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ABSTRACT

The significance of this research and development program to the
Air Force is the demonstrated feasibility of fabricating large infrared

transmitting windows of zinc sulfide with good physical and optical charac-

teristics by the chemical vapor deposition process. Plates approximately

1 ft. X 2 ft. with good transmitting properties in the 8 - 12 •m band were

made and samples from these plates were submitted to the Air Force

Avionics Laboratory for further evaluation.

Three major accomplishments of the program were: the elimina-

tion of visible-to-the-eye zinc inclusions, the elimination of plate fracture

during cooldown from the deposition temperature, and the improvement of

the as-deposited thickness profile. As a result of these improvements the

cost of window blanks can be significantly reduced.

Interferometric measurements on samples taken from typical

deposits indicate that diffraction limited imaging can be expected at all

infrared wavelengths and that even at 0. 9 gm image degradation is still

slight. Angular resolution at all wavelengths will be degraded less than

10 pradians by transmission through 1 centimeter of the material, and is

adequate for all known infrared systems applications. The main problem

with the use of this material is in the overall signal reduction due to re-

sidual scatter, and in the increased background levels that will degrade

the performance of systems designed not for thermal sc:'Fing but for active

i. r. or passive sensing at wavelengths in the visible and near i. r. wave-

length range. The latter uses will also be affected by the extrinsic absorp.

tion band between 0. 4 and 0.9 prIm. Improvement of the material for these

applications may possibly be accomplished by the use of allovalent additive's

as well as by the use of additives that suppress the formation of scattering

. sites.

* Iii
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SECTION I

INTRODUCTION

Reconnaissance and weapon delivery applications require infrared

windows that can be fabricated into large sizes and various geometric

shapes. For example, FLIR type applications require large size IR windows

with good physical properties to withstand severe environmental conditions.

For the past decade considerable effort has been devoted toward the develop-

ment of suitable windows. Window blanks have been formed by special glass

casting, hot pressing and crystal growth techniques, but none of the pro-

cesses have yielded totally satisfactory windows. Another process that was

explored under contracts F33615-70-C-1577 and F33615-71 -C-1775, and found

to yield good optical quality material is the chemical vapor deposition process.

This process is not inherently size or shape limited, and it ha s the potential

of fabricating good optical quality polycrystalline infrared trarzismitting ma-

terial. The Air Force Avionics Laboratory, recognizing the potential of

this process, continued the effort initiated under the original contracts to

further develop zine sulfide and to scale the process to fabricate large aper-

ture infrared windows.

At the conclusion of the previous program it had been demonstrated

that large plates (-13 X 20 X 1/ 2 in.) could be fabricated by the CVD process
although the optical quality (scatter) of the material, particularly at visible

wavelengths, was not as good as that observed in some of the experimentM
deposits, In an attemp! to resolve this problem a six-month experimental

program was conducted in which four problem areas were addressed. These

were'

1) elimination of zinc inclusions

2) improved thickness distribution

3) improved operating procedurxes to eliminate or minimize

"bandina" in the material

4) elimination of plate fracture during cooldown.

31



The program was iterative in nature, in that we attempted to eliminate

visible -to-the-eye inclusions and then addressed ourselves to improving

the thickness profile as well as controlling the process parameters to

eliminate or minimize bands in the thickness of the material. In addition,

throughout the program, modifications were continually made in mandrel

design to eliminate plate fracture during cooldown from the deposition tem-

perature.

I2
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SECTION II

THE CHEMICAL VAPOR DEPOSITION PROCESS

The chemical vapor deposition (CVD) process offers many advan-

tages over conventional techniques for preparing infrared transmitth•g ma-
terials. Perhaps the two most significant advantages are that the resulting
material is very pure, thus eliminating IR absorptions due to impurities

and that the deposits .are usually very dense, and thus light scattering due

to pores is minimized. Furthermore, the process is not inherently size

limited and it has the potential of fabricating polycrystallinv infrared windows

in large sizes and various shapes.

The chemical vapor deposition process can be stimmariled as
[i . follows: Volatile compounds of the elements comprising the mitt'fill to be

i depoaited are reacted at a surface whose •emperaturc allows the., c•,•f••tmd

, to decompose or react to form a solid, adherent, eoatli!g. If ttte •'•atiil

thickness il heavy eliough a iuoilolithic free-stand|ng pixie is ••bi•i•d. The

• volatile byproducts ,•f th• reactioit ave pumped a\t'•?,', flush¢O away i•
•treanl of carrier ga$, removed by reaction with a maS• of s tillable material

in the tilt.el, or •gvnerated or lied by reaction wiih-a lttOrVOlr If It .i•lil-

Sable raw material. ' • :
. . . .

