1, Reciprocal dispersion of some infrared optical materials; 
from Ref. 30. 
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Infrared Laser Window Materials;60 Infrared Laser Window Materials Property 

Data for ZnSe, KC1, NaCl, CaF2, SrF2, BaF2, Stanley Dickinson, Air Force Cam- 
♦61 

bridge Research Laboratories Report AFCRL-TR-75-0138:     American Institute 

of Physics Handbook;62 and the Handbook of Military Infrared Technology. 

Best Low-Index Candidates 

A specific coatings problem IF to find a low-Index replacement for ThF4, 

which is radioactive and whose accepted absorption coefficient ßf = 10cm 

(however, see note (a) of Table 11.1) Is greater than the desired value of 0f 

= 0.5 cm'1. 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 physlcall' 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 condensed stoichiometrlcally. One disadvantage 

is that some fluorides and in particular chlorides and bromides are quite soluble 

in water. The most important fluorid ;s are cryolite (generally speaking the com- 

poands of NaF and Alty, MgF2, and ThF4. 

Consider 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 c. For a crystal composed of two types of Ions with polar- 

57 
izabllitles a    and a., the Clauslus-Mossottl expression     (In SI units) 
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7 2 
whore N is the number of + or  -  ions per unit volume and €Q 

r   10 / 4no   is 

the permeability of free space, relates c  to the a's for materials with 4TrP/3 

local field correction.   For no local field correction, the factor c + 2 is missing. 

In cither case, c (and nr) decreases as the net polarizability a+ + a. decreases 

and as the near-neighbor spacing ann ~ N"1/3 Increases. Fluorides generally 

have smaller refractive indices than chlorides, bromides, iodides, sulfides, sele- 

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 more massive ions tend to have greater polarizabilities 

than lighter ions.57   Sodium fluoride, with a_ = aF = 1.0x10      cm , o+ = aNa 

■  1 8xl0'25cm3. and a     = 0.2317nm has the lowest known index of refraction, 
• nn 

n 1.222 at lü.6jAm.     The value of (a+ + a_)/ann is lower for NaF than for 
S7 

"neighboring" compounds. With values of a and a^ from Kittel,      we find 

LiF 
0'652 + 0VQ3   -   0.083 

(2.OH)3 

Nf.F 
0.652 + 0.14 

(2.317)3 
=    0.064 min 

KF: 
0.652 » 1.33 

(2.674)3 
-    0.104 

RbF: 
0.652 ¥ 1.^8 

(2.815)3 
=    0.118 

NaCl: 
2.97+ 0.14 
 T- 

(2.820r 
0.139 
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The most likely candidates for the ThF4 replacements are NaF, KF, SrF2, 

KGaF, or another Cryolite-type material, NaCl, and KC1. None of these ma- 

terials are radioactive or toxic. 

ThF..   Thorium tetrafluoride itself is one of the most promising low-index 
4 

materials in spite of the fact that the commonly used value of |3f = 10 cm    is 

much greater than the desired value ßf = 0.5 cm   .  Note that 3f < 1.2 cm 

has been measured In ThF4.*10  See note (a) on Table 11.1.  The use of ThF4 Is 

restricted to cases In which the radioactivity can be tolerated. X-ray analyses 
♦2 

Indicate that ThF4 films are amorphous. Cracked films look like cracked glass. 

The deposition temperature must be greater than 150 C to avoid OH absorption 

bands. Sputtering gives a fluorine deficiency, with grey or bHck color. Thick 

films, at least 3-4jim 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 monocllnic.  As mentioned In Sec. VI, Van 

Ultert and coworkers40 recently found that a single crystal of ThF4 had 

a < 2 x lO^K-1 for temperatures between 25 C and 400 C, and the total ex- 

pansion a AT for AT = 25C-600C was zero.  The crystal was not cracked 

by application of a blowtorch. 

♦2 
Considerable reduction of ThF4 films on exposure to air has been reported. 

Thorium tetrafluoride films with ßb < 1.2 cm"   have been grown on occasion, 
 |— — gij  
but values below ^7-10 cm"   cannot be obtjtned consistently. 

The following excerpt Is from Ref. MO. ,'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. ThF4 crystallites obtained from Balzers A.G. contained 

carbon impurity and also yielded high absorption films.  Material from American 

Potash was found to be acceptable if selected by lot. Certain lots produced films 

with absorption index of 1 x lo"   or le«st while others had a high ThCL content, 

which made deposition extremely difficult and yielded absorptions in the  1 x lO-3 

region. Poly Research Corporation supplied material from several different lots 

that had no detectable impurities by emission spectrograph or X-ray microprobe 

analysis. This material melted cleanly In the Mo-box source and deposited films 
-4 

in the 1 x 10     absorption index range." 

"The best and most consistent material obtained during the contract period 

-is prepared at HRL by the reactive-atmosphere process (RAP). This process 

was used to purify commercial ThF4 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 Th02 powder was also converted to ThF   by 

a w.-t process followed by drying of the ThF4 powder in a gaseous 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 ThF4 crystals for 

comparison with the film absorptions. An absorption index for the bulk crystals 

of approximately 3 x lO-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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Ritter*2 states, "In recent years ThF4 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 1000C only thorium fluoride evaporates for either starting material. Th02 

evaporates above 2000C only. ThF4 films are transparent from 0.2^m up to 15^m. 

The 'ilms are mechanically and chemically quite stable. The packing density 

seems to depend on the preparation conditions. Films with high packing density 

can be obtained. ThF. films sh'm tensile stress on the ovder of 110-150 MPa 

(1.6x 104-2.1 x 104psi).  At exposure to air an appreciable reduction occurs. 

ThF, films can be made quite thick without the formation of cracks or peeling 

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, ß. = 0.5 cm'1, but the film absorption coefficient ßf Is not known. It has 

the lowest known Index of refraction (nr = 1.222 at 10.6»im).  The water solu- 

bility of NaF (4.22g/100g water) is between that of LIF (0.27 g/100g water) and 

that of KC1 (34.7g/100g 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 ~970MPa) 

and that of KC1 (~Knoop 8, or ~80MPa) or NaCl (~Knoop 17, or ~170 MPa). 

Thin films of NaF are easy to deposit.6    Dr. H. Bennett has suggested NaF as a 

34 
replacement for ThF^. 
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(Sr>Ba)F2- Barium aJld strontium fluoride were selected as the most promising 

of the alkaline-earth fluorides, which have better physical and chemical proper- 

ties than the alkali halides. The absorption is too great in CaF2 (/3   = 3cm"1). 

Barium fluoride, with ^ = (). I7cm\ would appear to be a better choice than 

SrF2, with ßh = 0.4A cm" . However, consistently fewer problems have been en- 

countered with SrF2 than with BaF2. Since Cal^ films are very porous and are not 

very stable, measurement of the packing density of SrF2 films is especially im- 

portant. Dr. Harold Posen and coworkcrs11 agree that the alkaline-earth fluo- 

rides arc good candidates. 

KGaF4 or other Cryolite-type materials.  By Cryolite-type materials we mean 

materials containing^ (Na. K, Rb. Cs) F plus (Al, Ga, In, Tl) F,. Since the absorp- 

tion of Cryolite (NtAlty is expected to be too great at 10.6Mm but the films are 

otherwise quite good, replacing the light elements Na and AI 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. 

iM^Cl    potassium chloridt. i8 ind^d „, thc Um of low.index materiajs 

because »1f < 0.6 cm"1 already has been attained. If KC1 is included, NaCl, with 

its lower water solubility and slightly greater Knoop hardness, should be consid- 

ered also. The bulk 10.6^ absorption coefficient of NaCl is /3b ä 3 x 10'4cm"1. 

It b noped that such hygroscopic materials can be used as inside .ayers in multi- 

layer coatings, but this has not yet been established. 
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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 th«; low- 

index materials are limited essentially to the fluorides and chlorides: 

As2(S3, Se3) 

Zn(S,Se) 

Til. 

As2S3. Arsenic trisulfidc is the only known film for which ß{ ■ ß,i= 0.8 

en.' ) at 10. 6^m (with the possible exception of ThF., for which the intrinsic 

value of ßb is not well known). It was found al Hughes Research Laboratories 

that purchased high-purity As2S3 powder was not satisfactory even after it had 

been melted in the presence of H2S. Arsenic trisulfide was synthesized at the 

Hughes Research Laboratories under conditions designed to keep it oxygen-free. 

*19 *3'> 

It was poirred out in China Lake reports     '        hat there is a possible problem 

of photodssociation of As2S3 and As2Se™ followed by oxidation of the arsenic, 

resulting in additional absorption and optical densification. 

As2Se3. The 10.6jim value of the absorption coefficient ß,  =0.011 cm 

is 70 times smaller than the value flu ■ 0.77 cm'   for As„S„ . 

*2 ZnS.   Zinc sulfide is a common coating material.  Films a^e polycrystalline. 

Occisionally observed inhomogeneities are attributed to a ZnO layer. The value 

of ßb is ~0.15 cm. Measured values of flf are as low as ß, < 1.4 cm" .  The 
♦2 

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 pretreatmei.t of the substrate. For use as an antireflection coating 

on Ge, e.g., it is recommended that one use a 150C substrate temperature and 
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an effective glow (lischarge just prior to evaporation. In this way films can he 

produced to withstand several hours boiling in 5% salt water, repeated washing, 

and exposure to moisture without damage, ZnS evaporates at approximately 

1200C. During heating ZnS dissociates into Zn and S. This was proved by mass 

sprctrometric investigations. During condensation recombination of Zn and S to 

ZnS takes place. This evaporation mechanism explains the strong temperature 

dependence of the condensation coefficient of ZnS, even in the range 20-300C. 

ZrS can be evaporated f';om 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 MgF2,ThF., 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 14|im. The refractive index in the visible ranges between 2,60 and 

2.30 sir.ee it shows a strong dispersion near the absorption edge. In the infrared 

the refractive index is around 2,3, 

-4-1 -1 ZnSe. The bulk absorption coefficient is /3f = 4 x 10   cm  , and ßf = 1.2 cm 

has been reported. Zinc-selenide films crack off KC1 substrates unless the ZnSe 

film is thin. 

Til. Thallium iodide is included in the list of best candidates because /I < 1 

-1 *64 cm    has been attained.      Films are highl/ textured polycrystalline. Rapid depo- 

sition is tequired to obtain the low values of ß- There is a problem with film 

clouding of thick films (>0 3-0,5|4m) grown on glass, cleaved KC.l, and mech- 

anically polished KC1. Scanning-electron-micrograph edge views of films showed 
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an abrupt switch from a pancake murphology in the thin films to a loosely packed 

columnar growth pattern for the thick films. Good Til coatings were deposited at 

room temperature. Coatings deposited at 100 C were cloudy and had rough surfaces. 

The toxicity of Tl may exclude TU from some applications. 

Next-Best Candidates 

Some of the materials listed hen 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. ♦öS: "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 excerpt is from Ref. *10: "Films of CdTe prepared from a new 

improved starting material have a cadmium deficiency oi a few percent to as much 

as twenty percent, with absorption index values as high as 10   . Near the end of the 

contract period, a portion of an old ingot was found that yielded absorptions in the 

1 xlO'4 range.   Ihis material was coupled with the best RAP-processed ThF4 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 coworWs      suggest that CdTe has 

merit. 
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(Ca, Sr. BaXS, Sc.Tc), and Mg(Sc, Tc).   Tlic properties of the IIA-VI 

compounds are not so well known as those of the MB-VI compounds, such as 

ZnSe, and are more speculative.  They have the sodium chloride structure and 

have larger electronegativity differences than the corresponding IIB-IV ma- 

terials, which indicates that they have a higher degree of ionic bonding than do 

the I!B-VI materials.   The value of E    for barium telluride probably will not be 

too small since barium telluride has the sodium chloride structure. 

KRS-5(TlI-TlBr).  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 sufficiently small, &« 0. bem"1, and a value of 0f < 4.5 cm"   was obtained 

even without the special precautions now believed necessary to obtain ultralow 

values of 0f. KRS-5 is much finer grained than Til. The following excerpts 

are from a recent Perkin-Elmer report:      "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 dele- 

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 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 qual- 

ity su! strates, but a later run on substrates of belter quality indicated that the 

1. Ijim-thick film had less than 0.05% absorption." [ Thus, ßf < 4.5 cm   .] "The 

KRS-5 vapor would not condense on substrates held at 150C which means that in 

a multilayer combination with thorium fluoride it would be necessary to cycle the 
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substrate temperature between alternate film depositions.   Another negative 

factor was an inciex homogeneity in the film thickness direction. This took the 

form of a refractive index increasing with thickness« which is indicativv. of pref- 

erential evaporation or condensation of the iodide component at the initial stages 

of the evaporation." 

AgCl, T1C1, TIBr, Csl. These materials produce good quality antireflec- 

*2 tion coatings.      Bulk absorption is extremely low. The thallium compounds are 

toxic, and Csl is hygroscopic. 

GaAs.   Careful growth is required to Lnsure a steep absorption edge and 

♦2 
the corresponding small value of j8f. 

Sb2.S~.   Films have been deposited successfully. The value of n    at 600nm 

is 2.35. Films of As2S„ have been studied in much greater detail, and Sb2S„ 

is expected to have lower absorption than As2S„ . 

Ge. The value of ß, for amorphous films depends on the deposition condi- 

tions. The smallest value found in the literature is ß, - 10 cm   , which is much 

greater than ß*   for crystalline bulk germanium. The value of /3, is much smaller 

on fused quartz than on NaCl. 

It 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. 

*38 The low laser-damage threshold observed by Young       was attributed to 

thermal runaway. 

The observed increase in ß with increase in frequency Cü fromfiw = 0. leV 

-1 4-1 (/3 = 30 cm   ) to 1.3 eV (/3 = 6 x 10 cm   ) for amorphous germanium strongly 
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suggests an electronic absorption mechanism related to "stales in the gap" of 

amorphous materials. 

Germanium was found tens of nanometers into a KC1 substrate. Germanium 

films become oxidized throughout, which increases ß. 

Chalcogenide glasses.   In addition to As2S3 and As2Se3 discussed above, 

there are other chalcogenide glasses such as Texas Instruments TI1173 (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^m 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, Ik-, C, N. and O. The light 

masses are expected to give rise to a fundamental resonance too near lO.öjxm, 

thus making ß > 0.5 cm" .  Note that the vast number of materials containing 

oxygen or carbon are expected to be unsatisfactory. 

Many oxides are known to have ßb > 0.5 cm"1 at I0.6jin . Although we can- 

not be sure that some oxides will not have a sufficiently low absorption coeffi- 

cient, the generally high absorption at lO.ö^ni of oxides makes them less likely 

candidates.  Specific oxides include the following: 
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MgO {ßh = 7 cm" ; to 8>im) 

SiO (to 8 jim )68 ,    S102 

A1203  (to 7pm) 
OS 

-1 
BaTi03 (ßb 2= 100 cm    ) 

(Si,Ti,T.,Cc,. • .)02 

(Ce, Zr)O0   (to 12pm) 
68 nr 2 1.9-2.1 

(Laj, Nd2,Cc2,Y2,"-)03 nr  =  1.9-2.1 

I,r6Cll 
nr   = 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)(Cl2, Br2, Ij ).  Since (Ca. Sr, Ba, La) F2 are of interest, 

it might appear that replacing F2 by Cl2, Br2, or ^ to increase the masses, there- 

by decreasing the value of ß, would result in satisfactory materials. However, the 

physical properties of the materials containing chlorine, bromine, or iodine arc- 

inferior even to those of the allcali halldes. 

(Ga,In,Tl)(Cl3,Br3,I3).  Such corresponding 111-VII3 materials as GaBr3 

have still poon-r physical properties.  Thus, these materials are unlikely candi- 

dates. 

(Ge, In, Sb)(Cl4, Br,, L ),  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 series I-V1I, H-VIL , III-VIL , and there IV-VII.  materials are the next 

ones in the progression. 

Sn,(In,Tl)(AstSb,Bi), Pb, (Pb, Sn)(Sc.Te), Bi2(Se3, Te0), (Mg, Ca)(Si,Ge,Sn, Pb), 

Mg2Sn, ZnSb, CdSb, Cd„As2.  The energy gaps of these materials are too small for 

use at room temperature. Some of these materials possibly would be good candi- 

dates if lower temperatures were used. 

Layered structures, ihe 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(St Se, Te) 

(Zr.Hf)S2 

Hf(Se2,Te2) 

Ti(S2,Se2fTe1#17) 

ZrSe 1.98 

ZrTe 1.76 

HSSg 

«v!o(S2fSe2) 

W(S2,Se2) 

Cd(Br2,I2) 

SnS2 
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The absorption of the following fluorides is expt l-d to be too great 

(0 > 0.5 cm"1): 

CaF„ 

UF 

MgF, 

= 3 cm 

= 50 cm 

/^ = 18 cm"1,    0f = 270 cm"1 

Cryolite (NaAlF4, or, in general, NaF plus A1F3). Transmission to 14^im 

Cryolite films have low packing densities, ranging from 0.88 for 30 C substrate 

M 

temperaioire to 0.92 for 190C substrate temperature. 

-1 
PbF9. Even though tiie bulk absorption coefficient ßb = 0.01-0.06 cm    of 

PbF9 is below the desired value of 0.5 cm" , films are not expectet' .o have a 

sufficiently low value of absorptance ßf unless the film density can be increased 

above the current value of 0.9. 2 If PbF2 is considered, it is expected that plati- 

num or ceramic crucibles will be essential.     Horrigan and Deutsch     found that 

they could not deposit stable films. The films absorbed moisture, were soft and 

milky colored, and showed OlF and 11,0 absorption bands. Perhaps these films 

♦2 
were deposited from tantalum, tungsten, or molybdenum boats. 

Lead fluoride films consist of ß - FbF2.   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 since with increasing film thickness a change 

from compressive to tensile stress occurs.  The absolute stress values are low. 

TIF».   Fhis material is considered as a less desirable candidate because Tl 
o 

is toxic, the values of 0, and ß.  are unknown, and there are a sufficient number 

of other fluorides without these problems. 
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All3.   The absorption is expected to be too great. The value of the film 

absorption coefficient ß{ fc 2.50 cm"   at 10.6^m estimated from the transmit- 

tance curve of Hcitmann   u probably is at or near the intrinsic bulk value. Since 

the A1F3 f.ims showed strong water absorption at '-3 and ~6^m and the absorp- 

tancc of water begins to Increase at 10>im, the cutoff of A1F"   beginning at lO^im 

conceivably could be the result of the water, rather than the intrinsic cutoff of 

A1F3. However, the water cutoff, which is seen to reduce the transmittance of 

30pn oi water to a small value (<5 percent) in Fig. 4.1, is not sufficiently 

strong to explain the cutoff observed in AIP». In Table 4.1 or Fig. 4.1 it is seen 

that values of ß from lO-H^m are less than the peak value at ~3 and ~6fim; at 
3     -1 1       i 

18^m, ^ = 3.2 x 10 cm   , compared with ß = 2.9 x 10 cm    at the ~3pm and 

~6jxm pe^Vs. h iTc cutoff were the result of the water in the films, there is a 

possibility of reducing the 10.6pm absorptance since the films were deposited at 

ambient temperature and higher teniperature deposition of fluorides often results 

in higher density films with less water absorption. 

(Ce, La, Nd, Pr, Yb) F-, It is questionable that these materials will have a 

sufficiently small absorptance (ß{ < 0.5 cm"1). From transmittance values 

from 8-16pm"   for two samples of tmckness 0.43 and 11.7 mm, we calculate 

ßb= I -2 cm    for the bulk absorption coefficient of LaF,, in agreement with ß, 

= 1.2 cm    fro n Ref. *3. Bulk LaF3 is thermally and chemically stable, and is 

insoluble in water and sodium hydroxide.6    The index of refraction of CeF, at 

550nm is nr = 1.63.  The stability of CJFJ is not very satisfactory according to 
*2 

Ritter.     However, it was found af the Air Force Cambridge Research Labora- 
•71 

tories      that crack-free CeF3 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(Am region." Tills probably means that 

~J       1 -4 Af < 10   , compared with the desired value of A, < 10   . For a 1-2(im thick film, 

the limit .\ < 10   corresponds to 0f ^ 50-100 cm' .  Ritter's    listing "to 14 ^m" 

fiS -4 
implies     that Af > 10   . Thin (100 nm) PrF„ protective films deposited on ZnSe at 

250C 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 NaF.   Compare the 10. ()|im absorptance coefficient, ß = 40 cm   , of 

-1 27 LiF with that, ß = 0.5 cm   , of NaF.   However, as M. Hass     and H. Posen and 

coN-orkers      pointed out, KF probably will not be suitable since it is more hygro- 

scopic than KC1 or KBr. 

