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INTRODUCTIOR

The ocbjective of this study is the establishment of thin film
materials and deposition techniques for film system to be used in the

aid-IR spectral region (2.0 to 14.0um). Msny materials used in visible

applications (.4 to .7ym) cannot be applied to this IR region due to
their high absorption and poor durability. Therefore new techniques
and coating materials must be evaluated to insure that the IR films
have low sbsorptivity and reasonable durability characteristics. The
investigations performed to mest this need include: the selection of
nmaterials, determination of optimal deposition parameters, the theo-
retical design and fabrication of some basic IR film systems and the
tolerance analysis of the selected designs.

SELECTION OF COATING MATERIALS
Material Choices

In addition to low absorption and film durability, the materials
selected should give a spread of refractive index values which will
provide the design flexibility needed for multilayer film systems.
From theoretical IR design considerations the following index ranges
Yould bz ;ccop:ablo: low (1.3 to 1.5) middle (2.0 to 2.4) and high

3. to 4.).

From an svaluation of present IR materials it was possible to
arrive at materials which meat the IR film designer's criteria.
Materials which are toxic or present a radiation hazard e.g., ThF,
vere avoided because of the special handling required. Zinc sulfide
(n = 2,19 @ 10.0um) and germanium (n = 4,00 @ 10um) appear to be good
middle and high index materials. Both materials are transmitting
within the mid-IR region.

Selection of a low index material which would bs suitable was
difflicult because those with the best optical and physical properties
are among the toxic materials. For this work the following low index
materials and mixtures were investigated to determine which would de
the optimal choice.

1 - Calcium fluoride n = 1,3 ¢ 10.0um

2 - Magnesiun fluoride n = 1.23 @ 9.0im

3 - Mixtures of CaFy,MgF
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4 - Mixtures of CaFy, Al,03 (n ~ 1.7)
6 - Cryolite, Naj3AlP¢ (n = 1.3)

7-1, 2, 3, 6 with protective overcoats
Deposition Techniques and Film Properties

(o
Genaral:

All deposits were made using a fully charged 2700 electron
beam gun source. Initial work with radiant filament sources proved
them to be time consuming (very slow deposition rates) and inefficient
(high filament currents and resultant high pressures during deposition).
Clean optical grade germanium blanks 1 in. diameter X 1/8 in. thick
nanufactured by Coherent Radiation were used as substrates except
for tha germanium films where arsenic trisulfide was used as the
substrate material. Conventional glass cleaning techniques - washing
with biodegradable soap, tap water rinsing and vapor degrauingt in
isopropyl alcohol bath were found to give an acceptable germanium
surface. Substrates were heated to temperature under vacuum and
allowed to sosk for one hour prior to deposition. Vacuum was main-
tained balow 5 X 10=5 Torr durirg deposition by means of a Haas type
(side pumped) mechanical/diffusion pump vacuum station equipped with

a 1iquid nitrogen cold trap.

Film thickness was controlled during devosition by a reflectance
mode optical thickness monitor. The reflectance from a growing film's
surface will be a maximum or minimum whenever the optical thickness
of the film reaches an integral numbar of quarter-waves of the incident
light;

Max/Min Reflectivity when:

0.T. = nt = m A/4, m = integer
vhere n = index of refraction
t = physical thickness

A = incident wavelength of light
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The quarter-wave point is defined when m = 1 as Ao = 4nt. Siace
most optical thickness monitors are limited to the visible spectrum
it is impossible to monitor quarter-vave films for the mid-IR region
directly. However, one can select wavalengths within the range of the
monitor such that A monitor = Ao/m. For example a quarter-wave film
at 10.0um could be monitored as sixteen quarters or four full waves

at .625um,
After deposition of each material to a quarter-wave optical
thickness at approximately 10.0um each sample's spectral transmiseion

vas measured and its index of refraction determined at the quarter-
wave optical thickness wavelength using the following formulae!

L]
, - ~ng (RI“ +1) ¢ > /o
ng ( D 1)) or ng N

%
- (n. ':T;"E':l,) for ng «/ng

and Ry = (1 - T -Rp)/ (1 -R2(T+1))

vhere ng = film index .
ng = substrate index
Rl = reflectance from film/substrate boundary
R2 = vreflectance from substrate/medium boundary
T = wmeasured transmission
The following basic durability testa ware performed on each film,

Adhesiont Press scotch tape firmly scross film surface, lift tape
with quick snap (MIL-M-13508). ’ P

Abrasion A: Fifty (50) strokes with ) in. thick clean cheess
cloth pad ac.oss film surface with a 1 1b, force (MIL-M-13508).