Cheilltcal vapoi- disposition pi'oceltet rill b• lsed tO foi•ili lhi• ilto,•!
r•fraciory •ubltance• at :temperaturl• wlie•, their w•,r tti'f•Tlif• i• :il•!li-;

,gable. Ttie prope•tt#• of tll• detto•tied n•te-,,ial• call be •illiifi•!ii•Uly •1

• voiit•ollably alleitd by the c.o-d•po•Itto• of alloyt•g altmis. D•l•-'iiltittt oti

the i•..l•tive co•ce•itr•tloli of thi• reactants, el•il•r •oltd solutioti• •,I' two-

iltf •ollposi;lei c•lil b• foi'ilii.•d, Cry$lalliie ortelitalioii a•d iili, d i•tribu- "

ilo• •iii b• C.oiitrolled b•,- •roper ii•Ilallaltoii of ili• d•potitlli tt.•rllll•i•l.•,

Co•lpoitt• with alte!•illiilg layet'• of two of •aore diff#i'elit •ltvrial• cali

• be tirepa•d by cyeil•ig the coillpo•itlo• of Ui• vapors f•olii which the i•ui:

tert•ltl ai.o lh•polilti•l..

il '



Two general types of systems, static and dynamic, can be used for

chemical vapor deposition. The static system is a closed system, in which

the reactants and products are sealed in a chamber. Well-known examples

are the quartz-iodine incandescent lamp and the hydro-thermal bomb for the

deposition of synthetic quartz. In the dynamic system, on the other hand,

fresh reactants are continuously metered into the deposition chamber, and

the spent vapors are continuously removed, usually by pumping. The reac-

tive gases are fed into the furnace through a gas-metering system. The sub-

strate upon which the deposit occurs is maintained at an appropriate tempera-

ture by means of a heater that is inductively or resistively heated. Most

" vapor.depositions are made at pressures on the order of one-hundredth of an

atmosphere, although a much higher or lower pressure can be employed.

Our experinents have shown that the dynamic system yilds good

results in the deposition of zine and cadmium suicle and ?.ioc st-lhnide. and

is perforable because it offers verfai. advantages. Chief among thse, is

the depletion of reactants and the avetmulation of waste miaterials- whivh arv

in 1thV Rtatic system. art minimal n the dy leamc system

whleh allows the addition and removal of materials dutring deposition. In

orier-to obtain a deposit, the termlrature of the substrate chamuer rid the

vapor source are usually more critical and Interdependent in the stafti systkm

than in the dynamic system. Th- static syste)m, in gn.tal, offers lesI

flexibility in the deposition lAuratbetoer than the dynamic symigul. sanee Vapor
transport Is controlled by lemperatutv gradients rather than pressutv gra-

dients and mass flow. In addition, the static system is often more sus.ceptible

to vapor phase nwkation and particle growth near the substrates t. redawe

this effect the partial prtes u f tle reactiv vap4rs must be low, mvsulting

in low• deposition rates. The rteact-iUV Vapor con-centlratins ar.also limited

by the equIlibIuft costants of Jenerati, reactionS: and by the fact that

- -partial pm'ess~taes ct the o encrativc vapor cannot of•, safety rýasonps)

usually greatly exceed one atVcrer. n ogamsing of de...iton

ehamber and substrate are, of groeter imp•,ortaoce i;I the static systew*14 than

In the dynatmie system.

.,: t
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Two general techniques can be employed in vapor deposition. These

are: 1) Conventional chemical vapor deposition where the vapor source tem-

perature is lower than the substrate temperature; 2) Transport chemical

vapor deposition, where the vapor source temperature is greater than the

substrate temperature.

In conventional chemical vapor deposition, the thermodynamics and

inetics of the chemical reactions are such that formation of the solid product

is favored at the higher temperatures, whereas the volatile reactants tend to

be formed or are stable at the lower temperatures.

In chemical transport deposition, on the other hand, the thermo-

dynamics and kinetics of the chemical reactions are such that formation of

the solid product is favored at the lower temperatures, whereas the volatile

reactants are formed at the higher temperatures.

The initial experiments at Raytheon employed chemical transport

deposition in a dynamic system using HC1 to transport zinc sulfide. It was

soon discovered that conventional chemical vapor deposition in a dynamic

system yielded superior results, and this method was used exclusively to

fulfill the objectives of this program.

, I-. .. -



SECTION III

PROCESS RUNS

During the preceding contracts a process for the chemical vapor

deposition of theoretically dense zinc sulfide had been established. Using

this process several large plates had been deposited and submitted to the

Air Force Avionics Laboratory for furtht-r evaluation. Analysis of the ma-

terial at that time indicated that its optical quality could be improved, pro-

vided visible-to-the-eye zinc inclusions, small scattering sites, and "bands"

in the thickness direction could be minimized or eliminated. (Bands are

defined as layers of material that scatter more than material on either side

of it. ) Furthermore, to obtain usable window blanks from each run the

thickness distribution needed improvement and random cracking of the de-

posits during cooldown had to be eliminated.

Based on previous process runs it was known that low scattering

type material was deposited when the H2 S/ Zn molar input ratio is maintained

at 0. 5 or less. Depositions made under these process conditions, however,

create r'umerous operational problems. Feir example, a fairly large frac-

tion of ,"je inc passed into the deposition vone is not actually utilized in the

deposit. As it exhausts from the mandrel into the cooler sections of the

furnace and exhaust lines it condenses and has a tendency to clog the exhaust

lines. This problem in turn can lead to the premature termination of the

deposition. Furthermore, unless precautions are taken the condensed zinc

droplets and dust can fall back into the deposition zone and be incorporated
into the deposit before it has time to re-.evaporate..