Other unlikely materials include the following: 

Pb<Cl9,Br9).  The bulk absorption coefficient surely is sufficiently low, but 

these chlorides and bromides normally are expected to be inferior to rbF2 . An 
hi 

anti reflection coating of PCK was used on InSb. 

SiC. Transmission to 5 j^m. 

-1 3-1 
Cul. ß.   = 1 cm    (expected extrinsic). ßf = 10" cm    on 1X1 substrate. 

A long copper diffusion tail into the KC1 substrate is believed tc be relatid to 

3     -l ^72 *J9 
the greater value of ß- = 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 candicktes. However, Dr. A. R. Hilton pointed 

out that these materials have no strenglh, they have absorption bands, and the 

structure is very permeable. Dr. H. Posen and coworkcrs     pointed out that 

amorphous sulfur transforms readily near room temperature. Dr. T. M. 

73 Donovan v also expressed the opinion that amorphous S and Se would be poor 

candidates. 
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The following Information from the Tliird Edition of the American Institute 

of Physics Handbook, page 6-84, is of interest:   "Unlike sodium chloride and 

potassium bromide, rhombic sulfur is not hygroscopic.   It is easy to prepare 

in virtually any rectangular size needed and it is inexpensive. It can be useful 

^or windows in infrared equipment and in surveillance systems." From page 6.80 

ui 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 fon.. at higher tempera- 

tures." And from page 6. 85, "Tellurium is an interesting anisotropic crystal. 

Single crystals of teUurium are hard to grow; a polycrystalline ingot (which is 

brittle and difficult to polish) usually forms from the melt. When teUurium is 

ground, a conducting layer tends to form on its surface; this layer can be re- 

moved by chemical etching although this does not leave an optical surface. 

Optical polishing can probably be accomplished without this effect; thin layers 

of teUurium have been made that have a good optical finish." 
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XII. CANDIDATE 2-6>im COATING MATERIALS 

Even though the emphasis of the present report is on 10.6^ni materials, some 

general information on materials for the chemical laser wavelength (2.8^111 for 

HF, 3. 8 j^m for DF, and 5.25(im for CO) may be useful.   The chemical-wavelength 

problems will be considered in subsequent reports. 

Since the intrinsic values of &   in the 2-12>im region tend to be limited by 

ionic rather than electron absorption mechanisms, the value of j3.   tends to de- 

crease as the wavelength X decreases. Thus, materials that are useful at 10. 6^m 

usually are useful at 2-6(im.   There are exceptions to this rule. First, the extrin- 

sic absorption can be greater at wavelengths less than 10.6 ^m than at 10.6jim. 

A film containing water absorbs strongly at the HF wavelength 2.8jim. Second, 

the electron absorption can be great for small bandgap materials. A bandgap of 

0.5eV corresponds to a wavelength of 2,5^m. Third, scattering and scattering- 

related absorption increase as the wavelength decreases. Other examples include 

absorption related to interconduction band absorption processes. 

In addition to the LSC of 10.6fim material at 2-6jim, there are materials that 

can be used at 2-6jim that have too great absorption at 10.6jxm. The largest such 

group probably is the oxides. Aluminum oxide (A120„) has ß.  < 0.01 cm     at 

-1 3.8 jim and ß.  ä 18 cm    at 5.25^m. Magnesium fluoride, which is perhaps tb- 

most popular coating material, has acceptably small absorptance, ß,  < 0.1cm -1 

-1 on the 2-6 Jim range, but ß,   =  18 cm     at 10.6jim is greater than the desired 

value of «xO. 5 cm   . 

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 cenerally 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 SiC^ 

and SUCL. Medium index films are SiO, Al-Og, MgO, Th02, Zr02, and the rare 

earth oxides, whneas Ce02 and Ti02 represent high index materials. Si02 films 

are transparent from 200nm up to 9jim. 

By evaporation of SiO without o\ygcn, films are produced which are absort- 

ing in the visible ran^e but transparent In the infrared up to approximately S^im. 

A120^ films are transparent from at least 200 nm up to 7(im if they are prepared 

correctly. MgO films have not yet found wide application since their stability is 

limited. They are transparent from 220 nm to 8fim if evaporated with an electron 

beam. Hie films are crystalline and show increasing crystal size with 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 layei-, 

Zr02 films are transparent from 340 nm up to 12jim,      One difficulty en- 

countered when using ZrO^  is a marked tendency to form inhomogeneous films 

probably due to a structural effect. The mechanical and chemical behavior is 

excellent, and it can easily be combined with other oxides and with MgR. 

The rare earth oxides such as L^uO    Pr^Oi i» ^^o^,   Sc203, and Y20„ 

also tonr flms with a refractive index in the range from 1.9 to 2.1. 

CcOj films are transparent in the visible and infrared region up to 12 ^m. 

Thick films of CeO« exhibit high scattering losses which limits their usability 

already in the near infrared. The films are cubic at all substrate temperatures 
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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- 

fore the concentration of boundan layers decreases. CeCX, films are very stable, 

hard, and well adherent. 

TiO,  is an important high index material. It forms hard and adherent films 

with good chemical stability. Thick Ti02 films shov/ scatter loss which-limits 

the usefulness in the infrared to around 3^m; otherwise thin films can be used 

up to 10-12 jim.68 BUCL films have been prepared by evaporation. 

Mentioned in the literature, but obviously rarely used, are the oxides of 

antimony Sb203, arsenic As203, beryllium BeO, boron B203, lead PbO, gallium 

Ga203, germaniun Ge02, and tellurium Te02. 

Most oxides show absorption if they are not fully stoichiometric and if oxy- 

gen vacancies have been created. Also sulfide and scknide films vith an excess 

of the metallic constituent show increased absorption. 1 hick films, e. g. of Ce02, 

tend to form large crystallites which cause scattering. 

Fluoride films tend to form films with lower packing density if not depositec 

on heated substrates. MgF2 films, e.g., deposited on unheated substrates, have a 

packing density of only 74%.  The corresponding refractive index, measured In 

vacuum, is 1.32 instead of U38. At approximately 300 C a high packing density 

and the expected inde.. of at least 1.38 are obtained. During exposure to a»., 

water vapor is absorbed in films with reduced packing density, filling the holes 

with water. As discussed in Sec. IV, this filling of the holes with water is ex- 

pected to be a strong source of absorption for all wavelengths greater than 

~2.7^m.  Thus, a.ta.ning k w-porosity films is one 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 nr is observed and the values of compact MgR 

are almost achieved again. Similar effects are known for cryolite, CaF2, and 

A1I'3 and to a smaller extent for Si02.  The optical absorption by the water can 

of course be more important than the change in n   , 

The films of MgF2 are always crystalline, but thin films and films on cold 

substrates shew a much finer grain size than thick fUms or films on heated sub- 

strates. Usually the films are formed of prismatic crystals which grow preferen- 

tially in the direction of the incident vapor beam. At thicknesses above 100nm the 

films tend to be inhemogeneous and the inhomogeneity is increased with increasing 

thickness. MgF2 films show extremely high tensile stress 3 x 107-5 x 107 kg/m2 

4 4 
(4 xlO   to 7x 10 psi).  This stress is probably responsible for the appearance of 

cracks at larger thicknesses, for the irhomogeneity, and for some cases of in- 

cv)mpatibility with other film materials, e.g., TiO,. 

The mechanical and chemical properties of MgF2 films are predomm, Uly 

dependent on the packing density.  Films with high packing density, obtained at a 

substnte temperature of 300 C or by  mneaiing after deposition are extremely 

stable, hard, and adherent. MgF2 films are also combined very often wir»  ZnS, 

although here the stability is much less since no hi^h substrate temperature car 

be used during the deposition of ZnS. 
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XIII. 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-relate 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 field of high-power in- 

frared coatings. However, the article by E. Ritter     and the paper by P. A. 

Young      contain a wealth of information and afford a good introduction to the 

subject. The contents of the eight volumes of Physics of Thin Films, edited by 

Georg Hass and Rudolf E. Thun, Academic Press, are listed for the readers con- 

venience. In those notes from the literature, the original reference numbers are 

enclosed in oa-entheses. References that are axcerpted in the present sectior 

are denoted by asterisks throughout the report. Many of the excerpted papers, 

*8S-* 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, .tollis L. Caswell 

Theory and CalculaMons of Optical Thin Films, Peter H. Berning 

Preparation and Measurement of Reflecting Coatings for the Vacuum Ultra- 

violet, Robert P. Madden 

Structure of Thin Films, Rudolf E. Thun 
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Low Temperature Films, William B. Ittner, III 

Magnetic Films of Nickel-Iron, Emerson W. Pugh 

Volume 2 

Structural Disorder Phenomena in Thin Metal I^lms, C. A. Neugebauer 

Interaction of Electron B^ams with Thin Films, C. J. Calbick 

The Insulated-Gate Thin-Film Transistor, Paul K.Weimer 

Measurement of C^tical Constants oi: Phin Films, O. S. Heavens 

/  tireflection Coatings for Optical 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 Monitoruig Devices and Techniques for 

Producing Films of Uniform Thickness, Klaus H. Behrndt 

The Deposition of Thin Films by Cathode Sputtering, Leon L Maissel 

^as-Phase Deposition of Insulating Films, L.V. Gregor 

Methods of Activating anJ Recrystallizing Thin Films of II-VI Compounds, 

A.Vecht 

The Mechanical Properties 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 thick).esses provides a detailed 

rftti 
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review of those measuring ar.d control methods which permit the accurate 

reproduction of thin-film properties - an art ^ich the preface of Volume 1 

claimed was mastered, but so far lacked a comprehensive review.   In the 

second article. L. 1. Maissnl discusses the many aspects of film deposition by 

cathode sputtering. TTiis field in particular has mushroomed during the last few 

years, and it has spaced such new. extremely useful deposition methods as dc 

bias sputtering and radio frequency ac sputtering. 

I*, following article is U V. Gregor's treatment of the deposition of insu- 

lating films by heterogeneous gas-solid reactions. Tins discussion encompasses 

inorganic amorpho^ gdMa and organic  »olymers and describes pyrolitic reac- 

tions as well as those triggered by radiation or eler jrlcal excitation. THe discus- 

sion of preparative methods is concluded by /. Vecht with his description of the 

activation and reciyctallization of Il-Vl compound films which find increasing 

interest because of their electrooptical 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 

^hnnical properties of thin films.  Not o.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 tho 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 TbLr Film Optics. H.E.Bennett and Jean M. Bennett 

Nucleatlon Processes in Thin Film Formation. J. P. Hirth and K. U Moazed 

Evaporated Single-Crystal Films, J. W. Matthews 

171 

rftfl 



Sec. XIII 

The Growth and Structure of Electrodeposits, Kenneth R. Lawless 

nun mass Films, W.A. Pliskln, D. R. Kerr, and J. A. Perrl 

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 measureiannts 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 in thin film forma- 

tion a review of today's theoretical models and their comparison with actual ex- 

perimental findings. J. W. Matthews follows with a 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 thii. glass films by W. A. Pliskin, D. R. Kerr, and J. A. Perri 

should be of great interest to those concerned with microelectronic research am; 

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 electronics. 
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Volume 5 

Interference Photocathodes, D. Kossel, K. Deutscher, and K. Hirsrhberg 

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 Chemnal Vapor Deposition, W. M. Feist, 

S. R. Steele, and D. W. Readey 

A few years ago, vacuum deposicion techniques such as evaporation and sput- 

tering were the dominating deposition techniq'ies. Today, new film preparation 

methods using predominantly chemical processes are gaining in importance and 

are decribed 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 materials 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 widi photoemissive devices. 

The article by A, Thelen describes the design of a variety of multilayer 

interference filters which arc 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. 

MÜU.J 
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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, pnd L. Young 

Size-Dependent Electrical Conduction in Thin Metal Films and Wires, 

D, C. Larson 

Optical Properties of Metallic Films, F, Abeles 

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 field 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 controversial subject of 

gaseous 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^rs some novel aspects of exenange coupling, its 

effect on magnetization reversal and its exploitation in memory storage applica- 

tions. The discussion of recent 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 

Ultraviolet, W. R. Hunter 

Properties and Applications of III-\ Compound Films Deposited by Liquid 

Phase Epitaxy, H. Kressel and H. Nelson 

Electromlgration In Thin Films, F. M. d'Heurle and R, Rosenberg 

Bullt-Up Molecular Films and Their Applications, V. K. Srlvastava 

In the first article of Volume 7 the status of research on the structure of 

amorphous films is reviewed by X 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 films. An article dealing with the dc 

electrical conductivity behavior 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. 

Bad 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 interested in this 

field will find complete discussions of related aspects in earlier 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 epitaxy. This growth technique is lapidiy 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 Ill-V compound layers for use in optical and microwave devices. 

The fourth review 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 microcircult components, i.e., 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 observed 

in pure metal Jilms and the inhibiting influence of alloying additives. Incidentally, 

newcomers to this field of metal films should find that previous articles in this 

series on film growth and structure (Volume 4) and mechanical properties (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. Srlvastava, covers In some 

detail the historical background, preparation, and structural, optical, and elec- 

trical properties of built-up molecular 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 

Dielectric Film Materials for Optical Applications, Elmar Ritter 

Inhomogeneous and Coevaporated Homogeneous Films for Optical Applica- 

tions,  R. Jacobsson 

Discontinuous and Cermet Films, Z. H. Meiksin 

Electrical Conduction in Disordered NonmetaUic Films, A. K. Jonsoher 

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 dielectrics and semiconductor-dielectric combinations In which 

the refractive index is varied in a controlled fashion with thickness. The inter- 

esting practical consequences of optical inhomogenelty in films used as antlre- 

flectlon coatings, matching layers for multllayei films and absorbing layers, 

e.g., in sunglasses, are discussed. 

The third article, by Z. H. Melksln, deals mainly with the electrical trans- 

port properties of discontinuous and cermet films.  Such films are finding growing 

application as high-value thln-fUm resistors and sensitive strain gauges, and the 

present review provides useful Insight not only Into the background physics but 

also into the practical potential of some simple metal-dlelectrlc systems. In the 
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next chapter A. K. Jonscher and R. M. Mill 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, "Dielectric 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 stoichiometry 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 sulfid.- and selenide films with an excess of the metallic 

constituent show increased absorption.   Thick films, e.g. of CeO , 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 microdi^ or sgattereojnaterial^.  Barr (15) has demonstrated the decrease 

of scatter loss by using a part'cle filter to separate dust and spattered particles 

from the vapor. [This could be important also for lowering the ■-»bsorptance and 

i jo 
the damage threshold for films.) 

The exact determination of loss figures and the distinction between scatter 

losses and absorption require elaborate methods. Photometric methods are usually 

limited to loss of about 0.1%. With calorimetric methods absorption losses of 0,02%, 

-4 -1 corresponding to a k value of 10     at LOö^m or a ß value of 10cm   , can be deter- 

mined with an accivicicy of ±5% -S), 

Measurements of the light attenuation in wave guides allow loss measurements 

of 0.1 dB, corresponding to a k value of I x 10     or a Rvalue of 0.02 cm    (633 nm) 

(12). By choosing proper conditions intrinsic losses can be distinguished from 

losses due to boundary scattering (11,177). 

Ibe losses in tantalum oxide and oiganosilicone compounds at 633 nm are to a 

large extent due to scattering at the grain boundaries. Theoretical analyses of this 

effect have been carried out by P, H. Ussberger and others [listed in Ussberger(13)]. 
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TIO» films show a very markcl dependence of the refractive index on substrate 

temperature, since in the interval between 20oC and 400oC the films can be amor- 

phous or anatase or rutile or tiiey are mixtures of these phases (18).   Therefore the 

refractive index at SSOmn varies hctweet. L9 and 2.6, depending on the substrate 

temperature. Even films of Mie same matciial and th^ same crystal structure can 

show varying refractive indices due to dilfere.it grain size or packing density. The 

smaller cortent of less dense boundaries in the case of larger crystals leads to an 

increase in refractive index (14,19,zO). 

Fluoride films tend to form films with lower packing density It not deposited 

on heated substrates.  MgF. films, e.g., deposited on unheated substrates, have a 

packing density of only 74% (21,26).   The corresponding refractive index, measured 

in vacuum, is 1.32 instead of 1.38. At approximately 300oC a hi^n packing density 

and the expected index of at leatt 1.38 are obtained (23,24).   During exposure to 

air., water vapor is absorbed in films with reduced packing density, filling the holes 

with water.  [ As discussed in Sec. IV of this teciinical report, this filling of the 

holes with water is expected to be a strong sourer; of absorpticn for all wavelengths 

greater than ««-2.7jim. Thus, attaining low-porosity films is one of the most impor- 

tant goals of the high-power coating programs.]   Ao a consequence an increase in 

refractive index n    is observed and the values of compact MgR are almost achieved 

a^ain (21,23,26). Similar effects are known for cryolite (25,27,28), CaF2 (22,28), 

and AIR (29) and to I smaller extent for Siü„ (30).  [ The optical absorption by the 

water can of course be more important than the change in n   . ) 

The cause of a reduced packing density appears as a structural effect or a gas 

incorporation in the film or as multiple collisions cf vapor molecules with gas mol- 

ecules during the transport from the source of the substrate.   Sometimes several 
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effects arc 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 but also of its mechanical and chemical stability (178). 

| This is an important fact since there may be temptation of contractors or agencies 

to first obtain stable films, then reduce the absorptance. 1 

The need for films with different refractive indices has stimulated a search 

for mixtures of dielectrics which will evaporate simultaneously and result in films 

with a great variety of refractive indices.  The refractive index then corresponds to 

the ratio of the mixture. Experimental results have been reported for CeCySiO, 

CeF3-/.nS, and Ce02-CeF3 mixtures (>1*-37). 

There are many examples of inhomogenc-ous ftlms listed in the literature on 

MgF2 films (25.38,39), on cryolite films (27,31.40), on Cal<2 films (41), and on 

ZnS films (42,43).   The inhomogeneity may be a steady variation across the film 

thickness causinK 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 be tested it 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 aj a measure of hardness. 

Adhesion is normally tested by the ' Scotch Tape" test, although other tests 

are available. The adhesion of ZnS c?nd cryolite was found to be 2.9 x 10   psl and 

6.4x 106 psl without a glow discharge :leanlng.   In the case of ZnS the adhesion 

coirtd be Improved to 5. 3 x IQ6 psi by a 20-mln glow discharge whereas in the case 

** 6 
of cryolite the adhesion Increased only to 6. 8 x 10  psi. 
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Hie adhesion^    luenced by the ^ypc of bonding between the film imterials 

and the substrates; e.g., oxide films normally adhere very well on glass.  Further- 

more, it depends strongly on the- pnyaration and ck-anness of the surface (59, 170), 

andjhe chemical composition of the surface (60) an_d electrostatic chan^ eflectg 

(61) have to be taken into conglderatjOS   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 are in a state of stress during and after condensation. At least 

two factors can be held responsible for these stress effects: (1) structure and 

(2) difference 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 incompatibility of film combinations; (?) deformation of 

substrates. 

Of great importance for the power of stre.s.. nr.» rh,. g^g, dcnsitv anri th(. 

water vapor absorption. Durinp exposure to atmoSrnere very often a s.ress reih f 

takesjilace. Stress in dielectric films has been investigated by several authors 

(62-67).   The articles by Em.c* (62), Hoffman (63), and Scheuermann (64.65) are 

very instructive. 

An often used humidity test is storage at 4C°C, -ch tive humidity 95%, 24 or     ' 

48 hr (68). Immersion in water, often salt water, is a  cst frequently applied. 

Well-prepared films ef MgF2t many oxide films, and combinations of these films 

'^-hstand the humidity and immersion tests. 

Multilayer coatings of MgF2 and ZnS show after first exposure to humidity 

the formation of spots or stains, differently colored. Multilayer systems of ZnS 
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and ThF.   do not show such a "conversion." Only at pin hoies in the film does a 

local saturation with water vapor occur and consequently a discoloration appears. 

The chemical behavior of the films is of importance with respect to the sub- 

sti ite and to neighboring layers. Between glass constituents like PbO and film 

materials like l^u>Oo chemical reactions can take place and 'ead to the formation 

of abso 'bing metallic lead.  Reactions among film materials are also possible, es- 

pecially v higher substrate temperatures. 