Abrasion B: Twenty (20) strokes with abrasion test eraser across
film surface with a force of 2 to 2.3 lbs. (MIL-C-675).,

——
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Middle Index Material - Zinc Sulfide:

Zinc sulfide, Irtran II, n = 2,2 @ 10um, manufactured by
Kodak was deposited onto germanium substrates heated to temperatures
between 300 - 450°F, Tigures 1 to 4 show the ZnS film surface, under
a 400X microscope, when deposited at 300, 350, 400, 450°F. These
figures show the apitaxial growth tendency of ZnS films as the sub-
strate temparature increases. Only films deposited at 350°F showed
resistance to the adhesion and abrasion tests as well as to a 24 hr.
humidity test at 120°F, 100 percent R.H. Visual inspection of the
films showed a definite variation in reflected color, i.e., thickness
variation dus to the temparature dependent sticking coefficient of
ZnS. However, spectral transmission mssasurements between 2.5 - 25um
did not show any significant variation across the sample. The average
quarter-wave point for four ZnS quarter-wave films was 10.25um or
within 3 percent of the desired quarter-wave point at 10.0um, Cal-
culation of the film's index of refraction gave n = 2,25 @ 10.0um or
the same ac the bulk material.

High Tndex Material - Cermanium

Polycrystalline germanium (n = 4,00 € 10.0u) was deposited
onto arsenic trisulfide substrates (n = 2.4) manufactured by Servo
Corporation. Substrate temperatures wvers varied from ambient to
4300F but temperatures above 400°F were found to cause sagging of
the substrate material thus making heating above 400°F impractical.
Since germanium is absorbing below 1.8um it was necessary to use a
timad evaporation technique at a fixed source to substrates distance
and constant e-gun settings in order to achieve the desired film
thickness. The films deposited had no temperaturs dependence as all
vere resistant to the durability tests outlined. The thickness
varistion between {ive runs of germanium on As283 were within 10 per-
cent of the desired thickness. The index of refraction was calculated
for this high index material to be 4.02,

Low Index Materials

Calcium Fluoride, Irtran III, n = 1,3 manufactured by Kodak was
deposited onto germanium at temperatures between 300 - 45007, All
the resultant films showed a very diffuse surface which covld not
vithstand prolonged exposure to the atmosphere without breakdown of
its surface. The films were extremesly soft and exhibited a definite
epitaxial growth at higher substrate tempevatures as seen iu Figure 5,
a 30,000X electron micrograph. The index of refraction was determined
to be 1.25 @ 10.0um based on tho averags of six runs whose quazter-
wvave points averaged at 9.968ym. Since none of the films could pass
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_ Figure 1. Surface Structure of A/4 Figure 2. Surface Structure of 1/4
; ZnS Film on Germanium at 300°F ZnS Film on Germanium at 350° F
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Figure 3, Surface Structure of )\/4 Figure 4, Surface Structure of A/4
Zn5 Film on Germanium at 400°F ZnS Film on Germanium at 450 °F




the adherence or abrasion tests another film was deposited onto Gs
heated to 5400F (280°C). This provided only slight improvement in
the resultant fila's physical properties.

Figure 5. CaFp Filu wu Ge

Magnesium Fluoride, Irtran I, n = 1.23 ¢ 3.0um manufactured by
Kodak is already established as a durable lov index material for use
in the visible spectrum when deposited onto heated substrates (350°1),
Thare is, however, a high stress condition present in these films when
deposited to an excassive thickness. A quarter-wave film at 6.0um was
deposited onto bare germanium and over a quarter-wave 2nS film un
germaniun. From previous work, had the MgFs film been deposited to a
QWOT at 10.0um there would be no doubt of film breakdown. The MgF3/ZnS
system sllows the MgF2 film to be deposited on a film of opposite stress
which often reduces ths fiim breakdown and which is a desirsable film
combination from a design standpoint. Unfortunately neither the MgF2
on germanium nor the low-high index combination was successful as each
film had complete mechanical failure when exposed to the atmusphere.




Calcium Fluoride/Magnesium Fluoride Mixtuiss - Alloys of

CaFy/MgF; result in a range of low index valued films which might
possess improved physical properties for middle-IR work. Controllad
mixtures of & to 10 parts CaF2 to MgF2 wers prepared and quarter-wave
filme using each mixture wers deposited cato germanium at 280°C.
Table T gives the physical propertias of these mixtures as quarter-
wvave films at 6.0ym All of thase alloys minimized the epitaxial
growth of straight CaFz. The greatar the MgF, to CaFj; ratio the more
acceptable are the physical properties. The 3/1 ratio mixture offers
the bast durability but suffers from the mechanical stress of thick
NgF2 films vhen breathed upcn.