As a consequence of the above pr•oblems, we initially addressed

ourselves to redesigning the exhaust end of the furnace. and the exhaust

lines. The exhaust section of the furnace was redesigned in a manver that
allowed the zinc dust to collect In a container as far removed from the ex-

haust lines as possible. In addition, a large dust collector drum was welded

into-the exhaust lines immediately adjacent to the furnace so that any zinc

l'6



dust that Yr-s exhausted from the furnace would be collected without clogging

the exhaust lines. The exhaust section of the furnace was maintained at the

appropriate temperature by adding an auxiliary heater to that section of the

furnace. Furthermore, the top of the mandrel was covered so that there

was no direct line of site from the exhaust to the actual deposition zone.
This eliminated the possibility of condensed zinc falling back into the depo-

sition zone.

Prior to depositing any material with the reworked exhaust system

the first of the eighteen (18) runs (ZnS-97) that were made on this program
was deposited in the original system. It was deposited under a standard set

0o operating conditions. Other runs were compared to it to determine the

degree of improvement attained. The operating conditions used for all the

runs are summarized in Table 1. At this point in the program it was decided

that all subsequent runs would be made at a deposition temperature of 650O C.
This decision was based oil the fact that at this temperature the deposition

rate was still adequate ( - 0, 005 in. / hr) and the amount of scatter observed

was less than that observed at 700* and 7500 C. An alternate to the above

choice would have been to deposit material at 5500 to 600* C. In this tem-
perature range, however. the deposition rate is lower ( 0. 002 to 0. 003 in. I
hr), the material is browner in color and the 6 jrm absorption band is deeper.

Furthermore, it would have been necessary to maintain the retort tempera-

ture close to the temperature of the mandrel to obtain the desired zinc usage

rate. This fact would have caused additional operational problems since

the possibility of oondenslng zinc as it entered the deposition zone is in.-
creased due to the presence of the cooler hydrogen sulfide and carrier gas
used with the H2 S. On the other hand, the imaging quality of the low tem-

perature deposits is quite good and in retrospect depositions at these lower

deposition temperatures should have been explored further.

The aforementioned changes made in the exhaust end of the furnace

were modified several times to improve their performance. By the end of

the program several t0O-hour runs had been made without experiencing any

operational problems. Process runs .specdfically concerned with the

7
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evaluation of the exhaust system and the auxiliary heater were runs ZnS-101

and -103. These runs, as well as subsequent runs, indicated that the visible-

to-the-eye zinc inclusion had been eliminated from the deposits. With the

solution of this problem one of the objectives of the program was met.

At the same time that we were primarily attempting to eliminate

large zinc inclusions and attempting to modify the equipment so that runs

could operate to completion without major adjustments in process param-

eters, experiments were being performed on how best to supply a constant

amount of zinc vapor throughout the run in order to eliminate or reduce bands

in the material. In our previous process runs we had passed the carrier gas

over the molten zinc and subsequently passed it into the deposition chamber.

It was felt that if the carrier gas was bubbled through the zinc melt that the

amount of zinc used per unit of time would be more uniform. A retort

capable of handiing this technique was designed and utilized initially in run

ZnS-98. In run ZnS-99. which was of 43 hours duration, good imaging

quality material was obtained without the presence of any pronounced banding.

Subsequent runs of longer duration (for example. ZnS- 106 and -107) indicated,

however, that the problem had not been eliminated since hands of varying

intensity were observed when the material was polished perpendicular to the

deposition plane.

hi an attempt to improve the homogeneity of the material, further

improvements in the zinc retort were attempted. In run ZnS- 109, for

example, all the lines leading to the zinc retort were threaded in place.

After 11 hours of deposition it was noted that the bubbling action had ceased

and the run was terminated. When the retort was disassembled it was noted

that some of the seals had loosened. Thus some of the argon gas had escaped

without bubbling through the melt and as a result the zinc usage rate was not

constant as a function of time. It is felt that this fact probably accounts for

many of the bands observed in the process runs made with this type of retort

I design.

In view of these results the zinc retort was again redesigned so that

9



the majority of the carrier gas was passed over the surface of the melt with

only a small amount of bubbling through the melt. The purpose of the gas
bubbling through the melt was to keep the surface of the zinc melt agitated

to prevent a scum layer from forming a coherent surface. (A coherent sur-
face could cause a nonuniform zinc usage rate.) The scum layer is probably
zinc oxide that floats to the surface when metallic zinc pellets are melted.
The oxide layer is formed on zinc of even 99. 999 percent purity. This retort

design also incorporated a float mechanism that enabled us to measure the
usage rate of zinc as a function of time. With the use of the float it was also
possible to aejust the usage rate early in a run to attain the desired value.
Even with this type of control of zinc usage rate, however, it was not possible

to completely eliminate bands in the material. Evaluation of zinc usage versus
time curves indicates the slope of the line for finite periods of time can vary
significantly. If bands are formed by a nonuniform zinc usage rate it can be
easily visualized why the bands are randomly dispersed in the material.