Among the various production methods vacuum evaporation has especially 

shown remarkable p. ^rcss with respect to size and efficiency of coating units, 

reliability of the process, and the control of film thickness and uniformity.   De- 

spite the enormous nrogress that has taken place in reactive and rf sputtering, 

only ven  few optical applications of sputtered films arc known. This may be due 

to the s nail area to be i oated in sputtering systems (except some special arrange- 

ments), to the relatively 1-»w sputter rates, and to the difficulties in thickness mon- 

itoring if very accurate mon.toring is required. Other methods include deposition 

ftom organic solution (87), spurte ring, 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 t'  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 pieces of dense single crystals 

to avoid gus 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 spatterins; of material, even to 

Jumping out of the boat. Some fluorides tend tn form oxide or carbonate layers 

on the surface. These layers may impede free evaporation and cause sudden spat- 

tering of the evaporants.   [ Other precautions such as particle filters and great 

distances to ti.o substrate may be required.] 

Electron beam evaporation has found widespread use during the past decade. 

Its advantages arc 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 easily 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 boot evaporation, electron beam, or laser evaporation and condensed again as a 

stoichiometric compound without any additional measures.  In the case of 11I-V or 

11-VI 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 AlSb, CJaAs, InSb, and other 11I-V compounds (100,102). 

Another way of preparing III- V or U-VI compound films is the so-called "three- 

emperature method" of Günther (103).  Here the elements are evaporated separately 

from two controlled sources.  Reaction to form th'- compound takes place on the sub- 

strate. This method was used successfully for the production of films of GaAs (104), 

InSb, InAs, iUTey CdSe (105), and others (102). 

IM 
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The use of rate monitors, which arc now commercially available (ionization 

>;auge and quartz crystal osciallator types),  improves the film homogeneity and fa- 

cilitates the control of reaction in the case of compound formation.  Mast' Spec- 

trometers proved to be useful to check the residual gas constituents and tieir 

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 easily be evaporated and condensed stoichiometrically. One disadvantage 

is thct some fluorides and in particular chlorides and bromides are quite soluble 

in water. The most important fluorides are cryolite (generally speaking the com- 

pounds of NaF and Al F, ), MgF. , and ThF.. 

Cryolite is transparent from 200nm up to 14(im, 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 after evaporation water vrpor is absorbed in the films. The stress in cryo- 

3 3 lite films is tensile and amounts to 1. 5 x 10   to 3.0 x 10  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-mentioned 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. MgF«  films can be 

used from 115 nm up to about 4(im, the upper limit being due to the appearance 

185 



Sec. XIII Ref. *2 

of cracks in a quarter-wave film at this wavelength and not to absorption, hi thinner 

films it can be used up to 10|im. [ Unfortunately, the 10.6fim absorption coefficient 

ß ^ 10 cm     is too great.] 

The films of Mgl^ are always crystalline, but thin films and films on cold sub- 

strates show a much finer grain size than thick fUms or films on heated substrates. 

Usually the films are formed of prismatic crystals which grow preferentially in the 

direction of the incident vapor beam. At thicknesses above 1000 A the films tend to 

be inhomogeneous and the inhomogeneity is increased with increasing thickness (39). 

Mgf^ films show extremely high tensile stress 3 x 107- 5 x 107kg/m2 (4 x 104 to 
4 

7 xlO  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, e.g., Ti02(135). 

The mechanical and chemical properties of MgR, 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.  Mgl^ films arc 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 Thl4 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 10000C only thorium 

fluoride evaporates for either starting material (136). Th02 evaporates above 

2000oC only. ThFj films are transparent from 0.2^ up to 15Mm. The films are 

mechaiucally and chemically quite stable. UM poking density seems to depend on 

the preparation conditions. Films with high packing density can be obtained (22). 
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7 7 2 4 
ThF  films show tensile stress on the order of 1. 1 x 10 - 1.5 x 10  kg/m   (1.6x 10 - 

4 
2.1 x 104psi). At exposure to air an appreciahle reduction occurs (62). Thl4 films 

can be made guite thick witlmut the formation of cracks or peeling off. This prop- 

erty makes them well suited for infrared applications. ThF, is very compatible 

with ZnS in multilayer coatings, e.g., for laser mirrors. 

One obvious disadvantage of Th^ is its radioactivity. It is necessary to follow 

up the security measures provided for work with radioactive materials according 

to the regulations of the authonlics. 

Other fluorides used occasionally for optical applications are CeF3 (eventually 

LaF, or NdFJ (53), LiF, BaF , and PbF2. CeF3 with its refractive index of 1.63 at 

550 nm seems to be suitable for a three-layer antireflection coating (138). The sta- 

bility is, however, not very satisfying. 

BaF2 can be used in the infrared up to ISnm;   its refractive index is 1.45 

at 5^m. 

A1F   was recently proposed and investigated as a low index material (29). 

The films are transparent from 0.195 up to 10^m; 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 /3-PbF2. The packing density is about 0.90. 

1 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 fron 

compressive to tensile stress occurs. The absolute stress values are low. PbF2 

will be reduced by hot tantalum, tungsten, or molybdenum. It has to be evaporated 

from Pt or ceramic crucibles. 
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Cal'^  forms very porous films which are not very stable. Therefore it is only 

rarely used 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 AgC^ T1C1, TIBr, and Csl. It has been shown that vacuum-deposited 

layers of these materials produce good quality antireflection coatings. AgCl and 

T1C1 are most useful for wavelengths less than 30urn. TIBr should be most use- 

ful in the range 30-45^im, 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 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 Mgh" , ThF., or cryolite.  It forms thick films that do not 

crack or peel off.   Ibe useful transmittance range covers the visible and the in- 

frared up to 14fim. The refractive index in the visible ranges between 2.60 and 

2.30 since it shows a strong dispersion near the absorption edge. In the infrared 

the refractive index is around 2.3. 

For an explanation of an occasionally found inhomogene ny in ZnS films, a 

boundary layer of ZnC) is assumed (42,43).  ZnS films show a high packing density. 

'ITie stability of ZnS films, e.g. their adhesion, depends very much on the cleaning 

and pretreatment of the substrate.  For use as an antireflection coating on Ge, e.g. 

it is recommended tha' one use a 15()0C 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 1200oC. 

In many respects ZnSe is similar to ZnS. A disadvantage is the absorption in 

the short part of the visible up to 0.46fim, an advantage the higher refractive index 

of 2.65 at 550nm,  ZnSe is used for the production of laser mirrors (8,9). 

Sb2S_ is sometimes used as a high inH ,'x material in the red part of the visible 

spectrum since it is absorbing at short wavelengths.  Its refractive index is 2.35 

at hOOnm (4). 

Oxides represent a very important group of coating materials because of their 

mechanical and chemical stability as well as because of their v id.- range of useful 

refractive indices. ( Their use at \0.b\ixr\ is severely res^ "icted by high absorption 

in general. They may be important, of course, in the 2-6um region. ]  The prepara- 

tion of oxide films is generally not as easy as of fluoride or sulfide films since most 

oxides react with crucible materials or dissociate at the required high temperatures. 

Useful low index oxide films are SiO- and SLO«.  Medium index films are SiO, AKCL, 

MgO, ThO^, ZrO«, and the rare earth oxides, whereas CeCL and Ti02 represent high 

index materials. SiCL films are transparent from 200nm up to 9ym. The infrared 

spectrum between 9 and 15^m 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 8jim. 

A120~ films are transparent from at least 200nm up to 7 pm 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 Spm if evaporated with an electron beam. 
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Thi- films arc crystalline and show increasing crystal size with increasing 

substrate temperature. During extended exposure to air a hazy Huish scattering 

coating forms on the surface of MgO films,   lliis limits their us.-fulness as an 

optical coating material if used as an outer layer (20). 

The same safety provisions as with ThF^ have to be taken since ThCL is 

also radioactive. 

Zr02 films are transparent from 340 nm up to 12 >jun. One difficulty encoun- 

tered when using Zr02 is a marked tendency to form inhomogeneous films prob- 

ably due to a stnjctural effect. The mechanical and chemical behavior is excellent, 

and it can easily be combined with other oxides and with Mglv. 

The rare earth oxides such as La203, P^Ojj, and Nd?03 (53), ScjO   (145, 

146) and Y^ (145,146) also form films with a refractive index in the range 

from 1.9-2.1. 

Ce02 films are transparent in the visible and infrared region up to 12 jim. 

Thick films of Ce02 exhibit high scattering losses which limits their uj-ibility 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 grain boundaries 

since at higher temperatuie the crystal size increases and therefore the concen- 

tration of boundary layers decreases (14). Ce02 films are very stable, hard, ami 

well adherent. 

Ti02 is an important high index material. It forms hard and adherent films 

with good chemical stability. Thick TI02 films show scatter loss which limits 

the usefulness in the infrared to around 3 pn; otherwise thin films can he used 

up to 10-12|im. 
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BuO, films have been prepared by evaporation (147). 

Mentioned in the literature, but obviously rarely used, are the oxides of 

antimony Sb^ (147,148), arsenic As^ (149), beryllium BeO, boron B^, lead 

PbO (150), gallium Ga^Og (149), germanium Ge02 (149), and tellurium Te02 (147). 

The II-VI and IV-VI compounds ZnTc, CdTe, GeTe, and PbTe are mostly 

evaporated from one crucible. 

Silicon films are transparent at wavelengths larger than 1 up to 9<im where 

they normally show absorption due to some oxygen content. The films are hard 

and very resistant. 

Ge films show high transmission from 2ßm on toward longer wavelengths. 

Te films arc transparent from 4 to S^irn. 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 ensure that the evaporated films had an absorption-edge steepness 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 anti reflect ion 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 Ce02 and MgF2 (158), another four-layer coaling consisting of 

MgF9, Zr02, and Si02 (159), and a triple-layer coating for LiNb03 in the near in- 

frared, using the materials ThF4, ZnS, and MgF2 (160).  For 1.06^m several double- 

and triple-layer coatings consisting of combinations of MgF2, MgO, Si02, and ThF^ 

are described (74). 
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Antireflection coatings for the typical infrared materials as silicon, 

germanium, indium arsenide, and indium antimonide have been investigated 

extensively by Cox and co-authors (59,153,161).  Useful materials are SiO, 

ZnS, Ce02, Si, Ge, and Mgl^. 

For wavelengths up to 50^m, Csl, AgCl, 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) 

ZnS - ThF. (163-165) 
4 

ZnS - Na3AlF6 (163) 

ZnFe - Na0AlFt (9) 
o O 

ZnSe - ThF4 (8) 

Ce02 - MgF2 (166) 

Ti02 - Si02 (165.167) 

For the C02 laser at lOjim, the combinations Ge-BaF2 (168) and CdTe- 

ThF, (16) are described. 

192 

am 



. 

Sec. XIII Ref. *2 

TABU I 

KlUU  MATKUAUI »NUTlllM  PlIM  I'llDlLHTIt» 

IK'IWMIUIh tlK'llxxl* 
ami mirtitilMli 

Kt.irltfii; r\.i|«ir«tion Kilm 
"'"'"'il tcniprr.iliirc riniipoMlion 

Na.AIF, 

MiK, 

R.O, 

ThK,, 
TkOP, 

OF, 

li (10OÜT) 

H (1200'C) 

Oil tMI.lt 

trmiKT- 
»tiirc 

SiO, 

IMHOO'C) ThK, 

I», It (12iO-13JO*C)    Si/), 

i: (20J0".) Mfi,' 

II (ISSO'C) OF, 

Kilm rryhl.il KlruMuii: und 
paikuin drn- iiy ^ at 

mliMruic IrmiN tmurc 
7',; film kin« S 

f '- 0 SJMr. - 30T) 
4 - OJI (V. - ÜWC) 
•S: \o\v tt'iitiU- 

rry>l.illiiif 
f - 0 72 IT, - 30*0) 
I - 0 9Ü (T, - SOOT) 
£; Incli i. u-ili 

amorplioiM 
f - 09 (T, - SOf) 
« - 0 9S (7', - liO'C) 
S: rotnpriiwsivc 

llrfrnrlivp imlrx n nl Tnn»- 
HM'ilrngOi and mill.incr 

•iili^linli' t<ni|>rraturi' T, mngr (j.m) 

I 32 I IS di'iHiidiiiK on l.lin 0 2-14 
coinpos'tioii 

I 32-1 3<.) nt j.riO hin in 0.11-1 
v.-^uum, dr|K'iidinK on /',. (crac kin^) 
I 38-1.40 M .'..VI inn in nir 
(di'tK-itdliif. on V ,) 

l.4i-l 40«t ViOnm 02 9 

X-ray amoi ptiou» 1 52 at i.iO inn und 02-1 
S: iniilium Irntik' T. - K'C 

ninnrplioilt ISiatMOnm (7. - 30*C) 04-9 

rwiiftl.!....)> 1.50 nt .ViO nm «nd 7", - 
40*C, lC3nl 7•, - SOO'C 

02-7 

rrytlalline l.C3nt 6ÖO'.m*iid OSS 
S: liiRli IriiMlr T. - 300*0 

Meo t; (2^oo^•) MgO cryrlallmc 

MO B (12.10 I350T) SiO nmorpliou» 

•n«, r (.TOJOT) TIiO, 

«.K, It (HÖOT) rbK, 
S: ilr|iriidin( on thickinu 

niri.|>.. —i\ r or triuilr 

ZK), H or K (27üO,C) 7-rO, 

OO, »or KdrflPT) &■<), cry»lnllin« 

TiO 1», It (17:i)T) TiO, nmorjihiiun at room Irmprra- 
turc, rryalallinr al Inqlirr T, 

S: logli ICIIMI« 

InS n(i2oo(;) ZnS 

II »or K (1M0T) s, 

a« »or KdfiOO'C) (,. 

l-bTc » (KiOT) PbTc 

fry«l.illiiir 
S: mtdium rornprfMivr 

ainfii|ilioiiH ii|i to 7', •  :iuiT 

nmoridioii» up to 7", - 300'C 

1.70 at ■•'-I nm and V, - 0 2-S 
JOT, 1 Tint 7', - 300*0 

JO nt bM nm and 7', - 30*C 0.7-» 

1.96 nt 300 nm 0.3 

1.7» at .ViO nm 0 3-17 
198 at 300 nm {T, - 80*0 

1 97 nt .'.W nm (7".   - SO'C") 0 34-12 
2.05 (7. - 200'C) 

04-12 

io «t 5:10 inn (r. - xrc) 04 3 
1.3 at :. * inn (V   - 220*C) (IIOIKIIIIK) 

3.55 at 550 nm (i . - 200'C) 

2 3 nt 550 nm (7'. - 30*C) 0 4-14 

3 4 at 3 »m 1-9 

4 4 nt 3 ym (7'. - 30*C) 3 33 

SO at 5 »"i 3 5 20 

• 11, boat; K, ilrrlron iH-am; II, rnielivr. 
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R. C. Pastor and M. Braunstein, Hughes Research Laborato les    Advanced N^odc 
Control and High-Pov.er Optics Technology." Technical Report No. AFWL-TR- 
72-152, Vol. II, July 1973 

An earlier study by other workers reported a large surface absorption at 

10.6^ (F. Horrlgan, C. Klein, R. Rudko, and D. Wilson, Microwaves, pp. 68-76, 

Jan. 1969).   For KC1 the reported surface absorption was >80% of the total ab- 

sorption for 8 1-cm thickness.  The cause was thought to be hygroscopic behavior. 

However, our RAP treatment of the crystal surface, I. e., topochemlcal exchange, 

did not improve 0. In addition, we showed that neither surface hydrolysis (ex- 

change of OH" for CD nor hygroscopic behavior (surface uptake of R^O) con- 

tributed to the surface absorption of a KC1 crystal with ß = 0.0042 cm    , with 

measurements well within a precision of ±0.0004 cm"1.   Instead, our study Indi- 

cated that fabrication damage (surface preparation) can contribute to bulk absorp- 

tion In a manner which could be mistaken for surface absorptlor..   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 

easily observed using polarized light on a.i am :?aled specimen, before and after 

polishing.  I This important negative r^ult for surface hydrolysis and hygroscop- 

Iclty is not inconsistent with absorption by a few layers of water molecules as 

discussed in Sec.IV since the predicted value of Af =  10"4 Is below the measure- 

-4 
ment precision of 4 x 10    . ] 

Two types of surface finish were gl ^en 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 Ifim 

in size.  The number and lepth of scratches is also greater on the window finish 

surface.   Optical finish samples showed a strong tendency to fog durrng the few 

minutes that they were exposed to the 50% relative humidity laboratory environ- 

ment before placement in the desiccated calorimeter, even though placed hi 

desiccators immediately after polishing was completed. 

The most striking example of the effect of a fogged surface on rt^ measured 

absorption was for a sample with both surface finishes. It was first found to have 

an absorption coefficient of 0.00048 cm'1 with a window finish.   After return to 

the optical shop for application of n optical finish, the absorption coefficient was 

found to be 0.00185cm"1. 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 scat- 

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 vlex/s of fogged surfaces showed that the fog- 

ging of the surface Is erased by recrystalllzation of the surface region of the 

crystal; upward growing cry^llifP« | which appeared to have typical helphrs and 

widths of -0.5fjm] 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 g=50oC 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 polifh, it is not clear that this is the only process which leads ^o 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 Braur.atcin and J. Earl Rudislll, Hughes Research Laboratories, 
"Protectivc-Antirenectivc Thin Films for Polycrystalline Zinc Selenide and 
Alkali Malide User Windows," Contract No. F33615-73-C-5044, Final 
Report,  February 1975 

It waf. found that the 10.6^m refractive index of ThF. coatings on CdTe and 

on ZnSe had the value n    ■ 1.35, rather than the previously accepted value of 

nr =  1.50. 

Coating on ZnSe. Two-layer coatings of ThF   /ZnSe, of ThF. / ZnSe, and of 

BaF2 /ZnS, where the notation indicates that the first material, ThF4, is deposited 

first, were deposited on ZnSe with a substrated temperature Tg ■  150C at a pres- 

sure of 10*   to 10"   torr and a deposition rate of 180nm/min for ThF., 50-60 nm/min 

for ZnS and ZnSe, and 200nm/min for BaF«.   The results are summarized in Tables 

IV and V [original report numbers].   The BaF0 / ZnS coating work was abandoned 

because this coating did not pass the environmental humidity test.   The ThF. / ZnSe 
-4 

coating had a value of A   = 3 x 10     per surface, whu i is the lowest value for any 

10.6^m coating reported to date.   Two windows coated with ThF. /ZnS passed the 

military specification tests for adherence, humidity, salt spray, and abrasion 

(the most difficult test). 

Coating on KC1.   Two-layer coatings of ZnSe/ThF. 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^m) of the 

inner ZnSe layer.   After many tries, one coating remained intact long enough to 

.3 
measure an absorptance of Af  -  1.7x10     per surface.   For ThF./ZnSe coatings 

deposited on the KC1 substrate at 150 C no apparent sticking or cracicing and peel- 

ing difficulties were encountered.   The ZnSe layer is thinner than in the ZnSe/ThF. 

coaung.  However, the thicker ThR  layer gave rise to a greater value of Aj =2.4 

-3 -3 
A 10     to 4.0 x 10 ' per surface. 
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A difficulty with As^/ThFj coatings on KC1 was anticipated since ^he 

sticking coefficient of As2S3 on KC1  is practically zero for substrate tempera- 

turesKrcatcrthan7SCt while the substra.e temperate" must be at least 150C 

for Thl'4 deposition in order to keep M.e absorptance of ThF4 low. A layer of 

As2S3 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 As^ of optical thickness 0.457 A0 

yielded an absorption index of   * . 7 x lO"5 for As^. which corresponds to 

^b=0*8cm   • [This is an important result that ß{ ■ j3b for As^.   This is 

the only case of ßf - ^ found in the literature as of this writing.   Also, the 

HRL value of ^b = 0. 8 cm'1 is the lowest value found, and is believed to be 

the intrinsic I0.6nm value.] 

ThF4 of optical thickness 0.168 XQ was then deposited at 150oC 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 

Afl^g that dissociated at 150°C, though apparently small, appears to be sig- 

nificant in that absorption values still exceed 0.1% per surface. 

The coating performance of the coatings on KC1 substrates are summar- 

ized in Table X. 
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TABLE V.    ENVIRONMENTAL RESULTS ON COATED ZnSe WINDOWS 

Coating 
Design 

Environmental Tests 

Adherence Humidity Salt Spra> Abrasion 

ThF. 4 

BaF2/ZnS 

ThF4/ZnSe 

ThF4/ZnS 

P 

P 

P 

P 

P 

F 

P 

p(a) 

P 

P 

P 

F 

F 

P«» 

Also passed an extended 28 day humidity test. 

