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SECTION 1

INTRGDUCTION

Multilayer dielectric coatings fabricated by thermal evaporation
exist in a stressed condition due to intrinsic stress buildup during
deposition, combined with temperature-induced stress changes established
during post-deposition cooling. The resulting stress levels in multi-
layer coatings significantly influence the adhesive properties at the
substrate/film or interfilm boundaries and affect the durability of the
coating when exposed to severe environmental conditionms.

Although stress levels in growing film structures have been meas-
ured and widely reported during recent decades, little progress has
been made in establishing a quantitative link between induced stress
and crating reliability for multilayer dielectric coatings. The
present program has as its goal, therefore, the development of theo~-
retical models to enable the thin-film designer to predict the dura-
bility of simple multilayer dielectric coatings, particularly anti-
reflection coatings for high~expansion-coefficient laser windows such
as polycrystalline potassium chloride. In order to limit the magni-
tude of such an investigation, we will be concerned with the durability
of antireflection coatings consisting of 2 or 3 layers deposited onto
potassium chloride and designed to give minimum reflectivity at 10.6
microns.

The program consists of the following subtasks to be completed
during the present phase of the program

e Formulation of stress and reliability models

e Stress measurements of candidate materials

e Stress measurements of complete antireflection coatings
e Failure mechanism identification

e Evaluation of theoretical models

e Failure prediction under high-power laser irradiation

Work performed during the first six months of the program was
concentrated in the following areas:

® Design, fabrication and testing of a system of stress-
measuring interferometers to allow four simultaneous and
independent stress measurements to be made during a single
evaporation

e Literature search and a theoretical study to formulate stress
addition models in thin-film multilayers
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The stress-measuring interferometers, data recording system, and
computer codes for data reduction were completed during December and
are described in Section II. Theoretical studies completed to date
aimed at generating computer models of stress addition, including
thermal effects; these are described in Section III.




SECTION 2

STRESS MEASUREMENTS ON THIN FILMS

2.1 STRESS MEASUREMENT TECHNIQUES AND REQUIREMENTS

Stress measurements carried out during the growth or deposition
phase of a thin film have been made by numerous authors and by many and
differing techniques. The most common method in use is the measure-
ment of the deflection of a thin glass beam or disc upon which the coat-
ing material is be1n§ deposited Optical interference methods have been
described by Hoffman*+ and Ennos2, and displacement measurements by
capacitative and electromechanical means have been reported by Campbell3
and Hoffman4. Electron diffraction techniques reported by Halliday> and
X-ray diffraction techniques by Kinabarab have also been used for thin-
film stress measurements, but these methods are not as easily implemen-
ted as are the bending beam and disc techniques.

A comprehensive review of stress measurements and the mechanical
properties of thin films has been given by Hoffman’/ and more recently
by Kinosita8 and Hoffman?. Stress studies have traditionally been
carried out for metallic thin films to aid in explaining film nuclea-
tion and growth and only a few authors have investigated the stress
properties of dielectric films. The two most comprehensive investiga—
tions of stress buildup in dielectric films have been made by Ennos
using laser interferometry, and Campbell 17 who utilized a capacitance
measuring technique. Ennos measured the stress properties of ZnS,
MgF,, THOF,, PbF,, cryolite, chiolite, CaFp, CaF3, $iO, PbCly, TIC1,
T1I, Ge, Te and CdTe during film deposition and investigated the effects
of temperature, deposition rate and air exposure after deposition. The
stress properties of alkali halide films has been reported by Campbell,
who investigated LiF, NaF, NaCl, NaBr, KBr, and KI at various deposition
rates.

Many of these materials can be used as the components in anti-
reflection coatings for KC1 windows for the 10-micron region; however,
stress data wa: only obtained for mechanical film thicknesses up to the
20004 range by Campbell and up to thicknesses of 50004 by Ennos. Anti-
reflection coatings of low-index materials for the 10-micron region
require individual film thicknesses of 1.5 microns or more and 1 micron
for high~index materials. Consequently, intrinsic stresses for "thick"
films must be obtained during the present program.