Figure I presents a typical in-line transmission curve (0. 5 urm to
14 rmn) for CVD zinc sulfide taken from one of the large plate runs. Two
regions of the spectra are of particular interest if this material is to be used
for multispectral window applications. The first region is between 0. 5 and
1 mm and, as noted, the transmission gradually increases as the wavelength

is increased. If the material were scatter-free and free of hup.'urities it
would rise exponentially at the absorption edge and exhibit approximately
68 percent transmission until multiphonon region was approached. The

major cause for the observed difference is probably scatter, althoughi there
is obviously some type of impurity absorptioii, particularly near the absorp-

tion edge. Figure 2 shows the transmission of essentially colorless ZnS and,
as noted, there Is a much sharper absorption edge. Between -0. 45and
2 j*m. however, the shape of the curve indicates that the material still has

scatter sites.

The second region of interst for mtltispectral window applications
is between 8 and 1I. 5 iuni In this region CVD ZnS performs satisfactorily

until -10 uxm. Beyond this wavelength multiphonon absorptions are in

10
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evidence and the percent transmission is decreased. If the material is to

transmit to -11. 5 j/m it must be made stronger so that thinner cross-sections
can be used, or alternatively, the composition of the zinc sulfide should be

altered. The latter approach to the problem was investigated under Contract

No. F33615-72-C-1501, and Fig. 3 shows a typical transmission curve for

a zinc selenide-sulfide solid solution. As noted, good transmission is ob-

tained to -13 jm. At the visible end of the spectrum the material still

exhibits some scatter and absorption, and further work is needed to deposit

an optimum material.

There is no fundamental reason why CVD zinc sulfide cannot be
made scatter-free and colorless. To accomplish this, however, a better

understanding of the cause of scattering is needed. In our opinion, scattering
is due to microporosity. Microporosity is caused by either/ or the forma-

tion and decomposition of zinc hydride during deposition or by the formation

of small amounts of hexagonal zinc sulfide along with the cubic phase. Tech-

niques are currently being investigated to suppress the formation of zinc
hydri~de under Contract No. F33615-72-C-1501. Appropriate dopants could

be added to suppress the formation of the hexagonal phase of zinc sulfide.

As experiments were being made to improve the homogeneity of

the material, the mandrel design was also being altered to eliminate crack-
"ing of the deposit. Deposited plates fracture when they are not flee to con-

tract during cooldown from the deposition temperature. Numerous designs
were tried to isolate the deposit from the other furnace components within

the furnace that become coated with ZnS. A design that appears to have
solved the problem utilized tantalum metal as a mandrel terminator. Use

of this material resulted in essentially crack-free plates following run

ZnS-108. With the solution of this problem a second objective of the pro-

gram was met.

{ Improvement of the thickness profile of large plates (14 X 20 in.)

was the final problem investigated. Sveral factors appear to govern the

* type of thickness profile attained. The more important of these factors are:

4,i
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1) Flow pattern of the reactants

2) Velocity of the reactants

3) Degree of premixing and temperature of the reactants prior

to their entrance into the mandrel.

Several runs (for example, ZnS-103. -104, -108) were primarily

concerned with attempts to improve the thickness profile by altering the

flow pattern and velocity of the reactants. Other process runs, ZnS-110

for example, evaluated the effect of premixing of the reactants. Analysis
of profile from these runs indicated that there was no single factor that

controlled the thickness distribution, but rather that a balance had to be

maintained between premixing and velocity. Figures 4 and 5 illustrate the

differences in thickness distribution that were attained. In the case of the

profile shown in Fig. 4, a significant amount of premixing of the reactants
was allowed and as a result the material is deposited as soon as it enters

the mandrel. By separating the zinc vapor and H2 S gas until they enter the

mandrel, the heavy deposit at the entrance of the mandrel can be prevented

and a more uniform profile can be attained (Fig. 5). In this latter run the

velocity of the H2S gas was also lowered to allow more heating of the gas
prior to its entrance into the mandrel. Repeated attainment of the above

thickness profile would significantly lower the cost of FLIR-type windows.

•!• 15



20

18 .255 .410 .480 .435 .440 .410 .355

16 .310 .470 .480 .480 .490 .460 .405

14 .340 .505 .520 .515 .535 .515 .440

12 .380 .530 .560 .565 .580 .550 .500
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.460 .560 .630" .615 ..650. .640 .595
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20 .503 .484 .421 .432 .465 .475 .424
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S - -
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Fig. 5 Deposition Profile- Rutn ZuS-II I Plato A
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SECTION IV

OPTICAL CHARACTERIZATION OF CVD ZINC SULFIDE

Potential applications for CVD ZnS material include aircraft windows

and domes for use in four wavelength ranges. These are the long wavelength

infrared 8-13 Am band, used primarily for passive infrared sensing of ob-

jects at temperatures near 300* K. the mid infrared 3-5 urm for hot body

tracking, the range 0. 8 to 1. 06 mm for active laser systems, and the visible-

near-infrared 0. 4 to 0. 9 Am range for low light level TV systems. Stoichio-

imetric, scatter-free zinc sulfide should be transparent to all wavelengths

between 0.4 and 10. 5 rmn, limited at each end by intrinsic electronic and

multiphonon bands respectively, and can be used in principle in all four

ranges. In practice, the long wavelength limit is indeed set by intrinsic

absorption bands, but extrinsic processes can reduce transparency at

shorter wavelengths. Thus the CVD material shows an extrinsic band near

6 umn that we attribute to a ZnH2 vibrational absorption, a broadband absorp-

tion in tho Visible region associated with excess zinc in the lattice, and a

scattering component extending from 2 uim to shorter wavelengths thu.. is

probably due to residual microporosity in the range of 100 ppm.