'"'Passed only on mechanical-cherr.ical eteched substrates. 
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M. Braunstem  A. I. Bwunsteln, J. Farl Rudisill. and V. Wang. Hughes Research 
Uiboratones,    Ix)w Ai)sorption Coating Technolog." Final Tcchnir-.! PwTt* 
Contract No. F2%ni-72-C-()132. Dec^iber 1973 Tcchn.cal Report. 

f Although a portion of this report concerns coatings for metals to increase 

their reflectance, the thin-film work is applicable to window coatings. In con- 

sidering the optical absorption 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 as 0, which Is consistent with E ■ 0.)] 

An improvement in the .ibsorptance of enhanced reflectivity mu.tllayer dielec- 

tric mirrors from 0.005 at lO.ö^m at rhe beginning of the study to a value as low 

as 0.0012 at 10.6*1» for 84 Ag/d^/CdTe)3 has been achieved. TTie absorptancc 

improvement from 0.005 to 0.0012 has been shown to be due to imnrov(.mnn.c y, 

the purity of the Thl4 and CdTe dielectric materials; film dc-position techniques 

are shown to be critical and must be carefully controlled.   Further .mprovements 

in material purity or film deposition techniques can be expected to Inw.r flgg, 

tance even more.   New coatings with potential application at 10.6|lni include the 

reflector Al/(KCl/As^ )4 which has shown 0.0016 absorptance and a high- 

energy density damage threshold of ~50J/cm2 for nsec pulses. The program 

goal, which was to produce reflectors having 99.9% reflectance at lO.Ö/im, was 

almost met by achieving 99.88% for a Ag / (ThF4 /CdTe)3 reflector. For oth.r 

coatings we have achieved reflectances of 99.78% for Cu /(ThF  /CdTe)2, 99. 82% 

for Al /(ZnS/Ge)2. and 99. 84% for Al /(KCl/As^ )4.   Rigorous control of 
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starting materials used for the coatüigs and the deposition techniques was found co 

be essential for the preparation of the high reflectance, low absorptance coatings. 

Accurate single transverse mode damage threshold measurements have shown 
9 

damage thresholds of around 35J/cm   foi simple metal mirrors.  [ The nominal 

600 ns pulse consists of a ^230 ns pulse containing roughly one third of the total 

energy of the pulse, followed by a tail approximately 3jis long containing the re- 
54 

maining two thirds of the energy.      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 
2 

of dielectric enhanced reflectivity mirrors has progressed from 1 J/cm   to 65 

J/cm2 by careful selection of materials uted 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: KC1, NaCl, As^, ZnS, 

BaF", 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-matrix 

interference-fringe damage patterns for X/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 X/4 ThF4 films on a 

copper substrate; circular interference-fringe damage patterns produced jy 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 fraclure zone 

around an inclusion.] 
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Damage normally is accompmiicd by a small visible plasma or spark during 

these tests. In the case of A.^S^ coatings, the obsenration of such a plasma caused 

the misk-ading termination of many tests. Microscopic examination of the surface 

after sparking reveled no microcratering or other sign of damage. After the 

sparking, what was apparent to the naked eye and the microscope was a decrease 

in visible Tght scattennpr similar to what might be expected of fire polishing of 

glass. Continuation of tests on these sites would reveal no additional sparking or 

marked changes as long as the energy density was gradually increased upon a 

given site.   Tils conditioning of the test site could progress until values of as much 

as 6t]/cm   were reached, where damage in the form cf darkening and film frac- 

ture was observed. This appearaiu g of ■ plasma before real damage may be at- 

tributable to a cleaning process by the lasrr beam, where local absorption centers 

or inclusions are removed. | It is conceivable that high-power lasers could be 

brought up to power slowly in order to effect such cloning action and thereby 

avoid damage. 1 

In general, film absorption indices at 10.6^m must be 5 xlO"4 [ß = 6 cm'1 ] 

or below In order to be able to reach the 99.9% reflectance f A = lO-3 ] goal. It is 

desirable to be able to reach absoiptlon index values near 1 x lO-4 [/5 = 1.2 cm"1 ] 

as this would allow some margin for error in the enhanced metallic reflector fabri- 

cation. [The required mirror-coating value of ß{ = 6cm"1 for Af = lO-3 is close to 

the window coating value of /3f = 5 cm"1 for Af = 10"3. ] 

[Tvoself films were grown. I A quarter-wave optical-thickness KC1 film on 

KG: had 0f <f).6cm   . A quarter-wave optical-thickness CdTe film on CdTe had 

0fj*2cm   . The absorption coefficient of the uncoated CdTe substrate was /3   =34 
 il—rp b 

< 10    cm   . [ It would be of interest to determine if extremely thick self films could 

be grown anJ if the absorption coefficient could be made to approach the bulk value.] 

208 

M 



Sec. XIII Ref.* 14 

C. Willingham, D. Bua, H. Statz, and F. Horrigan, Raytheon Research Division, 
"Laser Window Studies," I-lnal Technical Report, Contract No. DAAH01-74-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- 

tics 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 thj calorimetric results.  Hydrocarbon 

contamination of the specimens was generally observed in the term 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. 4-3.5|im range and to a consiocr^bly 

greater extent the water band at ~2.9 and ~6. Iqm were the most prominent 

features of the spectra. Eighteen ATR plates, three each for ThR , ZnS, and 

As2S3 on ZnSe substrates and ThF4, ZnSe, and As^S, on BaF  substrates, 

were measured. All 18 spectra snowed evidence of the water bands, ranging 

from barely detectable on one trace for ZnS on ZnSe and one for As-S, on 

ZnSe to zero transmittancc from 2. 8 to 3.2 qm in the worst case. ] 

Indentation of arsenic tris.ilfide films frequently produced lifting of quanti- 

ties of film from their substrates. In f.ome cases, these films passed the cello- 

phane tape test commonly used for adhesion evaluation. 
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Surface effects are major ccntributors to the absorptivity of alkaline earth 

fluorides at the deuterium and hydrogen fluoride laser frequencies. 

Films obtained from commercial vendors have been studied and develop- 

ment of characterization techniques has begun.  Films of ThF.. As2S„, ZnS, and 

ZnSe on Bal- and ZnSe substrates were obtained from three commercial film 

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 As2S„ and ThF.  films, which were deposited onto both 

substrate materials, the range and 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 the deposition parameters normally associated wirh good thin 

film deposition practice are monitored and held constant. 

While any attempts to explain the venations 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 explain^H by 

assuming that the material from the first deposition acted as a getter for sonv 

absorbing species in the residual gas and that the gettering action was suffi- 

ciently strong that opening the chamber to change stibstrates and replenish the 

evaporant charge did not destroy it. 
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The sensitivity of any absorption spectroscopic technique may be increased 

by increasing the pathlcngth 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 absoming 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 Trom Vendor No. 1 show strong absorption at 3400 cm 

(2. 95 Jim) and 1620 cm    (6.17jim) 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 ThR • 4 H^O (R. A. Nyquist and 

R.O. Kagel, Infrared Spectra <T Organic Compounds) is striking. Thorium fluo- 

ride depositions carried out at the Research Division determined that the major 

differences in the spectra from the three vendors were produced by substrate 

temperature variations during deposition.  Room temperature substrates pro- 

duce films having the absorptive, hydrated spectrum; substrate temperatures on 

the order of 150oC will produce films with little or only very weak | HjO] ab- 

sorptions at 3400 and 1620 cm   .  Recent results obtained at the Hone/we 11 Re- 

search 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 films, 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, superf.mooth 

substrates) should be made and that films must have high densities. 1 

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"   and at 2845 cm'1 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"1 (3.43 and 3.Slum) due to the C-H bond s-retch- 

mg. 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 3.8um (the DF laser wavelength) is typically five per- 

cent of the maximum absorptivity at 2915 cm"1. Second, if it is not removed 

prior to deposition of the antireflection coating, the trapped contamination layer 

may contribute to the degradation o; the AR coating during high-power laser 
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illumination. While boilinK l'rcon-113 will essentially remove these hydrocarbon 

absorptions from ATR spectra, indicatinK that they exist largely on the exposed 

surfaces of the specimens, Laser quantities trapped at the film-substrate inter - 

face cannot be precluded.   

Finally, the absorption at 1500 cm"   {6.7um) is characteristic of the barium 

fluoride 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 trlsulfide films there is no obvious correlation between the 

laser calorimetry results and the spectra. 

Professor J. Harrington, University of Alabama, Huntsville, has measured 

the absorptivity of strontium fluoride at the HF and DF chemical laser wave- 

lengths (2. R and 3. 8 micrometers) to be 1-2 x 10     for centimeter-thick pieces, 

an order of magnitude higher than our values which were taken as ^.25 micro- 

-5     -1 -4     -1 
mears. | Raytheon values of /Sjj are 4 x 10    cm    at 5,25 ^m, 5 x 10    cm    at 

-4     -1 
S.Spm, and 3.7x10    cm    at 2.Hpm.] 

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 immediately 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 irs infrared absorption spectrum contains 

no bands in the 3000-2500 cm     range.   The trichloroethylene wash did not com- 

pletely remove the hydrocarbon contamination so a second cleaning, a five-minute 

immersion in boiling trichloroethylene A-as evaluated.  Finally, the specimen was 

allowed to remain in the spectrometer for 24 hours following the boiling treat- 

ment and a fourth spectrum was taken. 

The ATB spectra demonstrate several points. First, storage of the ATR 

plate in a polymer container produced a significant absorption both at 2915 cm'1 

and at 2630 cm    (3. 8^m). 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 easily recontaminated. 

The surface absorptivit- of .he boiled specimen increased by nearly a factor 

of two during the 24 hour storage in what should have been the relatively clean 

environment of the infrared spectrometer,   fhe sample holder touched the spec- 

imen only at the edges and was itself cleaned in trichloroethylene prior to the 

experiments. 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 .md 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 Marerials and Structures for High Power 
Lasers," Raytheon Research Division Final Technical Report, Contract No. 
DAAHni-72-C-0194, December 1973 

| Calorimetric and intemal-rcflection-spectroscopic measurements of 

surface absorptance A    give a wealth of information on surface absorptance 

and if wiiange by surface cleaning.]   Values of Ag measured at 10.6^m range 

^r—~—:     .. . o ...-3 
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from 7.7 x 10     for a CdTe surface to 1. 8 A 10"   for a KHr surface. At !S.25um, 

A    =  10"6 + 2 x 10"5 for the CdTe surface and A    = 9 x 10"   for a KC1 surface. 
■s    __^ S '  

The surface absorption is generally a decade lower at the shorter wavelength. 

The 5.25^m A   values of 1-3 x 10"   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. 

Wc found that while HC1 chemical polishing can remove a number of 

bands, a new surface absorption band centered at 9. Hjim and overlapping 

10.6Mm was often introduced.  The magnitude of the normal incidence 10. b^m 

loss due to this absorption band was estimated to be ~ 3 x 10     per surface for 

a plate with a surface that was visually Inferior to those obt .Ined on our calori- 

meter samples.   The 9. Sjim band has been observed to inc ease 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 fid that a bulk absorp- 

tion, possibly oxygen related, occurs in the same Special region, suggested 
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that the surface absorption is due to oxygen compounds forming on the surface. 

However, when .ve deliberately .ittempted to increase the intensity of the 9.Hum 

band by placing a KC1 plate in a flowing oxygen atmosphere for one hour, we found 

no measurable change in band intensity. While the existence of a surface absorp- 

tion band centered at 9, S^m has certainly been established, the chemical group 

responsible has not been identified. |Kroger and Marburger      reported that NaCl 

exposed to atomic oxygen develops a surface layer which absorbs from ~930 to 

~1000cm' , with peaks at ~970, ~99(), and VMOcm"1 (10.3,10.  , and lO.öjim) in 

order of decreasing intensity. The absorption was believed to be due to C10„. We 

note further that the solar spectrum contains a strong absorption band with peaks 

30 at ~9.4 and ~9.6jim for absorption by ozone.     There ere a number of materials 

cowaining 03 that absorb near lOjim, including 03, C103, NO», HCO., and CO™. 

Mateiials containing 02 tend to have the strongest absorption peaks away from 

lO.bitm. For example, C02 absorbs at ~2.8 and ~4.3iun and BO' absorbs at 5.1 

uid 16. 9jim. Thus it is likely that the 9.8^m absorption is related to 0», possibly 

from atmospheric contamination, and the deliberate exposure to a flowing oxygen 

atmosphere did not form the O^ compound, whereas the exposure to atomic oxygen 

did form the O^ 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 HC1 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 j^ates, no significant 

change was found in the 9.8^m surface band for any of the samples. Surprisingly, 
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the strength of the 3.5|im band, often observed and attributed to C-H absorption, 

had increased for two of the plates, one from each storage condition. Thi3 casts 

doubt on our previous interpretation that this band is due to residual organic 

material from polishing operations. [ Note that CH., which is contained in the 

30 
atmosphere, absorbs at ~3.5^m.    ] 

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 /MX) and A  (X), 
 — . _  
with values as low as ^ = 10    cm"1 and A    = 10     on a KBr internal reflec- 

tion plate. 

Auger-electron-spectroscopy measurements indicated a correlation be- 

tween absorption coefficient 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 abnormaüy high lO.ö^im absorption and the 

highest oxygen concentration by ion microprobe showed oxygen concentrations 

of the order of 1 percent  .• 1000 A below ihe surface and two low absorption 

samples showed no delectable oxygen at 1000 A. However, for some otner 
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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 concentrations of the order 

of 1 percent ^t 1000 A helow the snrface, 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 samplesr  including those with cleaved sur- 

faces, suggests cither that it is present in the bulk or it is picked ..p frnm *tmn. 

spheric CÜ2. rather than being introduced in the polishing pn cess. 

Chemical polishing of KC1 produces the lowest surface absorption of the 

various polishing techniques examined, typically K)'4 per surface at IQ.Öfim. 

The technique reduces, but does not eliminate, the surface absorption band 

centered at 9.8^. Considerable development will be necessary, however, to 

adapt this technique to the polishing of large windows rather than small test 

pieces for calorimetry. 
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TABLE A-2 

FIGURE OF MKRIT 

a 

lO-6 «C"1 

FOR OPTICAL DISTORTION OF LASER WINDOWS 

♦ 
n Xr3T        Xj-Ü+fWn-l) 

E<'>-lPii** lo-^c"1        lo-^c"1 

X3=}n3E<» 

lO"6 «c'1 

>o 

Ge 4.02 5.7 0.09 
(mag) 

277 23.1 16.7 

Si 3.43 2.3 0.027 134 7.4 -o- 
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 I.I 

ZnSc 2.40 8.5 0.05 (est.) 48(c) 15.8 2.9 

Diamond 
(synthetic 
type lib) 

2.41 
at 0.6 
Mm 

0.8 (e) .04 (J) 8 via. 
(e) 

1.5 .22 

LiF 1.3S 37 0.007 -1« 17. .3 

CaF2 1.41 19.7 0.019 -  7.7 10.7 .5 

SrF2 1.44 15.8 0.07 (est.) -11.9 9.2 1.7 

naF2 1.45 20.3 0.07 (est.) -17. 13.1 2.1 

MgF2 1.38 
ord. ray 

13.7 
II 

c-axis 

0.07 'est.) + 1.9 
ord. ray 
at . 7 (un 

6.9 1.4 

NaCl 1.S2 44. .046 -33 (d) 30 3.6 

KC1 1.47 36. .07 -32 (d) 23 4.0 

KBr 1.54 42. .07 -40 31 5.4 

A,203 
1.67 
ord. ray 

5.5 .08 10 4.9 1 

MgO 1.67 10.5 -0.08 18.9 9.4 -2 

A*2S3 
2.41 22.4 .10 1.9 

-8.6 (c) 
42 15 

T.I. 
1173 

2.60 at 
10.6 )i"i 

15.0 78. 37 

glass 

KRS-5 2.38 58 .07 (est.) -237 106.7 27 
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TABLE A-2 (CONT'D) 

■  1 
10"6 'C'1 

c 
J/cm3 »C 

K 

V'/cm «C 

317 1.65 .59 Ge 

141 1.63 1.43 SI 
160 1.42 0.48 GaAs 
117 1.3 0.06 CdTe 

65 1.91 0.167 ZnS 
67 1.87 0.18 ZnSe 

0.7 1.8 20 Diamond 
(synthetic 
type lib) 

1.3 4.12 .11 LiF 
3.5 2.71 .092 CaF2 

-1 2.37 (h) 0.1 (est.) SrF2 
-1.« 1.96 (f) .12 BaF2 

10.2 3.14 (g) 0.1 - 0.3 MgF2 

-.6 1.84 0.065 NaC) 

-5 1.35 0.065 KCI 
-3.6 ..20 0.048 KBr 

15.8 3.00 .45 A1203 

23.3 3.13 .6 MgO 

58.9 1.46 .0036 A»2S3 

1.21 .0030 T.I. 
1173 

-103 .0054 KRS-5 
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Notes and References for Table A-2 

The refractive index values and dn/dT are taken from sources cited in 
Appendix A of Ref. a.    The values of a   and K are obtained from references 
given with Table III preceding.   The values C are calculated from data 
given in Ref. c for Table III. 
=•<* 

Averaging the photoelastic coefficients ir for the radial and azlmuthal 
polai izations gives 

<   » >   «- 
1 

('ll+ '12) 

(i) 

11 

which in terms of the p coefficients     becomes 

where we have assumed v   = —«—   as a typical value. 

(a) F. A. Horrigan and T. F. Deutsch,  "Research in optical Materials 
and Structures for High Power Lasers, " Raytheon Research Divi- 
sion Final Technical Report on Contract DAAH01-70-C-1251, 
(Sept.  1971). 

(b) M. Neuberger II-VI "Semiconducting Compounds Data Tables," 
EPIC Publications-11, Hughes Aircraft Co., Culver City, Calif. 
(Oct.  1969). 

(c) A. R. HiltDn and C. E. Jones, Appl. Optics £,   1513 (1967). 

(d) A.Smakula,  "Physical Properties of Optical Crystals with Special 
Reference to Infrared, "Report AD-206298,  (1952). 

(e) Gmelin, Handbook of Inorganic Chemistry, No. 14, Carbon, Verlag 
Chemie, Weinheim. 

(f) K. S. Pitzer, W. V. Smith, and W- M. Latimer, J.Amer.Chem. 
Soc.60,   1826 (1938). 

(g) Landolt-Bornstein, Numerical Data and Functional Relationships 
in Science and Technology, Vol.11, Part 4, Springer Verlag, 
Berlin (1961). "" 

(h) D. F. Smith, T. E. Gardner, B. B. LetsonandA. R. Taylor,Jr., 
U. S. Bureau of Mines Report 6316 (1963). 

(i) J. F. Nye, "Physical Properties of Crystals, " Clarendon Press, 
Oxford (1957). 

(j) Landolt-Bornstein,  Numerical Data and Functional Relationships 
in Science and Technology, New Series Group III,  Vol._L pg. 138, 
Springer Verlag, Berlin (1966). 
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TABLE A-3 

AnSORPTION COEFFICIENTS OF LASER WINDOW MATERIALS' 

Material cm 

10.6 urn 
1 

Si 

Ge 

GaAs 

CdTe 

ZnSe 9.5 X 10 
C (synthetic diamond)      0.06 
LiF 

0.012 

0.008 

2.5 X 10 -4 

CaF2 
SrF2 
BaF2 
MgF2 

NaCl 

KCl 

KBr 

KRS-5 

Al203 

3.5 

0.7 

0.19 

1.3 X 10 

7 X 10 

4.2 X 10 

2.2 X 10" 

-3 

-5 

-4 

Ref. 

b 

c 

b 

b 

b 

b 

b 

b 

b 

5. 25 fim 

cm" 

** 

♦ ♦ 

0.0059 

0.0018 

0.0094 

4.9 X 10 

3.2 X 10 -4 

0.09 

5.0 X 10"4 

4.1 X 10 

1.2 X 10' 

0.014 

-5 

0.4 X 10' 

2.1 X 10 -4 

Ref. 

b 

b 

b 

b 

b 

b 

b 

b 

b 

1.4 

** 

(a) 

(b) 

(c) 

Lowest reported values are given. 

No surface absorption correction 

Raytheon ir spectrophotometer 

Raytheon C02/CO laser calorimeter 

T^SSffiSi! '^r^P^^^G^sInfrared Window Material " 
Techn ca Summary Report on Contract N00014-70-C-0i32 RPII . '^ 
Howell Electronic Materials Div.. Pasadena. ^^.""(Dece'mber mo), 
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G. T. Johnston, D. A. Walsh, R. J. Harris, and J. A. Detrlo, University of Dayton 
Research Institute, "Laboratory Characterization and Research on the Perform- 
ance of Window Materials for High Power IR Users," Semiannual Progress Report 
No. 4, Contract No. F33615-74-C-5001, June 30, 1975 

Sputtered ZnSe films with thickness greater than 1pm, deposited on etched 

KC1 substrates, passed the Scotch-tape test.   [The value of ßf ^ 5cm"1 (con- 

sidered tentative) is greater than the value of ß{ = 1-2 cm'1 obtained at other 

laboratories for evaporated films. ]   What is of more interest than the value of 

0f is the fact that the value of Af extrapolated to zero thickness is A (0) 

rnmnamH urirh   lx *, compared with Af ?= 4.3 x 10"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(0) 

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 ßf *  5cm"1, but A (0) <K 3. 3 x 10"3, 

in agreement with the assumption of interface absorption for sputtered films. 