The stress-measurement phase of the present program must necessarily
duplicate some of this previous work, not with the intent of providing
a large material survey, but in order to provide reproducible stress
measurements to verify stress addition models and failure mechanisms.
Following the work of Ennos, a laser interferometer technique was chosen




for the measurement of the deflection of a thin glass substrate in
order to obtain the stress levels in a growing film although, as ex~-
plained in Section 2.2.1., substantial modifications have been made to
the Ennos type of interferometer, resulting in a more stable con-
figuration with some unique features not previously utilized in stress~
measurement applications.

2.2 STRESS-MEASUREMENT SYSTEM

The principle problem occurring in any of the stress-measurement
techniques mentioned previously is a thermal one. The amount of bend-
ing detected in a beam or disc is due to both the buildup of intrinsic
stress in the depositing film and, also, to any nonuniform temperature
existing across the thickness of the disc. Thermal energy from the
source, heaters, and shutters all provide disturbing thermal fluxes
during a film deposition, and extreme care must be taken to understand
and compensate for these disturbances if reproducible measurements are
to be made.

The use of large discs or beams of extremely small cross section
increases stress-measuring sensitivity but also increases sensitivity
to temperature, vibration and particularly relief of built-in stresses
in the glass discs when heated. Because we are primarily concerned
with stress measurements in thick films, thicker glass substrates can
be utilized, and this tends to minimize vibration and thermal influences.

At the outset of the program, a iist of required measurement capa-
bilities was established to enable stress measurements to be made for
both single and multilayer films deposited under the kinds of con-
ditions found in practice in fabricating 10.6-micron antireflection
coatings. These capabilities included the use of:

e Multiple stress interferometers to enable stress measurements
to be made for different film materials on different substrates

during the same evaporation cycle by the use of remote shutters

® Accurate deposition rate control by the use of a crystal film-
thickness monitor

e Variable vapor-incidence angles possible at each interferometer

e The inclusion of rigid substrate (KCl) at equivalent deposition
positions and incidence angles

e Both electron-gun sources and resistance sources

® Accurate optical film-thickness monitoring using a white-light
source and spectral filter or monochromator

e Enclosed heater assembly to maintain the interferometers,
optical monitor, and rigid substrates at elevated temperatures
up to 250°C
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E e Fabrication of semiautomatic data acquisition system to

} enable substrate deflection data and optical film thickness
to be recorded onto paper tape for subsequent computer data
reduction

Four individual interferomet~rs were designed and fabricated and
mounted onto a 36~inch stainless-steel box coater to enable the stress
behavior of different combinations of two or more thin-film materials
to be investigated during a single pumpdown. Using remote shutters and
four interferometers, one can obtain stress data for materials A and B
alone as well as for materials B on A and A on B on four different
flexible and rigid substrates. The details of the interferometer design,
coating chamber configuration, and data processing equipment are briefly
described in the following paragraphs.

2.2.1 Cat's-Eye Stress Interferometer

The original interferometer used by Ennos to determine film stresses
consisted of a Michelson interferometer detecting deflections of a thin
glass beam supported at both ends by ceramic knife-edges. A set of line
fringes is produced by this interferometer, and the amount of stress can
be calculated from the direction and number of the fringes that move past
a detector as the film is deposited. This type of interferometer was
found in practice to be extremely vibration-sensitive and has been re-~
! placed by a cat's-eye interferometer developed recently at Perkin-Elmer.

The cat's-eye interferometer shown in Figure 1 produces a set of
circular fringes in the return beam that are produced by interference
between light reflected from the reference-reflector coating on the base
of the cat's-eye lens and light reflected from a metal coating on the
upper surface of a thin glass disc. When a coating is deposited onto
the lower surface of the disc, the circular fringes either expand out~
wards or contract towards the center of the return beam, depending upon
whether the stress is tensile or compressive. A change in the number of
fringes and their direction of motion is detected by a silicon detector
3 placed in a portion of the return beam. Although this interferometer
' detects changes in the spacing between the reflector-coated base of the
cat's-eye lens and the metal-coated glass disc, its sensiti-ity to
angular changes (vibrations) of the glass disc is greatly minimized.
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The base of the cat's-eye lens is polished to a large radius surface
to maintain a minimum separation of 50 to 100 microns between the ref-
erence reflector and the glass disc; this distance is also arranged to
be within the depth of focus (AFZ) of the focussed beam at these two
surfaces. If the two surfaces coincided exactly, the spherical reflected
waves would slide inside one another as the glass disc was rotated,
producing a shearing of the output beam but no change in the fringe