The overall redution in signal intensity in a typical scene Covering

a 5r X 5* field of view is well represented by the scanning spectrometer

traces of pigs. 1 - 3. These traces are affected by radiation absorbed

directly in the test plate, and by radiation scattered at angles Varer than

the, acceptance angle of the o•pevtrometer, usually a few degrees. Beyond

SUtis measure, it is nec.ssary to characterize the effect on image quality

of transmission through a typical sample thickness. ,This effect is governed
by scattering from particulate matter, voids, or surface scratehes on the
one hand, and on rte other by any variation of optical path due to density

changes, stress or polarization effects..

The CVD zine sulfide material shows first, a widespread distribu-

t jiý.: of microscopie pares and IW some cases, of zinc particles that domtinate
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the large angle scatter at shrrt wavelengths and contribute most of the

scatter at angles less than 5P . The prime effect of this type of defect will
be a general increase in background and lowering of image contrast - it will

have no significa: f effect on geometric image resolution. Furthermore, in

a typical infrared imaging system designed to distinguish small emissivity

or temperature changes in a sceie near 300° K, that is to say in a scene

where the contrast is al-eýady very low, the net effect of scatter on image

contrast will be very small.

Second, using polarized light a small scale structure can be seen

in CVD chalcogenides that is related to the growth habit.. Optical path length
changes of the order of X / 2 peak-to-peak in the visible appear in random

patterns with a typical spatial scale of approximately 1 mm. This type of

perturbation will produce diffuse halos around images at angles of deviation
of the order of 1 mrad at visible wavelengths, and 10 mrads at 10 pm wave-

lengths. Again, in an optical system with a. typical aperture of 10 - 2.0 cm

these perturbations could be considered to eff,• image contrast more than

the image sharpness.

Finally, there are potential variations of refractive index on scales

comparable with the deposition chamber itself, and therefore comparable

with the optical apertues of typical windows and lens components,. in princi-

ple these variations will affect the resolution of fine-scale image structure

sand will appear either as a geomtric-distortion or as an image spread de-
pending e- the spatial variatioona.of refractive index in a particular plate.

Two attempts have be'.:, made to characterize these image pertur-

bation effects by interferometric measurements on test plates using laser

sources either at 0. 6328 Im in the visible, or at 10, 6 !pm in the. infrared.

in these, surface interferograms at 0.. 6328 •m were taken Pf earh face

separately, followed by an inte rferogram in a Jouble pass interferometer.
This data was then an~ilyzed to give a- 'map of optical path length over the

plate, and to separate out the contribution to. that paih change due to varia-

tions of index internal to li-plate.

"7p t.
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The first set of measurements, taken at Itek Corp., were made on

a I in. dia. sample, 3 mm thick. In this case, all tests were performed
with a Twyman-Green interferometler using a wavelength of 0. 6328 jMm. Six
interferograms were used in the analysis. The first pair of two, one with

horizontal and one with vertical fringes, was of the wavefront reflected from

side 1 of the test piece. The second pair of two interferograms was of the

wavefront reflected from side 2. Finally, two interferograms of the double-

pass transmitted wavefront through the test piece were used; side 1 was

facing the interferometer. The interferograms are shown in Figs. ", 7 and

8. The errors in the interferometer, including the beam expander, beam

splitter and mirrors, was less than 0. 05 X peak-to-peak. This was obtained

by inspection of the frirge pattern when the sample was not in place.

The object of the test was to determine the wavefront degradation
zand MTF degradation dge'to inhomogeneities it, the material. Measurements

of both surfaces, as well as transrnisgion- were used to eliminate the effects

-of surface errors. The data from each'interfsrogram was fitted with a 28

term Zernike polynomial and the results for the v.rtical and horizontal
Sfringe orientatiotia for each test were average(. to give the rvprvsent~ationi of

thy wlavefront. Coiffeur' xyaps- of these wave~fronts are sh!w'n in, Figs":- 9, 10, •i"

a od It. The s ign convention used is that wuvefrontts which, ar-e •tonMvcas " ".

they return to the interferometer are negative at the center,. -

In order to find the transmn•tted wavefront in the: ab'ence of surface
. rorg, .he followlix g relationship ws used:.

V4 '~V 3  N -li( 1  12.

• ",: "who'¢: £ is the reflected- wavofrolnt irn sde .

'Wi tednuble-pass transmitted wvfrorw
':' ~ ~ ~ ~ ~ r .1 iAhe~tdwaviOn~' 4id 2.ey.. . .- o

tNw'?ace, error# --

N 1.. , of r"a., ..b - ' -I..:: : : ... N W• the.index of et'rvYactioin ot'i. materiaL,:..•.. :'• ::- < - .
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Fig. 6 Iuterforograms of Surfaco Reflection From Side 1

21



Im
.~~ 

. .. 
... .... .. .V a

Fig. 7 lnterferograms of Surface Reflection From Side 2
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Fig. 8 interferograms of Double-N-ss Transmission

23



IMS = .20X

PK.- Pl - .77X

I /

//"\\. \
(

4. .