VA* • 
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E. Bemal G.,  R. 11. Anderson, J. H. Chaffin, B. G. Kocpke,  R. J. Stokes, 
and  R. Ü. Maciolek,  Honeywell, Inc., "Preparation and Characterization of 
Polycrystalline Halides for Use in High Power User Windows," Final Report 
Contracts No. DAHC15-72-C-0227 and No. DAHCl5-73-C-0464, 20 February 
1974 

Films of T1C1, TIBr, Til, CuCl, and Cul nave been prepared by 

standard evaporation techniques, with glass slides or cleaved single-crystal 

KC1 as the substrate.   Coatings of T1C1. TlHr. and CuCl are not suffi- 

ciently stable in high humidity environments to serve as protective coatings 

for KC1.   Til and Cul films are stable in high humidity, and we have pre- 

pared Til films (not alloyed with the KCi substrp.e) having an absorption 

coefficient of less than 1 cm"    at a wavelength of 10.6um.   Recent experi- 

ments with R. F. sputtered Cul films have resulted in absorption coefficients 

near 100 cm" . 

We have prepared Til films that are alloyed with the KCI  in the region 

of the film-substrate interface by co-depositing KCI and Til from two inde- 

pendently heated crucibles.   The absorption coefficient at 10.6Mm, measured 

with a laser calorimeter, averages near 25 cm"1, which is higher than those 

for Til films discretely deposited on KCI.   The problem of higher optical 

absorption for TH films alloyed with the KCI substrate has been identified 

and correlated with nonstoichiometry, specifically a halogen deficiency in the 

alloy region.   A relatively hot (4750C) KCI vapor condensing at the same 

time as the relatively cool (250°C) Til vapor, may be causing the Til to 

decompose.  By depositing in an inert gas atmosphere the effective 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 reduce the optical 

absorption, A 2000 A thick Til film on a glass substrate was unchanged after 

450 hours in 100-percent relative humidity.  We therefore conclude that Til 

films will provide adequate moisture protection and optical transparency at 

113 
10.b^m to serve as protective coatings for the alkali halides.      [Repeating 

the humidity test for 200nm thick Til film on M\ alkali halide would be of Li- 

*38 terest. Young's '     results suggest that the 20ünm Til film may not protect 

the substrate from water attack.   The positive glass-substrate result would 

not contradict a negative alkali-halide substrate result since the Til film 

could be dense enough to be stable, but not dense enough to prevent attack of 

the substrate.] 
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H. E. Bennett, "High Knergy Laser Mirrors and Windows,''  Mlchelson 
Laboratory,  Naval Weapons Center, Semi-Annual Technical Report No. 5, 
March - September 1974 

Thv two major influences leading to increased absorption in silver films 

have been shown to be (1) the presence of CL to pressure above 10'8 torr 

during deposition and (2) 02 chemisorption on silver surfaces, both in situ 

and upon exposure to air.   Exposure to air or even one atmosphere of dry 

nitrogen causes an '-crease in the absorption of 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 O, pressure of 2 by 10"5 torr. 

An attempt was made to detect light-absorbing impurities in a T.iOF«- 

coated LiNbCXj 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 turned on, the scan with both 

beams on provides a measurement of the relative concentration versus depth 

for each element monitored in the remaining portion of the coating.   The pro- 

filing rate is estimated at approximately 35A/min. 

A significant feature of the results for laser damage is the marked rise of 

tju Z peak at the coating-substrate interface, indicating C contamination of the 

LiNb03 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.   These include (1) polishing defects. 
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(2) submicroscoplc pitting, (3) stoichiomctrlc deficiency which may provide 

electron trapping sites, (4) residual polishing particles and other forms of 

surface contamination, and (5) coating Inhomogene I ty.  An In situ UHV facility 

to evaluate the relative Importance of various possible damage sources has been 

designed and soon will be un(*crconstruction. 

Two novel methods of measuring optical absorption are being investigated 

experimentally. In the first, the primary achievement has been the demonstra- 

tion of the oblllty 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 Perkln- 

Elmer Model 99 monochromator.   An optical-beam chopper directs 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 scattering and Is Independent of surface absorption 

and scattering, assuming that the surface absorptancc, scattering, and reflec- 

tance are spatially constant. 

Ihe second method of measuring ß Is by launching an acoustic surface 

wave and measuring the temperature dependence of Its velocity (J. 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 magiltude as the acoustic wave signals 

have been observed In these devices. 
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is The value found for the bulk losses,  /? f T = 4.4 x lO^cm"1, wheie T 

the bulk scattering coefficient, is comparable to the value obtained by others 

for pood optical quality glass. 

The major effort during the next reporting period will be devoted to ex- 

tending the system's capabilities into the 1R region. 

A possible problem with As^ is the photodissociation  ^f As^ followed 

by oxidation of the arsenic.   It has been reported (|. S. Berkes. S. W. Ing. Ir.. 

and W.J. Hillegas, J. Appl. Phys. 42, 4908, 1971) tiat As^ (or As^) disso- 

ciates upon irradiation with visible light 

hv 
As2S3   -»   2As + 3S 

with the subsequent oxidation of the arsenic 

2 As  +(3/2; J2 -►  As203 

resulting in optical densification or additional absorption in the window region. 

Photoemission and Auger spectroscopies, which we are now using to study the 

role of 02 In Ce films, will be used to study the dissociation and oxidation of 

As2S3, under controlled conditions.   Photoemission sper'roscopy provides a 

direct means for observing the density of electron states in the surface region. 
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H. E. Bennett, Mlchelson Laboratory, Naval Weapons Center, China Lake, 
"High Energy Laser Mirrors and Windows," Semi-Annual Report No. 6, 
September 1974 - March 1975 

-4 Surfaces with absorptance less than 1 x 10    , parall"! to less than 3 sec 

of arc and flat to better than a quarter wave in the visible, have been pro- 

duced.   This procedure, winch employs a combination chemical-mechanical 

polish, has been successfully applied to pure KC1 (single and polycrystallinc), 

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, triaretin-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 absoiptance measurement on a triacetin-polished single crystal 

KC1 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 by 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 value was less than that of the freshly etched piece, it 

seemed that all the surface contamination .vas 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 X/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 jn the order of 1.2 x lO'4 per surface. 

In general, NaCl was easier to polish than the KC1. Both figure and surface 

quality were easier to control; however, tne problem of ••coatabllity" discussed 

below is as serious for NaCl as for KC1.  The absorptance of a polished speci- 

men Indicates no Increa le over value for the chemically etched surface; the 

total Induced absorptance is less than 3 x 10"4, I. e., less than 1.5 x lO-4 per 

surface. 

Absorptance studies of thin films were Initiated. One run was made with an 

As2S3 thln-fllm wedge, from which a bulk absorption coefficient of the film 

volume of 6.5 xlO^m"1 Is calculated for X ■ 0.4825^m.  During the run cer- 

tain time-dependent changes were observed; these are thought to be due to photo- 

decomposltlon of the material In the -0.15 watt/cm2 cw laser radiation. More 

detailed studies of this effect are plarned. 
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In previous reports we discussed the problems involved in coating KC1 

windows with Ge films which are stable, uniform, 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 impurities 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 lhat the most optically stable Ge films are formed with a 

deposition in UHV at 1600C followed by an annual at 2500C after exposure of the 

film to air.  This tieatment 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 650C and 300oC, whereas the surface contains excess potassium 

below 65 0C.   It is possible that coating at an elevated temperature can help sta- 

bilize the surface competition. 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 As2S« coatingo 

on KC1 with residual absorptions less than 10 cm' ; As9S„ has a closer thermal 

match to KC1 than -ioes Ge.  Therefore, we have shifted our effort during this 

period to amorphous or glassy As2S-. 

We report for the first time the deposit of Ge coatings (on quartz) which are 

simultaneously thick (half wave optical thiclcness at 10.6um), optically uniform. 

low absorbing, and thermally stable.  The recipe 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 ± 10oC (higher deposition temperatures, 

i.e., to >I70oC will result in crystallization of the film). To obtain the required 
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temperature uinformi^ ^ ^^ ^ cntire rhnmhf.r.   ||nif_ ^ „^ 

could not be produced when the winrl.w wa_s heated directly with . Un.mr ^ 

2. The coated window i. ann^ed '- -rrahig. vacuum ( 1 x lo-10
torr) at 2snor 

fcr 2 hours after the coated window has been exno.nH to air.  ^e cntirp sy^m 

wa^heated to achieve a uniform .nn^,   .    ^nnil,m  lr || 

E-^un; the bias of the pan was adjusted so that the P.apnration alwavs orriirrnH 

fionijhe center of the melt. 4. The window was sennr^H f.om the evannr^r 

by 20 inches. 5. T^e coating was deposited at SA^g ^t a pressure^f^jn^ 

torr. 

Points 1 and 2 contain the improvements in conrinp techniaue ^.^ gr, rn_ 

quired to produce high-quality Ge roatinrs on ggn. or sapnhire. As r^^. 

previously, the presence of gggg |g gg^g^ with high rpsiHl.al ^^^ 

at 10.f.Mm.   Ultraviolet photoemission spectra ohrnin.H g^ gncjagas^^ 

atioL^wjhat the oxygen is chemically bonded to gg Ge. r^^iy jfl fe^^ 

of CeO.  Since GeO has an absolution hand wh.ch ovorl.p. ^ .n ^^^^ 

its presence certainly romribnt^tp the increase of n.siHual absornMnn ... 

10.6Hm.   Notice that all the improvements in technin,,. ^ r^...;„r rnn|1 Q 

coatings on quartz involve trmm.nnr y ..K..,1trrJ remmT.f.r^ 

Unfortunately, thick (greater than quarter-wave) coatings on KCJ do net 

tolerate cycling to high temperatures; we have found that the Ge coatings flake 

off after deposition at . uniform temperature of 160°C.   In this connection, 

it is suggestive that abil.ty to grow good coatings seems to be correlated with 

the thermal match between the coatings and the window. [Great thermal expan- 

sion mismatch is know,, to cause great film «ress. In general, the "intrinsic" 
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*2 stress is greater than the thermal-expansion mismatch stress.    ] For example, 

we can produce pood 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/oK, respectively. Similarly, we can produce good As2S3 coatings on KC1, 

and the linear expansion coefficient for these materials is 36 and 25 x 10    /"K, 

respectively. Apparently the thermal mismatch between Ge and KC1, 20 x 10   /0K, 

is so large that a 200oC temperature variation creates enough stress to destroy 

the coating. [ The corresponding stress is of order a = €CeJfc = 200(20 x 10    )(1.2 

x 107psi) = 4.8 x 104 psi, which possibly could be great enough to destroy the coat- 

ing.]   This implies that the high temperature treatments, required to produce good 

Ge coatings on quartz or sapphire, will fall ;o produce good Ge coatings on KC1. 

Previously we found As2S3 coatings on KC1 to be h?-hly susceptible to dam- 

age by bombardment with high energy electrons during Auger analysis. The entire 

coating evaporated at one point. For this reason it appeared that thermal Instabil- 

ity might be a serious limitation of AsjSg coatings. Bulk As2S3 Is stable to tem- 

peratures well above 200oC. On the other haiid, we found that As2S3 coatings 

evaporated at some temperatures less than 200oC. For some reason ASJSJ Is 

less stable In coating form than in bulk form. 

The Aa9S, coatings were deposited In an oil-pumped system at a vacuum of 

4 x 10"6 tjrr. The evaporator, a molybdenum boatr was located 10 Inches from 

the windows. With the boat at a temperature of 400oC, coatings were deposited at 

a rate of 10 A/sec. 

A nuwiber of A82S3 coatings were deposited on polycrystalllne Eu    - doped 

KC1 window surfaces, and the absorption at 10.6 um determined directly by 
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calorimctry.   The range of coating absorption is practically within the limits 

-1 
(2 •„- ß -» 10 cm ) previously reported. | It would be of interest to determine 

if . ! value of fy could oe reduced to the lowest value 0f = 0. 8 cm'1 observed 

to date by thorcjghly prebaking the system and depositing at 2 x 10     torr. ] 

The absorptance of coatings deposited on the polished surfaces is as much 

as a factor of 10 higher tlian that of chemically 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 (As2SA   The value ßf 

2.9 cm    we feel can be obtained routinely and is within the limits needed for 

a usable protective coating on KC1. [Compare the HRL value of ß   ■ 0. 8 cm"1. ] 

A possible problem with As2S3 involves the optic; 1 stability of the coatings. 

It has been reported that As^ coatings become optically more dense and under- 

go a change- in index of refraction when irradiated with high intensity visible Ugto 

with a photon energy greater than the band gap, i.e., for hv > E   , where E 
 J £ 
= 2eV or 6200 A. Wc have verified both the optical densification and increase- 

in index of refraction in the visible and near IR regions, after irradiation with a 

high intensity xenon arc lamp.  Further, in the IR (2.5-10.6um) we have observed 

no similar change in index; however, v/e have observed an increase in absorption 

~5 cm     from transmission maxima. Calerimetric measurements show an in- 

crease of a factor of 2, from 2. 9 cm"   to about ben"1. Preliminary results sug- 

gest the increase in abscrption can be reversed by annealing to a temperature of 

1S0UC for 1-2 hours at a pressure of 10 ' torr.  Further work is in progress to 

understand the effect of intense visible radiation on the stability of this material. 
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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 effort to 

better understand the relationship of surface conditions and opMcal 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. Rowc, Solid State Commun. 

15, 1505, 1974).    Here we report similar data which confirm his findings and 

show that a low density of carbon on the surface strongly affects electronic 

surface states. 
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D, L. Stierwalt and M. Hass, Proceedings of the Fourth Annual Conference 
on Infrared Laser Window Materials, Nov. 18-20, 1974, Tucson, Arizona, 
January 1975 

Tne strength of the absorption band near 9.5um in KC1 was observed to 

be reduced from ~2.5 x IQ^cm"1 f to -1.4 x 10"4cm"   1 by baking the sample 

at 250 C for 60 hours. After exposure to air for 30 hours the absorption coeffi- 

-4      -1 
cient increased to its original value of — 2.5 x 10    cm    . 

[Also see Refs. ♦85 and MS.  The most likely source of the 9.5 qm absotp- 

tion band is a contaminant containing Og, such as NOy ClOy or KClOj.  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 Og are 

strongly absorbing at ~9.5jim, a monolayer on each surface of the sample 

would give an absorptance of -2 x 10"   (as shown in Sec. IV), which corresponds 

to an apparent value of ß = 2 x 10'  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,'1 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 area 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 value of 1 mg mass inci-ease ( for 

90 percent relative humidity for 30 minutes) in the figure corresponds to a layer 

3 2 of water having the very great thickness ~1 mg ( 1cm /g)/2Tr (2. 5cm/2)  = 1 fiml 

-1      -4 -2 
The theoretical 10.6 ^m value of Af is ßflf = 950 cm    (10    ) = 9. 5 x 10    .   The 

experimental value was not reported. The theoretical value of Af may be inac- 

curate as a result of using the value of ß for water, whereas 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 value of mass 

increase of approximately 3mg in Fig. 1 corresponds to a layer of water approxi- 

mately 3 jxm thick.   If the effect were purely a filling of pores between the crushed 

crystallites in the surface layer, a 12fim-thlck surface layer having 25 percent 

porosity would give this value of 3 jxm. However, in photographs and scanning 

electron 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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Fig. 1. Mass increase of a 2.5 cm diameter pjilshed 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 Jim) was quite heavy, the large scratches appearing to have increased 

to ~20(im 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 relative humidity. Nevertheless, it does not seem un- 

reasonable that the mass increase corresponding to 3j4m 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 II1-IV semiconductors by evaporation without 

some dissociation and consequent high optical absorption. This may be overcome 

by sputtering the films. 

-4 [ It is of interest that Young measured a value of ß. = 8 x 10     at 11. 6^m and 

-4-1 -4-1 
extrapolated ft  = 3 x 10    cm    for NaCl.  This value of 3x10    cm    is the low- 

est value of which the current authors are aware. The vlue of |3h jn * ■ 0,14 

cm     measured for BaF» agrees with the value measured by others.] 

Five-centimeter diameter NaCl crystals were ground using 3^m Al,() 

powder and then polished, parallel to one minute of arc and flat to two fringes. 
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using a soft pitch lap, glycerine and successive polishing sizes of 0.5 and 

0.03 jim A1203. 

Films of As2S„, Halü, Mgl', , and ZnS were prepared on NaCl substrates 

by vacuum evaporation of 99,99% pure material from a resistance heated boat 

under a vacuum of 10 '  torr.   Ge films (using material with a resistivity of 50 0 

cm) were prepared by electron beam gun evaporation under a vacuum of 10    torr. 

Film thicknesses ranged from 0. 1-4 ^im. In all cases the substrates were unhcated 

and the deposition rates were: A82S», 2-6nm s    ; BaF2, l-2nm s   ; Ge, 2-3nms   ; 

MgF«, 3-5 nm s'  ; and ZnS, 0.5-1 nm s" .   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 10.6fim; As2S„ and BaF2 were used as the high and low index films 

respectively. H-L-H and H-L-H-L-H stacks were prepared, each layer having an 

optical thickness of X/4 at 10.6|im. 

Protection against water attack.   The rate at which polished NaCl absorbs 

water rises very rapidly with increasing humidity above about 80% and the ability 

of a film to prevent this attack was tested under conditions of lOO'V relative humid- 

ity (R. H.).   A film able to withstand t.iese 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 i4%. 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 diameters and was ob- 

tained by dividing the laser output by their mean area. 

RESULTS 

Sodium chloride surfaces. It is difficult to obtain a scratch-free surface, 

since polishing materials are usually much harder. Also the surface heating 

during polishing leads to many dislocations and small cleavages in the NaCl 

surface because of its high coefficient of thermal expansion (44 x 10    K    ). 

Electron micrographs show the presence of large numbers of email 

scratches with widths in the range 0.05-0.2 ^im; these are attributed to the 

0.03^m A1203 cmicles used in the final polish.   A smaller number of 

scratches in the range 0.2-0.5»im wide probably remain from the first polish 

with 0.5 Jim A^O».  There are also occasional larger scratches up to l.S^m 

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.  In addition a small 

number of 2-4 ^m AKCL grinding particles remained embedded in the soft NaCl 

surface. 

Thin films of As2S3 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 agreement 

between the refractive Indices of bulk and thin fllm AsjSg  over the wavelength 
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range 0.49 to 16|im.   As2S„ melts at 310oC and showed no measurable 

decomposition when evaporated. 

BaF- films on NaCl substrates arc expected to have a well defined crystal- 

line structure because of the close unit cell matching. The BaF2 films prepared 

were quite hard and showed good adhesion to the substrates. 

The infrared absorption of the Ge crystals shows strong free carrier absorp- 
2 

tion, which increases approximately as X .   At 10. 6}*m the absorption is entirely 

due to free carriers and the absorption coefficient is 0.07 cm    at 300oK.   The 

absorption at this wavelength shows a very rapid exponential increase with tem- 

perature. Ge films deposited onto single crystal or polycrystalline substrates 

show considerable crystallite growth. 

Mgl'j films on amorphous substrates consist of small crystallites pad 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 because of the mismatching becween the unit cells. 

ZnS can exist either in a cubic or hexagonal form.  Evaporated ZnS films 

are polycrystalline and show high compressive or tensile stresses, depending on 

the dominant crystalline 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 attach being mainly at the scratches. Crystals with a very good polish 

246 



Sec. XIII Ref. »38 

arc not damaged as rapidly and the attack is mainly confined to the deeper 

scratches which are in the region of 0.2-0.5um wide. 

Atcempts to provide an effective water barrier using polycrystallinc films 

of BaF- and MgF- were not successful.   Films of both these materials consist 

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, 

there is some degree of porosity and water vapor can penetrate 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 As2S„.   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. 58fim) film of A82S3 

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 film causing extensive damage. In- 

creasing the film thickness to 0. 92 |Am prevented penetration at scratches less 

than about 0. 5 JJJW 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 film. When a 1.85^m As^S» 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 l.S ^im wide and have 

sharp edges; the film thickness required to give sufficient coverage at this 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 unifcr the film from the diTC 

perimeter and eventually causes damage right across the disc, even though the 

film is intact. 