- pattern. For small separations (V100 microns) between the reference
mirror and the glass disc, the effect of an angular change (60) is ex-
tremely small, amounting to a change in optical path between the two
primary point sources of OPD = DAB2/2, where D is the separation between
the two mirror surfaces. In a similar manner, small changes in incident
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Figure 1. Cat's-Eye Interferometer




.angle of the input beam cause only a minute shearing of the component
wavefronts that form the output fringe pattern.

The cat's-eye interferometer lens is fabricated from fused silica
or Suprasil II, and its lower surface is coated with a 50%Z hard die-
lectric coating. The convex upper gurface is also coated with a broad-
band antireflection coating at 6328A. Flexible substrates are fabri-
cated from Cer-Vit, fused silica and potassium chloride in a range of
thicknesses from 0.25mm to 1.0mm and are gold-coated on one side to
provide a matching reflectivity of 50% to provide maximum contrast in
the return fringes. Thin, semitransparent gold was chosen for coating
the upper surface of the flexible substrates since it provides a low-
stress film and will also withstand high-temperature vacuum baking.

The interferometer is il'wminated with a 4mm diameter collimated
laser beam (63283) produced by the interferometer laser source illus-
trated in Figures 2a and 2b. The polarized beam from a 2mwatt He-Ne
laser is chopped by a synchronous chopper wheel and expanded to 4mm
diameter by a beam expander and spatial filter. A polarizing beam-
splitter reflects approximately 1% of the "p" polarized laser beam to
a silicon synchronous reference detector and transmits the remaining
energy to the cat's-eye interferometer. A quarter-wave plate located
between the polarizing beamsplitter and interferometer rotates the
pelarization from "p" to "s" after two passes, and the return fringe
pattern is reflected by the polarizing beamsplitter to a fringe-count
detector and display screen. The polarizing beamsplitter/quarter-
wave plate system is used only to maximize the amount of light on the
viewing screen and is not fundamental to the operation of the inter-
ferometer system.

2.2.2 Interferometer Configuration for Variable Vapor-Incidence Angles

Since stress levels in deposited films of certain materials are
known to change with vapor-incidence angle, .t is desirable to con-
figure the interferometers inside the chamber such that four different
vapor-incidence angles can be accommodated with minimal interferometer
realignment. The addition of two small fold mirrors to the inter-
ferometer mount, together with an offset in angle of the cat's-eye
interferometer such that its axis passes through the vapor source,
allows incidence angles to be easily changed. Figure 3a illustrates
this configuration and Figure 3b shows a photograph of the array of
interferometer heads assembled inside a heater enclosure in the 36-inch
box coating unit.

The vapor-incidence angles attainable with either an electron-gun
or resistance source located in the center of the chamber are variable
at each interferometer between 0° and 42° with the existing tooling.
The four positions allocated for rigid substrates are positioned on
the same radius as the interferometer heads, and the vapor-incidence
angles of the rigid substrate can also be set to any angle between
0° and 45°.

il
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An optical-thickness monitor is located on the centerline of the
chamber, and optical film thicknesses are monitored at any desired
wavelength up to 1.0 micron by suitable choice of line filters. Optical
thicknesses of the composite films of multilayers are individually
monitored using fresh glass microscope slides for component films during
an evaporation cycle.

The entire assembly of interferometers, rigid substrate holders,
and optical monitor slides are enclosed in stainless-steel shields and
can b2 heated to 250°C by a Calrod heater located at the top of the
vacuum chamber, Figures 4a and 4b. Temperature control is obtained using
an SCR proportional controller and thermistor mounted close to the
interferometer housings.