~2 Fig. 9 Refnected Wave~front Prom~ Side 1 of Test Piece
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:>. Fig.~ 10 Reflected Wavefront From Side 2 of Test Piece
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RMS - 1.13X

PK - PK" 4.98X
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Fig. 11 Double-Pass Transmitted Wavefront Through Test Piece
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A value of N 2.35 was used. The error in this number is estimated to

be 0.01. A contour map of W4 is shown in Fig. 12.

The nature of the inhomogeneities in the material was found to be

of two types. The first was a gross variation over the 1 -inch diameter

which was very smooth. It appears to have frequency components larger

than 1 cycle/ inch. The magnitude of this variation in single-pass was de-

termined to be 0. 37X peak-to-peak, 0. 075X RMS. The uncertainty in this
result due to lack of precise index of refraction data is about 0. 005X RMS.
However, additional uncertainty due to data reduction limitations is esti-

mated to be as large as. 1 OX RMS. When carrying out the analysis de-
scribed in the previous section, the interferograms must be aligned pre-

cisely. Errors in the alignment result in large anomalies because of the

steep slopes in the -urface errors of side 2. Thus, the gross variation

cannot definitely be attributed to index variation and samples with much
better surfaces will have to be measured before this variation can be de-

termined.

The second type of inhomogeneity is high frequency ripple. To

measure the effects of this, two central fringes from an interferogram of
the transmitted wavefront were scanned at very small intervals along their

length. The frequency components of this variation appear to be much less

than 10 cycles/ inch. The magnitude of the disturbance in single-pass was

0, 04 waves RMS at 0. 6328 Mm.

A good measure of optical quality is the RMS wavefront error given

in units of wavelength. An RMS of .05 waves (at any wavelength) is con-

sidered diffraction limited. The total RMS wavefront degradation for the

measured material is 0. 04 waves at 0. 6328 ;Am, assumitig no gross variation

in index of refraction. This number will scale inversely with wavelength

Kodak Publication U-72, l lerzberg•Jr Dispersioon Formula for Irtran-2.
extrapolation of 1 -10 IAni index data, pp. 13-14.
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Fig. 12 Double-Pass Wavefront Error Due to Transmission
in the Absence of Surface Errors
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for other wavelengths. The variation with thickness is not as well defined;

however, in general, the wavefront degradation will increase with increasing

thickness.

*
For random wavefront errors, the MTF degradation is given by

M = e-(2r a)2 (1-0)

where a is the RMS wavefront error and 0 is the autocorrelation function of

the wavefront error. For the high frequency variations noted in the sample,

0 is essentially zero for all spatial frequencies of interest. The MTF de-

gradation is then

M - e 2w (. 04)] 2 i 0. 94 (at 0. 6328 •m wavelength)

Thus, the MTF of a system using this sample as a window will be 94 percent

of the MTF without the window. For longer wavelengths, the degradation

will be less.

A second set of interferometer measurements and analysis,

carried out at Perkin Elmer Corp.. were made on a 9 in. dia window, 0. 4

in. in thickness. Their report is reproduced in part as follows.

1.0 OPTICAL PROCESSING

Upon receipt of the raw material, all pieces were ground on both

sides to remove the outer "skin" and given a cloth polish. The pieces were

inspected and the depth of the heavy striation in relation to the surface was

measured. In order to remove this striation, it was necessary to grind

0. 060 in. from the face of the window. This surface was given an optical
----------- f------ft------------------------------------

E. L. O Neill, Introduction to Statistical Optics (Addison-Wesley, 1963).
p. 99.
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polish with a surface figures of 1 wave. The second surface was optically

polished flat to within about 2 waves. For best accuracy in analysis, it is

desirable to adjust the wedge angle between front and rear window surfaces

in order to obtain between 15 and 20 fringes across the clear aperture when
observing internal interference fringes. Up until this point, the wedge had

been mechanically controlled. In order to optimize the wedge angle, an

internal Fizeau interferogram was required. However, as described in a

later section, this was not easily accomplished.

After testing the window was returned to the polishing shop for

polishing to the final surface specifications. Some difficulty was experienced

due to self weight deflection caused by the high diameter/ thickness ratio

and to changes in thermal environment between the polishing shop and the

metrology laboratory.

2, 0 OPTICAL TESTING

a. Surface Flatness

Figures 13 and 14 show interferograrns taken of the surface on the

finished 9-inch dia. window.: These were recorded with the window mounted

on edge. The reference surface was an uncoated fused silica flat placed in
close proximity to, but no touching, the test window. The first surface is

very fiat. It is high at the center and edge with respect to the 0. 7 radius

zone. It is slightly convex. The best fit convex spherical surface is 0. 12\

over the clear aperture. The second surface is concave and slight cylindri-

cal in shape. The best fit sphere is concave by 0.37% over the clear aperture.