Films of all five materials are able to withstand increasing 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 BaF2 and polycrystalllne bulk ZnS both have an absorption coefficient of ap- 

proximately 0.2 cm"   at lO.bßm and Ijim thick films uf both materials are 

destroyed by 10  Wem" .   The bulk absorption coefficient of MgF2 is 20 cm'1 

at 10.6Mm and Ijim films are burnt off by a power density of 1.5 x 104 Wem'2. 

Ge crystals have a lO.bßm absorption coefficient of only 0.07cm'1, but a Ifim 

thick Ge film is destroyed by the comparatively low power density of 3 x 103 W 

cm    .  The temperature dependences of the bulk absorption coefficients suggest 

that this anomaly results from the "thermal runaway" precis that occurs In Ge 

crystals at high power densities. 

As2S3 films can withstand higher power densities than any of the other ma- 

terials examined. Films of As2S3 between 1 and 4/im thick are able to withstand 

power densities In excess of 106 Wem"2 and thinner films can survive powers in 
7 -2 

the region of 10  Wem    .   The implication is therefore that the absorption coeffi- 

cients, at IQ.bßm, of the polycrystalllne 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 bum these films off, compared with As9S1 films. 

In conclusion, polycrystalllne films do not appear to be very satisfactory as 

barriers against severe water vapor attack since they tend to disintegrate.  Films 

of As2S3, 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 -jntire NaCl surface and dc- 

pends on the size of the largest surface damage prencnt.   Of the two low refrac- 

tive index materials considered, BtF-  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 damape 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 observed damage.   However, a 

very rough approximation can be obtained by assuming that ß. a 1cm      for the 

A82S- films and scaling to other materials by using T ~ IA ~ 1/3,JL, 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« , 

$t  ^  Icm'MlX^/di^ 

fc   1 cm"1 (106Wcm24Mm)/(1.5x 104 Wem2 1 ym ) 

as  270 cm 

which must be considered as a very rough estimate (accuracy of a factor of 

2 to 10).  The corresponding values for BaF« and ZnS are somewhat (depending 

on the exact values of I, which are not given) greater than 4cm    , which are 

reasonable in view of recently reported values of 1-2 cm     and 2, 4cm     and 

th-j expected variation from film to film.] 
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[Finally, the theoretical conditions for failure are reasonable: The rempei   turc 
1/2 

rise for absorption in a layer of thickness I, « /, ,   ■ (trKt/4C)       and illum- 

48 49 Inated-spot diameter D » £ .   Is    * 

T =   2IAf(t/ffCK) 1/2 (1) 

For slow movement of the sample toward the focus a reasonable value of t Is 
fi 2 

1 sec (then I, -  1.7mm), and for A82S„ with I - 10   W/cm   and A. 

■  lcm'1(4xlo"4cm) = 4 x lo"4, with C ■ 1. 84 J/cm3K and K = 0.065 W/cm K 

(both for KC1 since the thermal diffusion is imo the KC1), (1) gives T ■ 1,300K, 

which seems reasonable for damage. ] 
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R. W. Hoffman, "The Mechanical Properties of Thin Condensed Films," 
Physics of Thin Films, 3, 211 (1966) 

For 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 fc r metallic films is 

lacking. 

The nuclcation 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 

each 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 film growth. 

Thermal stress can be calculated with good accuracy from the differ- 

ence 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    /0C.   A tension stress is 

found for metals on glass, but a compression stress for metals on alkali-halide 

substrates.   For nickel films deposited at 750C on soft glass and measured at 

250C, the differential expansion contributes about 5% to the totr i 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 250oC the only r vitributor. 

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 data published by different authors on the intrinsic stress 

are not very consititent.   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 III reveals two notable features. Fu-st, a relatively large number of 

dielectric films exhibit compressive stress even at low 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 oxygen 

usually exhibit compression stress. 

Dielectric films may show a marked mechanical 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 atmonpheric 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 also refuted by another observation. 

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. 

Jtäm 
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The compressive stress in copper film increases with the growing 

thickness ef a surface oxide layer, and decreases when the oxide is chemi- 

cally thinned.   This stress dependence on surface oxidation is not surprising 

and has been observed repeatedly. 

Qmpl 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 films.   These amorphous layers are probably 

oxides which are responsible for most of the observed stress, since the body 

of the film should exhibit nearly 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 lar 

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 diffraction 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 polycrystalline films and the theory.   For one, 

experimental evidence does not verify the prediction that the homogeneous 

strain should vary inversely with film thickness.   Second, tension or com- 

pression should be observed depending on the condition of a positive or nega- 

tive misfir, whereas most experiments show tension film stress regardless 

of the sign of the misfit.   Finally, there is little quantitative agreemei t be- 

tween predicted and measured stress values.   It is probably not surprising 

that the theory of Van der Merwe breaks down for polycrystalline films, since 

the fine structure of the substrate surface has in this case little Influence on 

the film growth. 

Surface tension 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 typical thickness of a few hundred angstroms or greater. 

2S5 
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TABLF III 
INT^NMC STUMVMN D.r.rcf.r »HM. AI-MOMMATT, v 5000.A THK-K 

* Values in parrnihescs are relative. 
| A, Ihcrmally Eä5« at ambicnl lomperaiurc. 
^ f' and T. compression or tension 

• A. ÄffSiSE.0, f,,n"kvcr beam: and LD> ^-diff— -ch"^ 
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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 3400kg/cm 

The measured value of stress is higher than that previously published, but the 

substrate temperature in the present experiments was lower. 

2 
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Anthony E. Ennos, "Stresse« Develrped in Optical Film Coatings," Appl. 
Opt. 5, 51 (1966) 

The development of stress 'n evaporated dielectric and metal films, 

used as optical coatings, has been investigated experimentally by observing 

the bending of a thin silica sf 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*   torr to 5 x 10'   torr. 

In ZnS 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 

2 4 
cases.  The values of maximum stress obtained ("^OOOkg/cm   = 3 x 10  psi 

o 
=  1. 96 x 10  Pa) art 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 ceases. 

Magnesium fluoride develops a very high tensile stress both for slow and 

for fast evaporation.  The stress builds up to a substantially constant value 

2 4 (~5000 kg/cm   = 7 x 10  psi) in the first quarter-wave. There Is e slight In- 
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The effect of exposing thorium oxyfluoride layers to the atmosphere is 

■nterestin^. 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 were introduced. 

Cryolite is somewhat hygroscopic.  It develops a tensile stress which in- 

creases continually with thickness.  There is a considerable aging effect after 

stopping deposition.  The resultant stress is fairly low for quarter- and half- 

2 
wave layers (^ 300kg/cm  ). 

Thallium chloride deposits with very little stress (maximum 30kg/cm  ). 

It is water soluble, and the film scatters visible light. 

2 
Thallium iodide develops a significant compressive stress (~300kg/cm   ) 

which falls to a small value for very thick layers.  Stress relief occurs after 

deposition ends. 

KRS5 films are water soluble with composition similar to the bulk ma- 
==r— — 

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 CaF2, PbFj. CeFv SiO, PbCl2. and Ge. 

Resultant stress of multilayer stacks was not necessarily that to be ex- 

pected from d combination of stresses of the individual layers. 
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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 material investi- 

«ated 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 cause a tensile stress.   The 

compressive stress of the cadmium telluridc reported here is probably due to 

dissociation of the material and partial recombination on the surface. The re- 

duction in tensile stress of thorium oxyHuoride films exposed to damp air is 

also due to the same effect. 

For those materials which develop a constant stress shortly after growth 

(e.g., ZnS, MgF2, ThOFJ, one supposes that a stable equilibrium stress is 

built up withLi the film. There is no reason for these films to break internally 

as the thickness increases, and any failure that occurs will be mitiated at the 

film substrate interface, where there is, of course, a large reversal of stress. 

It is interesting to note that, for zinc sulflde, 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 täte, whll«. at thj sa.ne time fresh ma- 

terial is being deposited on top. 

These materials are hard, do not show great stress relief in the vacuum 

after 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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Materinls in which the values of stress vary strongly with thickness must 

have considerable inhomogeneity of structure. That atomic rearrangement in 

the crystallites is taking place all the time is borne out by the fact that the 

stress changes considerably after the end of deposition (e.g.. cryolite, chio- 

lite. lead fluoride, thallium sal's).  T^e 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 m.Hn r^arding thc failun of films bv ^^^ 

peeling etc.   It is obvious from ftege measurements that the fact that a hi^h 

stress^xist8.in a film does not necessarily mean that it will break. Compres- \ 

sive stresses can be borne more easilv than tensilonn.,   ^-. „   ^ | 

a large area of film will have to become detached if it fall, in co^sgig j 

Jnig£k_thiee.factors are involved in the process of fail..,-.. ^ g» „^ in j 

themm and its direction, (b) the rupture streng nf ^ ^ matcrial alon(> 

aiid (c) the bond strength between film and substrate.   Tig iattcr can oxnrt , j 

great influence.   For example, a film havin, very great runtnr. *rr^ j 

onlY.break when the shearing force between substrate and f.lm bggBS« g  } 

aiB the adhesive- force.   On the other hand, a film ^^ ^ak rupturc str,ntrth 

may break inte^nnll. K..^.. ... ^ )rces ^ ovprp_t     ^ ^ ^ 

fest itself as a cle udin« of the film rather than n. n .ompietc. break. 
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Stanley K. Dickinson. "Infrared Laser Window Materials Property Da^a for ZnSe, 
iSTNtCl. CaFo, SrFo, BaF,," Air Force Cambridge Research Laboratories 
Report AFCRL-fk-TS-OSlS, 6 June 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 

Coatings on KC1 

Coatings on NaCl 

CoatLigs on CaF2 

Coatings on S^ 

Coatings on BaF2 

35-47 

86-100 

144-146 

160-169 

180-181 

193-194 
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E. Bcrnal C, J. H. Chaffin, ». G. Koc-pke, R. B. MacioU-k, and R. F. Stokes,   A Study 
of Polycrystallinc Halides for high Power Laser Applications," Honeywell Inc. Semi- 
annual Technical Report M, Contract No. DAHC15-73-C-0464, 15 January 1976 

The previous problems of ohtaininy, clear, 2 urn-thick 111 coatings on KC1 

have now N-en solved by adding an intermediate rinsing operation in the chemical 

polish sequence and raising the substrate temperature to ~ 170C and increasing 

the deposition rate to -250 nm/min.   | The crystallite grain size in the films ap- 

peared to be ^10-20 qm in Fig. 35b. 1  The film absorption coefficient was ß   < I 

cm    . 

Small particles about 0.4 um in diameter, believed to be potassium acetate 

(KC2H3Q2), on the KC1 substrate were identified aj the cause of the hazy Til 

coatings. The intermediate rinse removed this precipitate. 

Til grows in a boscly packed columnar structure on room temperature sub- 

strates unless growth conditions are very favorable to epitaxy. 

Chemical polishing appears to be the best method of removing mechanical im- 

perfections in the KC1 surface. Pure chemicals and ;i dry atmosphere are used to 

avoid fogging the KC1 during removal from the polishing and rinsing solutions. 

Foreign material on the substrate such as dust and oily residues is a problem 

encountered in all thin film preparations. 
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B. E. KJIOX   J. Gcneczko, L. Gilbert, R. Howard. G. Mariner, and K. Vedam, 
Proceedings of ihe Fourth Annual Conference on Infrared Laser Window Ma- 
terials, Nov. ir,-20, 1974, Tucson, Arizona, January 1975 

For Ge films on KC1, Ge WPS found to ixjr.etrate tens of nanometers into 

the substrate beyond the KCl-Ge interface. The Ge film readily oxidized 

throughout its hulk on exposure to normal atmosphere, with concomitant pro- 

nounced absorption at 10.6^m.  Sputtered CdTe films had tellurium-rich sur- 

faces, and small amounts of oxygen are incorporated in the surface layers of 

the film.  [These results suggest that the values of ßf for sputtered Ge and 

CdTe films are expected to be too great for those films to be useful for hi^-h- 

power use.] 
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John R. Kurdock and Edward A. Strousc, Perkin-Elmer Corporation, "Optical 
Processing of Alkali Halides and Polycrystalline Zinc Sclonide for High-Power 
Laser Applications," Technical Report AFMI.-TR-74-166  Part II, July 1975 

Samples of KC1 and ZnSe were machined using a single-point diamond 

tool.   Recent work on copper metal minors using this technique gave good re- 

sults in the fabrication of samples, with reflectivities of 99.2% at 10.6^m 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 ridöe of material that is apparently displaced from thj 

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 ^iitly 

different from those ground with c 5fim abrasive.  This failure of the single- 

point-diamond micromachining process to praiuce 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, hewever sn.ill, is certainly 

not insignificar . 

In all of the previous work in AR coatings on ' Se and in all other develop- 

ment work on multilayer  hLi film devices at Perkin-Elm.-r, the experimenters 

have been able to rely on an extensive library of streif data taken from measure- 

ments on the Ennos interferometer using fused silica and BK-7 substrates. In past 

experiments ther • data havo been applied without significant error to ryatems de- 

posiU'd or CerVit, germanium, silicon, Irtran II, Irtran IV, sapphire, and a number 
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of different optical glasses.  In these instances, the difference in stress in jhe 

film due to the difference in expansion coefficient between tug actual substrate 

and the substrate on which the initial stress measurement was made was obvi- 

ously only a small fraction of the residual 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 coat; igs to KC1 was the inability to predict th^ 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 txpaiision coefficient of KC1 was 

manifest in the failure in the compression nnde of coatings in which both the 

high (ZnSe) and low (ThFj) film materials were deposited at the high substrate 

temperature (150o-250oC) that had been used for th> ZnSe AR coating designs. 

Samples deposited at lower temperatures (30o-80oC) were more durable but 

showed absorption in excess of 0.1%, a value that increased with time because 

of hydration of the ThF4 film.   Experiments performed later in the program indi 

cate that this dilemma could be resolved by applying the thorium fluoride films 

at 150oC and the zinc selenide films at a lower temperature (80oC).   The results 

of three runs that represent attempts to refine the six-layer ZnSe (80oC)/ThF4 

(150oC) design to match its theoretically predicted performance are that the total 

film absorption was measured at less t^an 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 ex ffie lent 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 selenldc (Knoop number 40 compared 

with IMOOD number 100). it is harder than the component materials, thallium 

biomide and thallium iodide (Knoop number ^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 r'rst 

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. iMm-thick film had IPKS rhan 0.05% absorption. The KRS-S 

vapor would not condense on substrates held at 150oC 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 ws in 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 

thiJi layer of th( pure iodide material or a layer very rich in the iodide material 

at rn, substrate surface. It might be avoided by forming the films from a vapor 

phase mixture (coevaporation) of the two components. 

because  of the aberrations of compressive stress enhancement in zinc 

selenide films and tensile stress relief In thorium fluoride films deposited on 

KC1 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 250oC failed in compression on removal from the 

vacuum chamber.  A film condensed on a BK-7 substrate in the same cycle re- 

mained intact. 

The resi.lts 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. 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. 

*0/ 
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Walter Meitmann, "Vacuum Fvaporated Films of Aluminum Fluoride." Thin 
Solid Films, 5, 61 (1970) 

[ It appears that ßf is too great at lO.ö^m for Air    to he a useful 

antireflection coating at this wavelength.   The transmittance of a 0. 8^im- 

thick A1F3 layer on a KBr suhstrate starts to decreasf, at lO^im.  The ab- 

sorptaiice at I0.6ßm appears to be Af * 0.02, corresponding to ßf =- 250 
-1 

cm    , but this value may be highly inaccurate since it is obtained from a 

transmittance curve.   This value of Af ■ 0.02 is two orders of magnitude 

greater than the desired value of lo"4. ] 

Evaporated aluminum fluoride forms porous films in vacuum with a re- 

fractive index of 1.23 and a tensile stress of about 1.6x 109dyne/cm2.   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 ^m. All'    films 

are practically free of absorption for wavelengths from 0.2 to xO^m with the 

exception of two absorption bands at 3 and b^im.   The coatings are not affected 

by water and show good mechanical stability.  Evaporated A1F3 films are amor- 

hous and have a very smooth uniform surface. 

Only a few compounds and some elements fulfill the practical requirements 

for optical 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 Urge internal stresses. They tend to crack from 
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a certain thickness and in multilayers they often destroy the whole stack. 

Thorium fluoride, however, while having nearly perfect properties, is 

somewhat radioactive.  The application of Iarge quantities of ThF.  requires 

expensive protective measures. 

In the literature we found only some short notes on A1F„ films, stating 

a rei'ractive Index of 1.38-1.39.   For the water solubility of the material a 
3 

value of 0. 55^K/l()()cm   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 fron 250 to 1000nm. 

In vacuum the refractive Index of the films was considerably bwer.   From 

changes in the trarsmittance, which were measured for film thickness control 

during deposition, a refractive Index of n = 1.23 was calculated. When air 

was admitted Into the bell jar, the transmlttance of the film changed.   From 

subsequent measurements In air in the spectrophotometcr, n =  1.385 was de- 

termined which means an increase of 13%.  Jince 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. Fluelllte (A1F„ • H^O), for Instance, has a refractive Index of 

n = 1.49. Chemlsorptlon of water Is probably also the reason for the decrease 

of stress In the films already mention- d.   The formation of porous layers is 

not only observed for A1F». 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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Tie infrared transmittance of a 0. «Mm-thick AIF^ layer on a KBr 

substrate shows a broad absorption band between 2.7 and 3. 8^m and a 

weaker band between 5. 8 and 6.7^m.   The absorption bands in the A1F 

films are also probably caused by water.   At lOjim the inherent absorption 

of the aluminum fluoride begins. 

To test the water -esistance, one quartz glass and one plate glass with a 

0.8Mm-thick A1F3 layer were put into tap water for oi.e 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 A1F3 mentioned earlier, the films were found to be stable in water! ♦114 

This is also likely to be due to the hydrate formation. 

The films we.-c 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^ can 

be produced on suitably prepared surfaces without formation of cracks. 

X-ray analysis revealed that aluminum fluoride forms amorphous films. 

Trouble may oe 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 F-orce Cambridge Research Laboratories LQ Technical Memorandum #30, 
High Power Infrared Laser Window Materials," edited by Normantas Klausutis. 

Semi-annual Report No. I, July 1, 1975 

Crack-free CeFg coatings adhered strongly to KC1 substrates and were 

immune to atmospheric humidity. Values of ßf were not reported, but trans- 

mission measurements on a Beckman IR7 spectromett r showed TOO percent 

transparency in the 3-14»im region."   [This probably implies that the film ab- 

sorptance Af satisfies Af < lo" , compared with the desired value of lO^cm"1. 

Calorimetric measurements are needed to determine if A   approaches the lO-4 

value.  As discussed in Sec.XI, there is weak evidence ("good to Ujim"68) that 

previous CeF3 films had Af considerably greater than lO-4.]  These CeF, films 

were deposited at 0.13 to 0.23 nm/sec, l.lxl0"5to 1.2 x 10'5 Pa (8 x 10"8 to 
-8 

9x10    torr), and a substrate tempo-ature of 150C.  They were 1-2^ thick and 

nearly invisible to the eye.  They passed the Scotch-tape test, and showed no 

visible deterio-ation after exposure to atmospheric humidity for one week. 

Sputtered Mgi-2, LaF3. BiF3 films and high-vacuum, thermally deposited 

films of Pbr2 and LaF3 were found to be unsatisfactory.  [ Thermally deposited 

MgF2 la of course one of the standard coating materials. ]   The PbF   films were 

soft and milky and showed optical absorption characteriPtics of OM~ or H,0. 

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 FJgh Power infrared Laser Window Materials, Nov. 12-14   1973 
AFCRL-TR-74-0085(III),  14 February 1974 ' ' 

Copper chloride. T1C1, and TIBr films on KC1 substrates are not stable 

in the presence of humidity. Cul films are stable in humidity, but we have been 

unable to reduce ßf below lo'cm"1 at 10.6|Cn, even though ^ = 1 cm"1 has 

been reported.  A long diffusion tail of Cu into the KC1 substrate is probably re- 

lated to the great value of ß . 