2.2.3 Data Acquisition and Data Recording System

Stress changes in the depositing films cause the bull's-eye fringe
patterns at the fringe-count detector to expand or contract depending
upon the nature of the stress (tensile or compressive). Changes in
intensity of the central fringe are detected by PIN diodes and are fed
to lock-in amplifiers that synchronously demodulate the chopped signals
using a reference signal from a second silicon diode in the laser source
housing.

The output of the optical monitor and stress interferometers are
recorded on a six-channel chart recorder and are also applied to the
input of a datalogger/paper-tape recorder. Figures 5a and 5b illustrate
the function and form of the data recording system.

The recording system datalogger can be arranged to scan the five
input channels at two fixed speeds of two channels/second or seven
channels/second, the first channel always being the elapsed time. These
two speeds in combination with the use of different glass thicknesses for
the flexible substrate allow sufficient sampled data points to be recorded
per fringe over a wide range of stress levels.

2.3 STRESS-MEASUREMENT SYSTEM - OPERATIONAL CHARACTERISTICS

Initial tests of a single stress interferometer mounted to the
vacuum system showed that:

e Stable bull's-eye fringes were formed at the display screen
and fringe-count detector and pump vibration was not a
disturbing factor.

e High quality two-beam interference fringes are projected onto
the detector and changes in the fringes are recorded with
great fidelity.

e Although heating the vacuum system to 250°C causes the fringe
count to change due to nonuniform heating of the glass disc,
the fringe system is reproducible, stable, and of high contrast
when the system reaches thermal equilibrium.

10
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Figure 6 shows a typical fringe pattern (overexposed) produced
at the detector (PIN-10 diode) and dieplay screen; the detector's
sensitive area is aligned with the center of the fringe pattern and
detects intensity changes as fringes grow from or disappear into the
center of the fringe pattern. Figure 7a shows the change in intensity
or fringe count for a thin glass disc 0.25 mm thick at 200°C being
coated with thorium fluoride evaporated from an electron-gun source.
The fringe change cuntains an amplitude modulation due to material
being deposited onto the second surface of the flexible disc. The use
of a_gold semitransparent film to provide a reflectivity of 507 at
6328A on the upper surface of the flexible disc, together with the 507
reference reflector, forms a three-mirror cavity and leads to amplitude
modulation with deposited film thickness in the reflected beam.
Although this could »e used to measure the deposited film thickness, it
is not used in practice since the fringe counts obtained for thicker
glass slides are generally of longer period than the optical thickness
changes.

A more interesting and potentially more useful feature of fringe-
pattern recording is a waveform asymmetry that occurs each cycle and
depends upon the direction of fringe motion. The slopes of the
waveform at the two zero crossing points per cycle are not equal, and
a correspondence between the slopes and the direction of fringe motion,
and consequently, plate deflection direction can be established.

Figure 7b illustrates this behavior for a film of magnesium fluoride
deposited onto Cer-Vit at room temperature. As the film thickness
increases from zero, the positive-going slope is greater than the
negative-going slope, corresponding both to fringes moving outwards
from the center of the fringe pattern and to a tensile stress. At the
point indicated, the film breaks and the deflection reverses in sign;
the fringes collapse into the center of the pattern; and stress-relief
occurs corresponding to a stress reduction in the film. After film
rupture, the positive-going slope is less than the negative-going slope,
and this slope change with fringe direction can be utilized during data
reduction to obtain the nature sign of the stress in the depositing
film.

The asymmetry of the output waveform is not due to angular align-
ment errors in the fringe pattern and detector system but is quite
reproducible and is a basic property of the interferometer configuration.
This effect cannot be completely explained at this time, but it does
disappear when the detector aperture only sumples a small area at the
center of the fringe pattern corresponding to the interferometer opera-
ting in collimated light. The interferometer forms circular fringes by
the coherent addition of multiple focussed Gaussian beams, and this
focussed configuration is thought to produce the wavefrom asymmetry,
although, at present, this has not been theoretically investigated.

The initial test of the interferometer showed that a stable and
reproducible fringe count is obtained, and a system of four inter-
ferometers was constructed and mounted on the vacuum system. Figure 8
shows the chart recording for a typical stress-measurement experiment

13




Yy

U ———

Tr—

Figure 6. Fringe Pattern at Output of Stress-Measuring Interferometer

14

3




5)3— Deflection of Cer-Vit
Disc

Reflectivity Modulation
Due to Increased Reflectivity Of
2nd Surface of Flexible Disc During Deposition
T

o4 BSAS3.