The two surfaces are matched to within 4 / 4 as required. They are each

flat to within 1 wave as specified.

Unless otherwise specified, all measurements may be ausumed to have been
made at a wavelength of 0. 8328 0,.
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{ .. Fi1~g. .13 Interferogram of First Win~dow. Surface'
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Vig. 14 Interferogram of Second Window Surface
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b. Optical Homogeneity

The homogeneity of refractive index of a window must be deter-

mined interferonmetrically from two independent measurements. This is

normally done by observing the window in transmission and by observing

the internal Fizeau interference between reflections from the front and

rear surfaces. However, due to the high level of internal scatter and ab-

sorption, no interference could be achieved. Transmission in single-pass

was measured to be 7%. Since the interfering beam from the rear surface

must pass through the window twice, the effective transmission is about

0. 5%. Several special techniques were tried without success. These

techniques included methods to maximize the fringe contrast by equalizing

thc amplitudes of both interfering beams. Failure to obtain an interfero-

gram would have made index homogeneity measurements as well as MTF

and PSF calculations impossible. The window was then placed in a 10. 6 Mm

laser beam approximately 5 in. in dia. and internal Fizeau fringes were

observed in transmission. The IR image was visually observed on a fluor-

escent image converter screen. While the fringes observed were of low

contrast and difficult to photograph, they could readily be seen by eye.

Based upon visual observations, the window appeared to have good homo-

geneity over its entire aperture. It was noted that some areas had visible

defects. These areas showed variations in transmittance, but were not

areas of differing index, since they did not distort the interference fringes.

The estimated experimental sensitivity was + 5 X 10O5. A photograph of

the fringe pattern was taken and computer-reduced. In combination with

the surface interferograms this data was used to generate an index homo-

geneity map of the window center. Due to the poor auality of the infrared

photos obtained, and the unknown degree of collimation in the illumiinatilig

beam, it is felt that the accuracy of the analytic determination is less than

obtained from visual measurements of the it fringes. Figure 15 show. the

homogeneity map at 10. 6 m ni of the window center obtai ned from the raw

data. Each contour represents a change of I X 10X *4 in index. The contours

are roughly circular and vary by about + 1. 5 X 10-4 from nominal (contour

NO). This apparent index "gradient" may be due, at least In part, to
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slightly divergent illuminating beam. If one removes all spherical terms

from the data, the results are shown in Fig. 15A. Variations are less than

+ 1 X 10-4 in this case, which agrees well. with visual observations.

Figures 16 and 16A show Optical Path Difference maps of the trans-

mitted wavefront through the window for 0. 9 pm and 10. 6 jim generated from

raw data. Figures 17 and 17A are the same, but with the spherical terms

removed. This corresponds to the situation in which the illuminating optical

transmitter is re-focussed to minimize the effects of the radially symmetric

window inhomogeneities (if indeed they are real) and any other optical power"

present in the window.

c. Calculation of MTF and PSF

Based upon the calculated Optical Path Differences over the central

3 in. of the window aperture both the tangential and saggital MTF' s can be

calculated. The results are shown in Figs. 18 through 22. Figure 18 shows

a qualitative isometric view of the MTF for 10. 6 Mm, while Fig. 19 shows

the same plot at best focus. These plots are very symmetric, regular, and

are almost indistinguishable from each other. They all represent nearly

"diffraction limited performance. Figure 20 is a representative numerical

plot of the MTI at 10. 6 um at best focus. The upper curve corresponds to

the diffraction limited case.

Figure 21 is a qualitative view of the PSW at 10.6 Am, while Fig. 22

is at best focus. Figure 23 is a numerical plot of the PSF (for 10. 6 pm) of

-.the window "as is" and at best focus. 'If the volume under the curve is takin

as unity. then for a diffraction limited system, the intensity on-axis should

be 0. 05.. As is evident from the graph, the curve does peaak for best focus

at very nearly the diffraction limit. The distribution is slightly asymmetric

about the optical axis for either case and is due to the slight residual non-

symmetries of the transmitted OPD maps.
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HOMOGENEITY MAP OF WINDOW AT 1O.6pm
WITH POWER REMOVAL (AT BEST FOCUS)

FIGURE 15A
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TRANSMr=~ WAVEFRONT AT 0. 9=~

FIGUI1 16
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TRANSMIID W~kVFT AT 10.6Mii
FIGM 16A
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d. Summary

The conclusion to be drawn from these interferometer measure-

ments is that an essentially diffraction limited imaging can be expected in

the passive i. r. band -11. 5 pm. At shorter wavelengths the angular reso-

lution will remain roughly equal to that obtainable in the 8-11.5 Mm band,

and will therefore fall away progressively from that predicted for a diffrac-

tion limited short wavelength system with a 4 in. aperture. This perfor-

mance, however, is sufficient for use in known infrared and dual mode appli-

Scations. It follows that the main problem with the use of CVD zinc sulfide

is in the overall signal reduction due t o residual scatter, and in the in-

creased background levels that will degrade the performance of systems

designed not for thermal sensing,- but for active i. r. or passive sensing at

wavelengths in the visible and near i. r. wavelength range. The latter uses

will also be affected by the extrinsic absorption band between 0. 4 and 0. 9

pm. The first problem is one of process control, to minimize the occurrence

of scatter bands. The extrinsic absorption can in fact be eliminated by

annealing, by deposition at high temperatures, and possibly by the use of

aliovalent additives. The problem is to find a corrective technique compatible

with the deposition of a low-scatter, physically sound material,
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iS SECTION V