We have fabricated Til films on KC1 substrates with ß{ < 1 cm"1.   It Is 

essential to deposit these films very slowly (3 nm/min) to achieve this degree 

of transparency. Til films on glass substrates are very stable in humid en- 

vironments. ( In a later report, Ref. *64 which is also excerpted, clear 2^- 

thlck Til 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. | 

272 



Sec. XIII Ref. »75 

H. Winston   K Pastor, R. Turk. A. I. Braunstein, and R. F. Scholl. Hughes 

^^8hC.a?:^^,0"t0rie8•, P™1*!? Wind0W Ma^rials for Use as User Windows 
r F%U?S ^r^n^1.^^'    Tcchnical ^P«« AFML-TR-75-73. Contract 
ber   9

33615"73"^"5075' Finel ^Port for period 15 March 1973 through 15 Decem- 

It was pointed out that the band over which the laser cr rgy is emitted is 

approximately 0.5 urn wide for all three chemical lasers (CO at 5. Jum. DP at 

3. Hfim, and HI- at 2. Bgrn).   Thus coatings with low reflectance over this width 

of.~0.5jAm are desired.    Two-layer coatings, which are called 1/4-1/4 coatings, 

consisting of quarter wavelength optical thickness layers 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- 

signco and fabricated. 

individual layers of CeF^ and MgP^ prepared on CaR, substrates showed ab- 

sorption bands at 6um and 2.9^!. (Water absorbs at thesr twn fr.n,.^..^   At 

AFCRL, CeF3 films on KC1 showed "lOO percent transparency in the 3-14 

region."106] 
^im 

In prior work, it was found that similar absorption bands at 2.9 and 6.1 i^m 

in ThF4 films were only present wi.e:. the films were deposited at temperatures 

below 120oC.   The first attempts to eliminate the absorption bands in MgF  and 

CeF, films, therefore, aimed at determination of a substrate temperature which 

would eliminate the bands.  This has thus far been unsuccessful at temperatures 

up to 300oC. 

The next series of experiments was aimed at the determination of the effect 

of source material purity on the absorption bands in the films. MgR, films were 
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prepared from Harshaw Mgl^ crystals, and CeR films were prepared from URL 

RAP CeF3 at substrate temperatures up to 3000C. No change in the film absorp- 

tion bands was observed. 

Tt>e fluoride film absorption bands are believed to be caused by the incorpora- 

tion of residual gases (particularly water) into the growing films.   Directions for 

further 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 these optical absorption bands, as discussed in S^c. IV.] 

Attenuated-cotal-reflection (ATR) spectroscopy with the Beckman IR-I2 and 

the R1IC TR-25 attachment yields only qualitative information about the intensity 

of absorplion. However, characteristic absorption bands stand out prominently. 

and changes in them with surface treatment are easy to monitor.   Typical absorp- 

tion bands in Car,, ATR plates are at 2. 9, 3.4, 3.5, 5.7, 6.2, and 6.8um.   After 

Freon vapor degreasing. one ATR spectrum showed a dramatic reduction in the 

absorption of the bands, indicating that they are indeed surface-related. A further 

reduction in the bands followed firm rubbing with tissues moistened with methanol. 

It was found that the apparen' calorimetric absorption depends strongly on the 

water vapor content of the atmosphere in the calorimeter chamber.   A striking ex- 

ample of this eflect is a series of measurements on a forged CaF2 specimen.  When 

the calorimeter head contained room air, the absorption constant was 0.0027cm'1, 

typical of many earlier measurements.   After 15 minutes in a desiccated calori- 

meter chamber, the apparent absorption decreased to 0.0014cm'1, and after an 

hour it decreased further to 0.0012 cm"1.   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. 

275 



dm 

Sec. XIII 
Ref. ♦80 

^^"L^-ÄM^A B
f
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TTe value o( „,. „f "n,,-    was found to „, ,3,   ^^ ^ 1 5    ^^ 

of BaR, /Z„S, TUF^/ZnSe, and ThF4/Z^ „„ ^„^^ on ZnSc substrates< 

TTeva^eor A, was Af .  ,3x iO^at 10.6^, for . ^ / ZnSe coating on 

ZnSc.  TO, coating passed th. MiL Spec, adherence, humidity, and salt spray 

tests, bu, failed the abrasion test.  No coating passed the abrasion test. | In a 

'ater report,*' two TW^/ZnS coatings on ZnSc passed the abrasion test.] 
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F   Bernal G      R. H. Anderson, J. H. Chafiln, B. G. Koepke, R. J. Stokv°8, and 
R/B   Macloi^k, Honeywell. Inc.. -Preparation and Characterization o   Poly- 
cryuAS« Halides for Use in High Power Laser Windows •Quarterly Tec hn.- 
cal Report No. 6. Contract No. DAHC15-72-C-0227 and DAHC15-73-C-04o4. 
1 July to 30 September 1973 

Thallium bromide HTBr) 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     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 -he total film thickness was 

10,586 A. 

ThP optical absorption coefficient at lO.ötim of the TIBr film on KC1 was 

g tBgd hy laBPr ralnvimetry to he 11.8 cm'1-   One of the films on glass 

was placed in | 100 percent relativ.- humidity environment and turned cloudy in 

less than one minute.  The other fll n on glass waf left in the ambient environ- 

ment over a weekend, and it also turned cloudy.  This extreme sensitivixto 

humidity is somewhat surprising since TIBr has a bulk solubility of only 

0.05 g/100ml of water.  In an effort to find out what causes the cloudiness, we 

took a series of SEM and Nomarskl mlcrographe.  An SEM view at 15,000x of 

a TIBr film on glass which had been overcoated with a thin layer of gold Im- 

mediately upon removal from the TIBr deposition facility shows cnat the sur- 

face of the as-deposited film appears 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 

«hnw« that the surface seems >» h" mvered with large crystallites. It is safe 

to assume that these crystallites can scatter enough light to cause the cloudy 
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appearance.   A Nomarski  micrograph of the same specimen rev als the same 

surface condition. 

We made another TIBr film in which the substrate temperature was held .it 

100oC during deposition.   This film displayed the same extreme sensitivity to 

humidity as described above, and we are therefore forced to conclude that thal- 

lium bromide films ire not suitable as protective coatings for the alkali halides. 

[Since ThF^ films also are unstable unless deposited at >150C, a substrate 

temperature even greater than 100C possibly could give stable TIBr films.] 

We have tried several completely different 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. ö^im absorption coefficient attained to date is approx- 
_! 115 

i.nately 1000 cm   .      Our initial suspicion as to the source of the high absorption 

was that tlv films were growing off - stoichiometry, and since Cudden and 

Schottky (Physik. Z. 36,717, 1935) have characterized Cul as a stoichiometric 

imbalance conductor, this could lead to high electrical conductivity with high 

absorption at 10. 6um. We began to question this hypothesis because variations 

in deposition rate, substrate temperati re, 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 il films is related to the long copper diffusio.i tail that extends approxi- 

ma.  '   two film thicknesses into the KC1 substrate. 
M«.^. W    ■      ■■»■■      ■! . .1    ■ I - I. ■■     ■-■       I—■    — I-II-— -     ■       ■        I 

Kraemer (J.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 diflusion of Cu   'ons into KC1 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 KCl, 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 :ry8tal8 and repeat some of the above measure- 

ments. If we are able lo prepare sufficiently transparent films on KI substrates, 

we will consider the possibilities of a "double-alloy" coating, i.e., KCl -♦ KI 

-» Cul, in which the KI serves the function of a copper diffusion barrier. 
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Ferdinand A. Kroger and John 11. Marburger, "IR Window Studies," University of 
Southern California Semiannual Technical Report No. 1, Contract No. F19628-75- 
C-008n,  15 March 1975 

[ See our notes in the excerpt of Ref.*15 relating the work in this to the 9.8jim 

absorption band in KC1. ] 

Sodium chloride exposed to atomic oxygen develops a surface layer which ab- 

sorbs frnn ~930 to 1000 cm"1, with peaks at ~970, ~990, and .^940 cm"1 (10.3, 

10.1, and 10.6^m), in order of decreasing intensity. The absorption, which was 

believed to be due to C1CL, continued to increase without signs of saturation for 

periods of exposure to the atomic oxygen up to nine hours, at which time the trans- 

.nittance at the strong 970 cm     peak was reduced by ~ 17 percent. Thir value of 

absorptance corresponds to an effective thickness of pure NaC'O« 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   i the future. 

The effects of atomic oxvgen on KC1 and KBr were much weaker than on 

NaCl, the ahjorption bands being wider and at least an order of magnitude 

weaker. 
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B. Bernal G., J. H. Chaffin, B. G. Koepke, R. B. Maciolek, and R. J. Stokes, 
Honeywell, Inc. Semiannual Technical Report «1, Contract No. DAHC15-73- 
C-0464, 1 January 1975 to 15 July 1975 

A two-layer Til (2. Ijim thick)/ThI4 (1.2>ini thick) coating84on KC1 showed 

-4 
a reflectance of 9 x 10     at 9.5jim. The calorimetric absorpticii coefficient of thr 

composite coating was 8 cm"   (corresponding to an absorptance Af = 8(2.1+ 1.2) 

-4 -3 
10     = 2,6 x 10 ", supposedly ), most of which was attributed to the ThF.. [ The in- 

terpretation of most of the absorptance coming from l,2^m of ThR gives ß{ = 22 

cm   , which is reasonable but greater than the lowest reported value of <I.2cm' . 

The value of /3f < 1cm     for Til was given in later publications.]     ' 

Films of Til grown un glass, cleaved KC1, and mechanically polished KC1 are 

clear until a critical thickness of P 3 to 0.5qm is reached. [ The problem of obtain- 

ing clear, 2 jim-thick Til 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 

KC1 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 viewt (obtained by cleaving the substrates) 

of cloudy coating by the scanning electron micioscope 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 Til films dramatically increased with a 

second purchase of Til 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 Til powder resulted in a large 
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value of /3f ■ 100 cm    at 10.6^m and severely cracked and crazed films. 

| Adding ■ smaller amount, say a few parts per million, of sulfur or somehow 

exposing a clean, fresh substrate to sulfur before the deposition of the coating 

would be of interest for Til 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 kno vn. ]  By varying the deposition rate from 50 nm/min 

to 500 nm/min it was found th.jt two-micron-thick Til films that were only slightly 

hazy could be grown consistently at 100 nm/min.  The films were, however, epi- 

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 Til films are single crystal and in some cases 

grow epitaxially on KC1. 

The good Til coatings were deposited at room temperature. Coatings de- 

posited at 100 C were cloudy and had rough surfaces. 
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John R. Kurdock, Perkui-Elmer Corporation, "Optical Processing of Alkali 
Malides and Polycrystalline Zinc Selcnide for Higli-Power Laser Applications," 
Quarterly Progress Report No. 2, Contract No. H33615-73-C-5127, October 
1973 

Thorium fluoride is known to be reactive with residual water vapor in a 

coating chamber atmosphere, and the hydrated ThF. films so produced have 

more absorption on hydrous films.   It is fairly well known in opt' ;al coating 

practice that if the condensation rates are reduced, the grain or particle size 

of the films will be increased due to the fact that fewer nucleating points are 

formed on the substrate during the initial deposition,   it sec ins that the ah- 

sorption mechanism for ThF. films is primarily concerned with chamber 

residual aimospheres reacting with the ThF. vapor. 
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John R. Kurdock, Pcrkin-Elmer Corporation, "C^cical Processing of Alkali 
Hal.des and Polycrystallinc Zinc Selenide for Migh-Power Laser Applications ' 
Quarterly Progress Report No. 3, Contract No. F33615-73-C-5127, January 

Thin (^ 1000 A) PrF3 protective films deposited on ZnSe (at 250oC) 

did not pass the MIL-C-675A requirements for abrasion and humidity. 

Using the three-film Herpin Section,  antireflection coatings ( ZnSe-ThF - 
4 

ZnSe) have been produced that meet all the design goals except durability. 

[ Thin films of PrF3 and CeF3 applied over ZnSe-ThF4-ZnSe did provide 

some Increase in abrasion resistance116  It was not known whether or not 

the resistance to humidity attack was increased.116 
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John K. Kurdock, Perkin-Elmer Corporation, "Optical Processing of Alkali 
iialides and Polycrystalllne Zinc Selenide ^^:^t

1^I^^Sh4 
Quarterly Progress Report No. 4, Contract No. h336l5-73-C-5127, April 1^/4 

An unspecified substrate and ant 1 reflect Ion coating that was overcoated with 

50-60 nm-thick CeFg or Th02 films had Af * 0.1% [apparently a measured 

value at 10.6^]  and passed the M1L-C-675 eraser and humidity tests and 

the MIL-M-13508D Scotch-Tape tests. 
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K. Bernal G.,  R. H. Anderson, J. H. Chaffin, B. G. Koepke,  R. B.  Maciolek, 
and  R. [. Stokes, Honeywell, Inc., "A Study of Polvcrystalline Halides," Semi- 
annual Technical Report «1, Contract DAHC15-73-C-0464, 15 July 1974 

We have extensively investigated the properties of KCI and TU coatings 

evaporated in a tenuous argon atmosphere prepared by first evacuating the 
-7 

bell jar to ~5 x 10     torr and then admitting argon through a needle valve 

-4 until the pressure reached  1 x 10     torr.   The substrate temperature was 

60oC, and the crucible-substrate distance was 40 cm. 

We observed that the films are clear and adherent up to pressures of 

-4 -4 7 x 10     torr, but at 8 x 10     torr the Til films become very cloudy.   The 

absorption at 10. bum for these films, as measured calorimetrlcally, was 

-4 found to be unaffected by the argon at pressures up to 6 x 10     torr.    Two 

six-inch long glass substrates were coated with Til, one in a hard vacuum 

-6 -4 (1 x 10     torr) and the other in an argon atmosphere of 4 x 10     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 scattfiing due to the argon is responsible. Alloy coatings of Til and 

KC1 ~ 1500 A thick on KC1 siibstrates survive the "Scotch-tape test," but inas- 

much as Til is an extremely soft material, the coatings do not resist abiasion 

to any degree.   This will not be a serious drawback provided die remaining anti- 

reflection coatings can be deposited ont   the Til coating and providing that these 

"exterior" coatings have good mechanical stability. 

Micrographs of a 2000 A thick discrete Til film on a cleaved and on a 

mechanically polished KCI surface, as-deposited, after exposure to 100 per - 

cent relative humidity, show   that moisture attack is through as-deposited 
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pinholcs in the Til film, and that the pinhole size and/or denaiy 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 arc 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 Showed 

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 5nm (50A) thick 

carbon-containing residue may not be negligible. At an absorption peak (per- 

haps C-H at 3-4Mm or C02 at 4.3^) a typical value of ß is 105 cm"1. 

Thus, the resonance absorptance of the 5 nm thick carbon residue is expected 

to be of order Af = ßd = 5 x 10"2. which is quite large.  Such absorptance 

could be mistaken for /3f = 2.5 x 103cm in a 200nm thick film. ] 

287 

4A. 

■ ■ 



Sec. XIII Ref. *9l 

E. Bemal G., J. H. Chaffin, B. G. Koepkc,  R. B. Maciolck, and R. J. StoVes, 
Honeywell, Inc., "A Study of Polycrystallinc Ilalides for High Power laser 
Applications," Semiannual Technical Report #2, Contract DAMC15-73-C-0464, 
15 January 1975 

Chemical polishing of (IIP) 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-dependent 

solubility of KC1 in the polish an 1 in the water that condenses on the surface 

upon evaporation of the isopropyl alcohol in high humidity. 

The rate of moisture attack on aUcali halide surfaces is a strong function 

of the condition of the surface, i. c., 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 cf 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 or 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 ' hi mishing, and it 

is responsible for the familiar surfaces of aUcali halides that look good but are 

severely etched by moisture. 

These tests prove conclusively the importance of very careful mecnanical 

polish to minimize burnishing and avoid imbedded particles of grinding compound. 
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They also explain why chemical polishing should be don? in low humidity 

environments to avoid water etching when solvents evaporate before the chem- 

ical polishing is completed. Finally, they give clear evidence of the moisture 

resistance of chemically polished surfncr«.   The problems presented by chem- 

ical polishing of polycrystallinc hp'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 1 11 films on KC1 or glass substrates are occasionally ob- 

served 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 substrate by the cleaninr: o* polishing procedure.   It was found that only 

the substrate temperarure during the film deposition directly affected the onti- 

cal clarity of the coatings. It wa^    ...nH rh.r at 25°C substrate temperature, 

the coatings are always clear except under a bizarre set of circumstance. 

At Tg = 60° C, roughly 10 percent of the films grow cloudy; at T   = 100oC, 
s 

all of the films are cloudy.  At T8 = 125"C, no films grow on KC1, i.e., the 

sticking coefficient has dropped to zero; however, a cloudy film grows on glass 

at this temperature. We conclude that duri-.g deposition the substrate mmp^- 

ture should be kept l^elow 450C to ensure clear Til coatings; however, the 

coatings may subsequently be annealed at higher temoera^re« as described 

below. 
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After preparing a large number of HI films on 25"C KCI substrates, wc 

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-foum>'d 

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 understanc what could be causing this effect 

at present.   ( ^nis is perhaps additional evidence for the need for thorough 

baking.] 

It is possible to anneal samples at 1000C for at least 24 hour£ with no 

deterioration of the coatings, but clear films annealed at 1250C fv,*- 24 hours 

become cloudy due to the formation of a heavily faceted surface. It may be pos- 

sible to safely raise the temperature to a higher value for a shorter period of 

time for the purpose of applying another coating, but the absolute temperature 

limit is somewhere around 1750C.   Beyond 1750C the vapor pressure of Til 

begins to rise rapidly, and the coating begins to evaporate. 

Pinholes in the Til coating have never been observed by us prior to ex- 

posing the sample to humidity.   After exposure they cai then be located because 

the humidity brings KCI  to the surface through the pinhole and the KCI subse- 

quently crystallizes near the pinhole upon removal of the sample from the humid- 

U^   It is felt that the pinholes are almost entirely due to mechanical surface 

imperfections. [The fact that 200 nm-thick Til films on KCI do not prevent 

290 



Sec. XIII Ref. *91 

moisture attack as a result of pin holes in the film is in agreement with 

*38 
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 prohlems 

of producing good quality infrared optical surfaces. 
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F. A. Horrigan and T. F. Deutsch, "Research in Optical Materials and 
Structures for High-Power Lasers," Raytheon Research Division Quarterly 
Technical Report No. 3, Contract No. DAAHni-72-C-0194, July 1972 

The OH concentration of a series of KCT samples was determined using 

UV spectroscopy, and found to be of the order of 1-2 molar ppm.   No cor- 

rela.jn between OH concentration and 10.6Mm loss could be established for 

-3      -1 samples with ß =   3 x 10    cm    .   [The lack of a measurable effect of OH 
18 

on ß.   at IU. 6^m is as expected     since the tail of the OH    infrared-absorption 

line, center near 3^m, is very small at  10. 6^m.] 

-4 In the measurement of low absorp.ance (A ~ 10     ), any small pickup by 

the sample ticrmocouple 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 

selenide, 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 Ü.05CC, which corresponds to a Power Absorbed/Power Iransmitted of 

-4 2.7x10    .   This absorbed power was coming from either reflection or re- 

radiation by the power cone or scatter from the edge of the IrlRes. 
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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 minim<7f> 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. B. Ramsey, and R. Thun, "Optical Properties of Various Evaporated 
Rare Earth Oxides and Fluorides," J. Opt. Soc. Am. 49, 116 (1959) 

The optical properties of evaporated rare earth compounds such as Y2O. , 

LJU03, Prfpil, Srr^Og, Od^, LaF^, NdF3, and CFg were studied in the 

wavelength region from 0.22 micron to 2 microns.  The materials were evapo- 

rated from tungsten boats and condensed on glass and fused quartz substrates 

at various temperatures. The oxides condensed as almost amorphous films, 

vnereas the fluorides developed fairly large grains as indicated by their sharp 

electron diffraction rings.   All films were hard and showed excellent chemical 

and mechanical durability.   An increase in n and k at X = 0.22 micron is evi- 

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 are 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^Oo as an ex- 

ample for the oxides, has an almost amorphous film structure. Such amorphous 

film structures arc frequently more influenced by a small change of the deposi- 

tion conditions than well crystallized forms, and they show, therefore, proper- 

ties less consistent from coating to coating. 
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Reinhard Clang, John G. Kren, and William J. Patrick, "Vacuum Evaporation 
of Cadmi jm Tellurlde," J. Electrochem. Soc. 110, 407 (1963) 

Cafaitiium telluridc films 0. l-lq thick were deposited on glass substrates 

between 25° and 250oC at ambient pressures below 10    Torr.  The vapors, 

although dissociated into the constituentE, form stoichiometric, crystalline 

CdTe films with zincblendc structure.   The film« are continuous, uniform, 

and adhere well to glass surfaces if deposited at or above 100oC.   To avoid 

condensation of free tellurium, substrate temperatures above 150oC are re- 

quired.   At these condensation temperatures, films about 0.5M thick have 

grain sizes of 11)00-2500 A, and their (111) crystal faces are oriented parallel 

to the substrate surface.   Regardless of deposition temperature, all films have 

resistivities of 10  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 ~S.3ß\n longer wavelengths?] 
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Richard J. Schcuermaii, "IX-formarion of Optical Surfaces by Film Stress " 
j. Vac. Sei. Tcchnol. 6, 145 (1969) 

In general, stress in a thin film is most easily detected by m.asuring 

the bending of the substrate upon which it is deposited.  A Laser Stress In- 

terferometer (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 

(= 5.6x 10  Pa = 81 psl) in a film 1000 A thick.   Films of ZnS, ThF,,, 
4 

and Si02  ~ 110 nm thick had stresses ranging from 1100 to 2800 kg/cm2 

(1.6x 10   to 4.0 x 104 psi). 
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A. K. Jonscher and P. A. Walley, "Electrical Conduction in Non-Metallic 
Amorphous Films," J. Vac. Sei. Technol. 6, 662 (1969) 

A distinction is made between simple amorphous films such as silicon 

germanium and other semiconductors, glassy films, and finally, noncrystal- 

line Tolymcrs, both conductin J: and insulating. 