Calciua Fluoride/Aluminum Oxide Mixtures - A substitution of
Al203. (n = 1.7) for MgF, in combination with CaF) proved unsuccessful.
The nelting temperature aiffouncu between the two compounds prevented
successful co-evaporation. ,

Schott e-gun Glass - A form of quarts (n = 1,47 @ Np) specially
puparaa for slectron beam ovaporation was deposited onto germanium
at 280°C. The resultant quarter-wave filam was extremaly durable but
highly absorbing (~20X) in the mid~IR region.

Protective Coatings on Low Index Film Materials - Various com-

binutions of low index materials were evaluated to determine if any
further iaprovement in the physical properties could be achieved.

All of the f£ilms wers ceposited to a quarter-wave optical thickuess at
6.0um. Table II lists the combinations tested along with their princi-
pal shortcomings. Cryolite, a very soft and hydroscopic material, when
overcoated with MgF; was found to offar the best film properties. This
£ilm was clear and did not break down upon exposure to atmosphers.
Wiping with {sopropyl alcohol soaked tissue did not sffect the film nor
did the adherence nor two abrasion tests. Only after 20 strokes of

the abrasion test eraser did the film surface show fine scratches.
Forty atrokes of the erasar did not appsar to further damage the film,
There was, however, some slight absorption (“X) attributed to the
MgF, overcoat.

IR COATING DESIGNS

Goneral

Four basic IR film designs were theorstically generated which
would decresse tha reflection losses on germanium windows and lenses
used in the uid-IR spectrum. These four designs were fabricated from
the three couting materials chosen: Cryolite with MgF, overcoat
(n ~ 1,3), sinc sulfide (n = 2,2), and germanium (n = i

.0). The
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TABLE 1 :
Properties of CaF;/MgF, Mixtures ) . i
Mixture Ratio ' 41 5/1 6/1 7/ 10/1 .
Substrate temp. 280°¢C 280°¢C 2800¢ 280°¢ - 280%
1w claricy no cloudi- elear very clear slight ;
ness or slight haze
diffuse R haze to
film
surface i
' !
Exposure to no break- * no effect  no effect  no effact |
ata. down i
Alcohol wipe no effect Al scratches scratches gscratches
: & romuves
1l K
Adherance no effect * SeToromeved no cfrect no offect ?
Abrasion A no effect * ok renoves fine acratches é
qaie O ‘
(NS
Abrasion B finao scrat-he J g g rvsre 4
cerate. ot . “1.atchan -
4
i Breath film crazes Pyl neoat e n oelte .t mementary .
b Condensation completely ooy eloud affuet k
5 disappears :
v nfter tew !
E minutes
A’ * Not tested, film crazed under Lre.tn coounot aina
X ** Not tested, 50% of film remcved by ilhe vz o,
N,
: Adhestion: Press scotch tape firmly . 1o.: @ b0 s Pwee, HI0E Lope with ewlek anap

(MIL-M=13508) .

: Abrasion At 50 strokes with J" thick clean ~huede cloth pad dactoss surfree witk
k: force of at least 1.0 1lb. (M11-0-[250¢0,

Abrasion B: 20 strokes with erase: (rbrawloa test quality) across filw murface
under force of 2 to 2.5 lbs., (MIL.-C=&7%),
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TARLE 11
Protective Films cn Low Index Materials

CaF; with 1/8th wave MgFp overcoat
Substrate temperature: 280°C
Diffuse film surface
Abrasion A - scratches severely
4/1 CaFy/MgF2 mixture with 1/8th wave MgF; overcoat
Substrate temperature: 280°C
Film crazed when exposed to atmosphere
7/1 CaFz/MgP; mixture with 1/4 & 1/8th wave MgF; overcoat
Substrate temperature: 280°C
No improvement over unprotscted film
7/1 CaF2/MgFy mixture wich 1/4 & 1/8th wave glass overcoat
Substrate temperature: 450°F
Fairly resistant to durability testas
Highly aboorbing in Mid-IR
Cryolite with 1/8th & 1/4 wave glass overcoat
Substrate temperature: ambient
Film surface durable
Absorbing in Mid-IR
Cryolite with 1/4 wave MgF, overcoat
Substrate temperature 350°F
Very durable

Little absorption (AdX)

11
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four designs aret
1. Single layer AR for use at 10.6 .
Ge = M - AIR, M - (n = 2,2), QWOT @ 10,6um
2., Two layer AR fila for use at 6.0ym
Ge - ML = AIRM = (n = 2,2), QWOT @ 8.4um
Le-(nw=1.3), QWOT @ 5.9n
3. Double-Quarter AR film for use at 6.0um
Ge - ML - AIR,M - (n = 2,2),QWOT @ 6.0ym
L~-(n=1,3),Q0T @ 6.0um
4. Two Layor'IR film for use at 10.6um
Ge = LH - AIR,L - (n = 1.3), QWOT @ 3.36um
H=(n=4.0), QWOT € 2.36um