j CONCLUSIONS

The feasibility of utilizing the chemical vapor deposition process to
fabricate large aperture size infrared windows of zinc sulfide was further

demonstrated by depositing plate material whose nominal size was 14 X 20

in. This program addressed itself to eliminating visible-to-the-eye inclu-

sions, reducing scatter in the visible, eliminating plate fracture and attain-

ing a more uniform profile thickness over the desired area. Three of the

problems addressed were solved, while the remaining one, scatter in the

visible was reduced but not to the degree required.

Inclusions were eliminated by redesigning the CVD equipment and

mandrel geometry. Fracture of plates during cooldown was avoided by

the use-of metal terminators at the ends of the mandrel. The thickness

profile was improved by adjusting the velocity of the reactant gases as

well as allowing the proper amount of premixing of the reactants prior to

their introduction into the mandrel.

-The oneproblem that was not satisfactorily resolved was scatter

at visible wavelengths.,, Analysis -of the material indicates that the scatter-
ing sites are.microptres or in some cases finely dispersed particles of

zinc that,.are entrappted it the-materil during deposition. The micropores
• ,are formed by the decomrposition of zinc hydride during deposition, by the

growth of a small percentageof a hexagonal phase of zinc sulfide along

with the cubic plisse of Zinc"sulfide, or by vartatiols in the zinc usage rate

during deposition. -,

- Interforometer measureme::*-on s amp.Ws iaken-frohi large size
plates indeates that diffraction limnitd imagihg an beVe4pected at allI.*wavelengths and that. evun at OM 9 im imige dograd4tlot is PiPght" Angular
"rewolutionat all wavelengths will be degraded by.less than. .1 m radians by
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transmission through one centimeter of CVD ZnS. The main problem with

the use of this material is the overall signal reduction due to residual

scatter, and in the increased background levels that will degrade the per-

formance of systems designed not for thermal sensing, but for active i. r.

or passive sensing at wavelengths in the visible and near i. r. wavelength

range. The latter uses will also be affected by the extrinsic absorption

band between 0. 4 and 0. 9 Mm. Further improvements in the material for

use in these wavelengths can be expected with the use of aliovalent additives

as well as the use of other additives or process techniques that suppress

the formation of scatter sites. Table II lists the current state-of-the-art

properties of CVD ZnS.
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TABLE II

TYPICAL PROPERTIES OF CVD ZnS

Density (gm/ cc) 4.08

Hardness (Knoop 50 gin) 225

Flexural Strength (psi, 3-point loading) 15,200

"4 Young' s Modulus (psi) 10. 8 X 10

Poisson' s Ratio 0.33

Thermal Expansion (RT - 4009C X 10-6 0 C) 7.48

Thermal Conductivity RT (cal. sec.'I1 CIcm 2 cin) 0. 036

Specific Heat (25"- 950 C)(gm/ cal/ 0 C) 0.112

Electrical Resistivity (ohm-cm) -1012

Total Absorption Coefficient @ 10. 6 mm (cm ) 0. 22

Percent Transmission for 0. 2 in. thickness
at various wavelengths (Wrm)

0.5pm 10

0.7 46

1.0 58
2.5 69.5

5.0 71.5

8.0 72.5
9.0 72.5

10.5 68.5

11.0 61

11.5 60
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"-•Thigfificanee of thifs researchl and cevelopmentt programo the A tr ''ott ts
4the demonstrated feasibility offabricating large infrared transmitting windows of
7ine sulfide with gtod hftysical and optical characteristits by the ehemical vwptr de-
posti-on process. Plates approxhnately I ft. X 2 ft. with good transmitttog pripr -

ties in the U-12 sutn band were made and samples from these plates were submitted to
the Air Force Avionics Laboratory for further evaluation.

Three major accomplishments of the program were: -the elimination of vistble-1o
the-eye zinc inclusions, the elimination of plate fracture during cooldown from the
deposition temperature, and the improvenmnt of the as-deitsited thickness profile.
"As a result of these improvements the cost of window blanks can be significantly re-
duced.

lnterterometric measurements on samplks taken from typical dtpoststf indicate
that diffraction limited intaging can be expected at.all infrared wavelengths and that
even at 0. 9 pm image degradation is still slight. Angular resolut'on at all wtve•lengtl
will be degraded less titan 10 •radians by transmission through 1ent ofi the material.
and is adequate for all known infrared systems applications. The main problem with
the use of this material is in the overall signal reduction due to residual scatter, and
in the increased background levels that will degrade the performance of systems de -
signed not for thermal sensing but for active I. r. or lassive tenfsing at wavelengths
tin the visible and near i. r. wavelength range. The latter uses will also be affected
by the extrinsic absorption band between 0. 4 and 0. 9-am. Improvement of the ma -
wrtal for these applications may possibly he aecomplished by use of alioval.n addi-4. PQ______________fit____
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