Uasscs contain microscopic regions of short-range ordt r 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 metastable state. Cilasses 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, therefore. 

the electronic properties. 

For our purposes we shall define a polymer as a solid possessing some 

relatively strong bonds, typically covalent, which define extended macromolc- 

cules in ihe 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 u this definition, plrstic sulphur, 

amorphous selenium, and tellurium, as well as crystalline graphite, are all 

polymers. 
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* 
On comparing glasses with amorphous germanium and silicon, it can be 

seen that glasses are more stable.   Where there is only one type of atom and 

the bonding arrangement as in germanium and silicon, more strain is involved 

in deviating from the crystalline structure. Ii 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 regions where there arc more Si-Si bonds than Si-0 bonds 

or vice versa.   This random variation in the bonding arrangements in compounds 

or materials like carbon or selenium, may be what gives rise to what we call 

glassy structures (as opposed to amorphous structures) in which more continu- 

ously bonded extended networks occur. 

Our own evidence suggests a model in wi.ich initial more or lesb amform 

amorphous material undergoes a continuous process of nucleation and growth 

of microscopic regions of progressively increasing order. As these relatively 

more ordered regions increase in size, one has to accept the possibility that 

the surrounding disordered or amorphous matrix becomes depleted 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 between the dodeenh^dru nodel and completely crystalline 

grains. 

Theoretical conclusions based on Gubanov's theory (A. I. Gubanov, Quantum 

Electron Theory of Amorphous Conductors. 1965) are as follows: (a) the allowed 

energy bands of crystalline materials retain their basic identities, but they ee- 

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 levcit»; (b) the forbidden 

gap between the free baud 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, these 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 quaai-localized deep levels 

IB much less thai, m the free bands of the crystal, typically by some orders 

of magnitude. 

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. Poolc-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 I ■ v   where 

n l'j greater than 3 and may be as high as 15 to 20. There is vanishing activa- 

ti jn energy, typical of amorphous materials. 

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 Intcnncdiatc Frequencies. These could he 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, decreasing activation energy with Increasing frequency. All 

these mechanisms may he different and may have different activation energies. 
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^ A. Vecht,   Methods of Activating and Rec rystallizing Thin Films of II-VI 
Compounds," Physics of Thin Films, 3, i65 (1966) 

When a II-VI compound is evaporated onto a cold substrate, it does not 

exhibit the required crystalllr.ity, but is cryptocrystalline -- i.e., its crystal 

stmcture cannot be resolved optically and can only be determined by X-ray 

analysis.  To increase the crystallite size, the substrate temperature can be 

raised during deposition, or a postevaporation heat treatment can be em- 

ployed. When evaporated films of II-VI compounds are heated, their crypto- 

crystalline structure gradually gives way to a mosaic crystallite structure. 

Crystal boundaries can be more 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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Z. H. Mciksln, "Discontinuous and Cermet Films," Physics of Thin Films, 
Vol.*8, 99(1975) 

In pcneral. who., a film is deposited nn , ^ggriDM substrate in vacuum by 

evaporation or sputtering, the «Kteatlon gg the deooo ted film begins at many 

different nucleJtion sites, usuall.' gl imperfections ir the substrate surface as 

a result of the loss of the hifth mnhilitY of arriving particles at such sites. Addi- 

finnnl particles arrivuig from the source agglomerate about the nuclei, and an 

island structured film is formed. As the deposition continues, islands coalesce 

decn-asing the island dens'tv.  The islands then grow until contact is made with 

neighbors, anH ^HMnlly the voids between the aßglonu: 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 structure changes from the discontinuous to the uniform 

contliiuous 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 process Is also responsible for a high strain 

coefficient of resistance. Two factors that yield discontinuous films Impractical 

for general use are poor reDroduclblllty and instability. Cermet ana low density 

tantalum films can be made tlucker than discontinuous films. They can be con- 

sidered physically continuous, but electrically discontinuous or quaslcontlnuous. 

The average thickness of gold films In this range Is typically below 100 A. 

The linear dimensions of the islands and of the interlsland spaclngs can vary 

from a few angstroms to several tens of angstroms. It Is generally 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 diameter is typically between 10 and 50 A. 

Filament 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. 

Cermet films are composites of a metallic component and a dielectric com - 

ponent. Such films were developed to obtain films with higher values of resistance 

per square than are possible with continuous metallic thin films. Cermet films 

consist essentially of conductive phases similar in structure to discontinuous 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-silicon 

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 because of migraton of trapped oxygen, and externally 

from the surface. The oxidation process becomes even faster at higher tempera- 

tures. Eventually the films 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 metal 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 ave-age size of the aggregate in- 

creases until it reaches approximately 350 A.  Simultaneously, however, the 

size of the voids, or c.annels, 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 electronic 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 b ^ ond certain limits requires excessive energy. 

Giu^^j 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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"drift" in their electrical properties, especially at elevated temperatures and 

also under the "catalytic" action of metallic contacts. A particular example of 

metastability is afforded hy reversible switching, which can be observed in a 

wide range of glassy materials. 

There are 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., no 

bonds are broken and no foreign impurities 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 interesting 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 structure 

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 function of temperature, 

electric field, and frequency, with drift mobility and photoconductlon added as a 

bonus In certain cases. 

There Is broad agreement (13) In the results that th? conduction and valence 

bands of allowed levels In which electrons may move In crystalline Insulators are 
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basically preserved, but the forbidden energy gap of the crystal is replaced hy 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 mean free path I should be greater 

than the interatomic spacing a. Experimental measurements on a range of dis- 

onfcred 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 generally 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 

temperatures, 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 localized 

levels in the forbidden gap of amorphous solids and it la generally agreed that 

the low-field conduction in these materials is of the hopping type (8,13,18-23). 

What is much less 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 generally agreed that the deep levels are strongly localized, which 

means that the transition probabilities between them are small. Mfe 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 hard formation where the ratio is 

larger than unity, and the limit of free band conduction where lOwalization does 

not occur at all. 

On the Important question of the distribution in energy of the  tensity 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 10 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 bpnd tdges. This may lead to 

a measure of overlap between the states derived from tfv 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 broker 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 Allgaier (25) that the only physi- 

cally meaningful carriers are electrons and no useful purpose is served by intro- 

ducing the concept of holes. This convention is applicable only to transport within 

the "f jrbidden 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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Df
+e 

and 

Ox + e ;=i 

donor 

trap 

(2) 

(3) 

The state denoted by   Q   is electrically neutial when full and becomes positively 

charged when empty, the state o   is electrically neutral when empty and becomes 

negatively charged when full. 

In the case of donorlike centers In which the interaction between the electron 

and its positively charged center is coulombic, ;»: is possible to estimate the bind- 

ing energy from the "hydrogenlc" model, taking into account a suitable value of 

the dielectric constant of the material and assuming a free electron mass f^r the 

carrier. Nc such estimate is generally possible for traplike levels which depend 

on short-range interactions whose nature is not so well understood. 

Any long-range ilsorder arising from a loss of perfect periodicity but not 

involving broken bonds or electron numbers In excess of those required to satisfy 

bonding conditions may be expected to lead 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 represc-t electron 

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. 

v*. 
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Our discussion of the effects of disorder on the formation of various 

localized levels 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 levels. Covalently bonded 

crystalline solids show both a high density of surface states,  resulting in effec- 

tive pinning of the Fermi 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 Ce, Si, and C, 

some chalcogenide glasses, and probably silicon "monoxide," would give the be- 

havior characteristic of dtep levels, mainly hopping conductivity. It would be 

wrong, however, to expect similar behavior of the more strongly ionic dis- 

ortered solids, in (>arrlc«lar silicon dioxide. In our opinion it is grossly mis- 

leadiajr in many r^al *vstems which may be very inhomogeneous. We have to 

distinguish ^o type« 'f inhomogene ity: local or microscopic inhomogeneities 

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; ic path of a carrier Is not straight along the electric 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.incies 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, witho-it 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 0 below the edge of the conduction band. Typical surface 
11       12      -2 

state densities in crystalline semiconductors arc in the range 10   -10    cm     and 

15      -2 
the total density of surface atoms in a solid is typically 1.5 x 10    cm    . 

The method of thermally stimulated currents (TSC) has been used widely In 

crystalline large-gap materials, such as photoconductors and phosphors, to study 

•he energy level structure in 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 V.   to the films, at a certain bias temperature T^, 

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 V   ^ V , including the {»osslblllty V, ■ 0, and the temperature 

is gradually increased at a steady rate R= dT/dt. Under suitable conditions, 

one or more current peaks appear. 

It is unfortunate tnat tbe other "classic" amorphous semiconductor materials. 

Si and Ge, have such low activation energies that any investigations of these by TSC 

techniques would require extrem ,*ly lew temperatures. 
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Conclusions:   The essential 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 

C rystalline solid is retained, but that the fine structure, both within the bands and 

at the band eHgcs, is smeared out. We have little knowledge of the optical cross 

sections to be expected of a localized defect, or even how such cross sections would 

vary with energy. The mean free 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- 

isoelectronic doping has a large effect on the propprties 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 theoretical ap- 

proaches to the analysis of conduction in amorphous solids assume a homogeneous 

model. There is plenty of evidence that most real systems contain microscopic in- 

homogeneities - whether due to ph.' se 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 tequires 

the presence of ionizable neutral centers, i.e. donor/acceptor sites. Unfortunately, 

the Mott T-1''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. I ipson, "Effects of Ion Beam 
Polishing on Alkali Halide Laser Window Materials," Third Conference on High 
Power Infrared User Window Materials, Nov. 12-14, 1973, AFCRL-TR-74- 
0085(111), 14 February 1974 

[ Tliis paper reports successful argon-ion beam polishings of single- 

crystal KC1 and KCl-KBr.] 
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B. L. Wcigand, "The Potential of Thin Organic Polymeric Films as Protective 
Coatings for Alkali Halide Crystals," Third Conference on High Power Infrared 
Laser Window Materials, Nov. 12-14, 1973, AFCRL-TR-74-0()85(ll!), 14 Febru- 
ary 1974 

The author is encouraged by the possibility of protecting alkali halides with 

organic polyn.eric fluorocarbon films that do not show the characteristic hydro- 

carbon absorption bands at 10-11 ^im and 3-4.5fim. [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, 

water has no absorption bands near 10. 6fim, but |3in , = lO'^cm"1.)   For ex- 

ample, the absorptance of 1, l-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,117 

for a total effective thickness of ~5jim, very roughly. The absorption coefficient 

would then have the /alue ß{ ft 0.4/5 xl0'4= 800 cm"1, and the absorptance of a 

0. 1 ^m-thick protective coating would then be A   2: (0. l^m)( 800 cm"1) = 8 x 10"3, 

which is a factor of 80 greater than the desired value of lO-4. ] 

[ Such previous difficulties as those of Young 38 and Chaffin and coworkers*109 

in protecting alkali halides suggest that complete coverage of large areas by thin 

films Uf ^ 0.1 ^m) 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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*38 scratches and imperfections on the substrates.        Even though polymeric films 

could possibly give better protection than glaspy films, it is questionable that 

very thin films would give complete pin-hole-free coverage of large areas. 

117 Wcigand        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. ] 

[ Hexachlorobutadlene should be one of the better materials considered In 

this paper.   '  A 0.65 jim-thick sample on a 30-bounce ATR plate of KRS-5 

showed a 9 percent transmittance reduction at 10.6 ^m from the value at a 

117 -1 
large flat peak from 8.5-10fim.        Thus, /3f ■ 0.09/30(0.65 ^m) = 46 cm   , 

and the absorptance of a single, 0.1 fim-thick protective coating should be 

-1-5 -4 A   " (46cm   )(10    cm) = 5 x 10    , very roughly. Since this is an approxi- 
P -4 

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    could be tolerated for the protective- 

coating on the two antireflection coatings). It is conceivable that a sufficiently 

small value of /3 could De obtained. However, a program to protect alkali 

halides with thin polymeric films would be highly speculative in view of the 

questions of oblammg a sufficiently small value of absorptance and of obtain- 

ing complete pin-hole-free cov.rage with very thin films. ] 
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?,*   uT and .K- Vedam'   Coating Science and Technology," Third Conference 
on High Power Infrared Laser Window Materials, Nov. 12-14. 1973   AFCRI -TR- 
74-0085(111), 14 Fehruary 1974 ' A, UKL  1K 

It Is pointed oi   that the strong adhesion of metal films to glass can be 

attributed to an intermediate oxide layer whi. h produces chemically honnH 

filSS and that tctrahedral carbon films, or so-called "diamond films." have 

been observed by mass spectromctrlsts for many years and appear inside 

their ionlzation chambers. Attempts to laser evaporate graphite and allow 

the plume of evaporated species (mainly C3 and Cj ) to pass through a mici 

wave cavity in an attempt to predominantly form atomic carbon which we hoped 

might form diamond strucrure carbon were unsuccessful.  Calculations after the 

failure showed that the laser flux was too small. 

:ro- 
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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 
User Window Materials, Nov. 12-14, 1973, AFCRL-TR-74-0085(III), 14 Febru- 
ary 1974 

Amorphous Ge of one-half-wave optical thickness at 10.6 ^m had ßf = 40 

cm'1 1 30 cm" .   Film thickness ranged from 0.1 to 2fim, deposition rates were 

0.2-0. 3 nm/sec, and boih ultrahigh (uhv) and standard vacuums were used. Under 

uhv conditions, crystallization occurred for T ^ 200 C. Air-exposed or standard- 

vacuum-deposited films crystallize at T  ^300C. [The absorption coefficient of 

amorphous Ge on a KC1 substrate increased monotonically from 40 cm    at hcü 

= 0.1 eV (10.6 Jim) to 105cm    at 1.3eV (0. 9jim), believed to be a result of ab- 

sorption from "states in the gap" of the amorphous semiconductor.] Amorphous 

Ge on fused quartz had lower values of |3f, by a factor of ~ 10 at 2.5 ^m (where 

ßf = 100 cm    ) [again snowing the possible great effect of the substrate on ßA, 

| 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(lII), 14 February 1974 

The Ge film with the lowest absorption, ßf = 10 cm    , was produced on a 

ZnSc substrate using ion-beam sputtering.   A comparable absorption of 12 cm 

for a film produced on KC1 in uhv was obtained at the highest deposition rate 

of 7 nm/sec.  T. Donovan obtained 77 cm'   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 underlying 

crystalline substrate.   The surface layer is caused by smearing of the surface 

during lapping in the near-final polishing stages, since scratches are positioned 

within lac 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.   Ion polishing of ZnSe first reduced ß, then increased 

ß and scattering. 
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P. Kraatz, S. J. Holmes, aJid A. Klugman, "Window Surfaces and Coatings for 
Lasers Operating in the .1-5 jxm Region," Third Conference on High Power Infra- 
red User Window Materials, Nov. 12-14, 1973, AFCRL-TR-74-0085(III), 14 
February 1974 

Coatings of MgF2 / MgO, ThF4/PbF2, and ThF4/PbF2 were deposited 

on CaVj • I Absorptance was not measured. ] 
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Air Force Cambridge research I-aboratories LQ Technical Memorandum No. 35, 
Part 1, Semi-Annual Report No. 2, edited by B. Bcndow and P. D. Gianino, Dec. 31, 
1975 

LaF„, CeF», NdF,, OdF-, and HoF, coatings of thickness 1-2 j^m on KC1 on 

ZnSe at high substrate temperatures and low deposition rates all showed very 

high absorption at ~3 and ~6>4m [probably water, possibly absorbed in porous 

films after deposition ], which was not removed by deposition at ~ 10       torr. 

Values of ßf at 10.6)im ranged from 32 to 106 cm   .  [ Since /3f > 0.5 cm   , 

these films are not satisfactory for high-power,  I0.6^m use.] 
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Perry A. Miles, D. W. Readey, and R.T. Newbcrg, "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 As2S3 with thickness ranging from ~2^m to 20»im were deposited 

on cleaved and on polished KC1 substrates. The background pressure immediately 

before evaporation was 8 x 10     torr.   During the evaporation the pressure rose to 

between 10     and 6 x 10     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 35 C In later runs. Values of ß{ at 10.6(im ranged from 3 to 7 cm 

in early runs, and a value of Ö, = 1.5 cm" , which is near the bulk value [of 

-1 *9 
&  » 0.8cm    ], was obtained in a late run. [The Hughes Research Laboratories 

also achieved 0, 2= ß..]  The decrease in ß{ resulted from repetition rather than 

change of technique. ( Repetition apparently cleans die system in this case.]   It is 

highly significant that a repeat of two measurements after a three-day interval 

-4 
showed an increase in the film absorptance (by ~7 x 10     for a seven-micron- 

thick coating and by ~8 x 10     for a 12(im-thlck 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 measure^ are inconclusive, but they 

do suggest that the additional absorptance was from the surface since a bulk 
.4 

effect should have shown an absorptance increase at 12 jim of 7 x 10     (12/7 ) 

-3 -4 =  1,2 x 10   , compared with the measured value of 8 x 10    .] 
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J. H. Chaffin and R. A. Skogman, "Thallium Iodide Protective Coatings for 
ADcali llalidc Optical Components," Proceedings of the Fourth Annual Con- 
ference on Infrared Laser Window Materials, Nov. 18-20, 1974, Tucson, 
Arizona, January 1975 

-I Thallium iodide films on KC1 had ß{ < 1cm     and n    = 2,1 at 10.6^m. 

Pin holes in the coating allowed moisture attack of the KC1 substrates. The 

value of 0f increased rapidly for deposition rates exceeding 6nm/min. 
IM 

( A later Honeywell publication     reports deposition rates of 50-500nm/min. ] 

For substrate temperatures greater than 60 C the films were cloudy and had 

rough surfaces. Graded T11-KC1 coatings had ß   = 50 cm'1. 
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■i M. Braunstein and J. E. Rudislll, "Polishing and Coating for Urge Diameter 
(15 cm) High Energy ZnSe Laser Windows and Coptings for Alkali Halide 
Windows," Proceedings of the Fourth Annual Confi-rencc on Infrared Laser 
Window Materials, Nov. 18-20, 1974, Tucson, Arizona, January 1975 

A ThF./ZnSe coating on ZnSe had Af - 8 x 10'4, a ZnSe/ThF4 coating 

on KC1 had Af = 1.7 X 10"3. and an As2S3/ThF4 coating on KC1 had 1.9 

x 10"3.   Coatings of ZnSe/ThF4 on KCl cracked and peeled upon removal 

from the vacuum system (as a result of the strain In the 2 jim thick Inner ZnSe 

layer).  One ZnSe/ThF. film remained intact for a period of time, but then 

crazed. 

-d*. 

323 



Sec. XIII Ref.* 110 

M. Braunstein, A. I. Braunstein, D, Zuccaro, and  R. K. Hart, "Ge and ThF. 
Films for High Energy Laser Components," Proceedings of the Fourth Annual 
Conference on Infrared Laser Window Materials, Nov. 18-20, 1974, Tucson, 
Arizona, January 1975 

Germanium and ThF.  films on KC1 and ZnSe substrates were prepared 

by ultrahlgh vacuum and ion-sputtering techniques.   The lowest 10.6^un- 

absorptlon coefficient obtained was ßf ^ 10 cm     for both the Ge and ThF. 

films. 
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P. Kraatz and P. J. Mcndoza, "CO Laser Calorimetry for Surface and (boating 
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 5.2fim) for dtf, si'bstrates, the 

values of film absorptance were ß{ = 2.1 cm for ThF. and ßf = 2,3 

cm      for R)F2 . 
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