Fabrication

Bach design was deposited onto clean optical grade germanium
blanks heated to 350°F. A fully charged 270° multi-source electron
beam gun was usad to evapopate the required materials. Vacuum was
maintained between 2 X 107° -~ 2 X 10™ Torr for all depositions. PFilm
thickness for each material, axcept Gs, was controlled by optically
monitoring the increasing film thickness as a function of its reflectance.
Deposition times ranged from 4 to 17 minutes. After each film system
was depositad, the sample was allowed to cool to ambient in vacuum
before exposure to atmosphere. The spectral transmission of each design
wvas measured on an IR-spectrophotometer betwsen 2.5 = 25.0ym. Each
sample was thea returned to vacuum and the back surface costed with
the sase film system. The double costed samples were also measurad on
tha IR-spactrophotometer. Figures 6 through 9 and 10 through 13 show
the theoretical and experimentally measured transmission spectra for
each film design with a single (one surface) and double (both surfaces
of substrate) coating on germanium,
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Figure 6, Single Layer A-R Film (Ge~M-Air) on One Surface
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Figure 7. Two Layer AR Film (Ge-ML-Air) on One Surface
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Figure 8. Two Layer AR Film, Double Quarter, (Ge=ML-AIR) on One Surface
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Figure 9. Two Layer AR PFilm (Ge-LH-Air) on One Surface '
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Figure 10. Single Layer AR Film (Ce-M-Air) on Two Surfaces
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Tolerance Analysis

As 18 evident from both sets of curves for the single and double
surface coatings there is some disagreement between the theoretical or
ideal spectral performance and the measured transmission. Using an
in-house thin-film tolerance analysis progrsm it is possibls to analyze
the designs to datermine what film thickness error spread would cause
this difference. Also the program can determine which film's thickness
is critical in the resultant multilayer's spectrsl performance. Shown
in Figures 10 to 13 are the transmission tolerance envelopes for each
multilayer design applied to both surfaces of a germanium substrate.
All of the envelope curves are well fitted to axperimental data except
beyond 9.0um where absorption characteristics of the substrate and films
are not included.

The tolerance analysis of the single layer AR coating indicates
that a 2 percent maximum film thickness error would result in the
neasured spectral parformance. A 5 percant film thickness tolerance
would account for the axperimental transmission data of the two middle-
low index £ilm systema. Ths last film design, Ce-LH-AIR, would have
resulted {f a 20 percent thickness tolerance was experienced. This
large tolerance difference bstween the last system end the three other
coatings is reasonable since the thickness of high index film, germanium,
had to bae monitored using a fixed timed deposition techniqus while the
other coatings were monitored directly by the reflectance method. A
modified optical thickness monitor for use beyond 1.8um, incorporating ;
Retransmitting windows, IR=-source and detector, would allow direct ;
monitoring of germanium films with thickneas control within the 2 to
5 percent range of the other IR-materials.

An analysis of the individual layer sensitivity of each middle-
low index. two layer design, indicated that the middle index film
error results in greater changes in the system than the low index film.
For tha low-high index film each layer's thickness appeared to be equally
significant i{in the resultant spectral performance of the two layer stack.

SUMMARY AND RECOMMENDATIONS

The evaluation of conventional coating materials and their
application to middle-IR film systems indicate that it is practical to
fabricate single and multilagyer films with tha desired optical and
physical properties.
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Middle and high index materials, zinc sulfide and germsnium can
be readily used in IR film applications. Mo satisfactory common low
index material was found with acceptable optical and physical charac-
teristics. Modified low index materials, alloys or protective over-
coatings can be employed if one can work with somewhat reduced physical
and optical properties. Magnesium fluoride overcosted on cryolite
results in a low lndex film with improved durability but also having

slight ebsorption.

A techniqua for depositing IR-film designs with the desired
optical thickness has been established. It is possidle with a standard
reflectance mode optical film monitor to achieve the desired film
thickness by monitoring higher ordered quarter-wave points. Typically
2 to S percent accuracy is attainadble with minimal care.

Because of the importance of filme for use in this spectral region
4.0 to 1.40um and eapecially 10.6um othar materials despite their
toxicity and safety hazard should be considered. Thorium fluoride
though radiocactive certainly should be used, since it is a hard durable
low index material. This laboratory is actively seeking Atmy linensing
for this material and has established the safe operating procedures
needed for it and toxic materials such as cadmium telluride, lead
telluride, arsenic trisulfide and others.
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