"" 332 daat1 rovas ," : : 134 ;"

g

}
3

wy

o E

B3k
133
¥l

Fringe Changes Recorded by Stress-Measuring Interferometer

Figure 7a. Intensity Variations (Fringe Count Due to ThF, Film
Being Deposited onto a 0.25-mm Cer-Vit Disc)

Film Disruption Point

E
+ve going slope
> -ve going slope
E = Fringes expanding :V:ev 501:&:}'0]?
¢ out from center going slope
Fringe contract-
ing into center

5 after film rupture

Figure 7b. Fringe Count for a 0.5-mm Thick Cer-Vit Disc During
Deposition of MgF, (Note waveform asymmetry indicating
direction of fringe motion before and after film cracking)

LS




e T

Channel 1
Fringe Change
For 0.25-mm

Cer~Vit Disc
(Inc. Angle =0.0°)

Channel 2

Optical Thickness

Monitor Output
(Inc. Angle =0.0°)

Channel 3

Fringe Change
For 0.5-mm
Cer+Vif Disc
(Inc. Angle =0. 0°)

Channel 4
Fringe Change
For 0.75-mm

Cer~Vit Disc
(Inc. Angle =0.0°)

Channel 5
Fringe Change
For 1.0-mm

Cer~Vit Disc
(Inc.Angle = 0.0°)

Figure 8. Data Recording for Four Simultaneous Stress Measurements for
ThFa Deposited onto Cer-Vit Discs of Varying Thicknesses at 200°C
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using thorium fluoride deposited onto Cer-Vit discs of various thick-
nesses at 200°C. The second channel is the optical thickness of a
monitor slide located in the center of the chamber. The fringe changes
are simultaneously recorded onto paper tape, and the sampled data is
processed using an IBM 370 aftc: deposition is completed.

2.4 FILM STRESS DATA REDUCTION

The total number of sampled data points per channel is nominally
250 (data rate of 2 channels/second) for the entire deposition run, but
this can be varied by changing the recording speed and/or the glass disc
thickness. This number of data points is typical for thz deposition of
A/4 films at 10.6 microns, although a data rate of 7 channels per second
is available from the datalogger/tape-punch unit.

The recorded data is processed to yield the stress in the film
deposited onto each disc, and the data reduction calculates the average
stress <S;> for the ith disc according to

4E, W, 2
<S > = Eiwl (h—i-> -l—
i 3(1-vi) l)i tmGi
where
3 ~th
Ei = Young's modulus of i disc
2 - ' . th
Mo Poisson's ratio of i disc
hi = Thickness of ith disc (mm)
= 5 JEhi
Di = Diameter of i disc (mm)
wy, = Deflection due to stress <Si> of ith disc (microns)
tm = Mechanical thickness of film deposited on monitor slide
61 = Distribution factor for ith slide (ratio of thickness on

ith slide to thickness of film on optical monitor)

The deflections (w;) are obtained from the sample data by the
following computational steps:

(1) Normalize all channels to the maximum reading occurring during
deposition.

(2) Locate zero crossing points.

(3) Normalize individual cycles to unity.

(4) Calculate mechanical deflections.

(5) Differentiate deflections and sum absolute values.




The mechanical thickness of the film deposited onto the optical monitor

is also calculated in a similar manner and, together with the distribution

factors (61) and the optical deflections (wji), is used to calculate the
average stress <§;> for each point recorded. The data computed in this
manner is interpolated to provide stress level as a function of the
mechanical film thickness deposited onto each substrate. Figure 9 shows
the data reduction for the curves shown in Figure 8 for a thorium
fluoride film deposited onto Cer~Vit discs of various thicknesses.
Evaporation rates are automatically calculated for each channel together
with the number of friunges calculated by the data-reduction program and
serve as a check on the experimental conditions. The optical monitor
input from the Balzer monitor is an extremely noisy signal resulting in
double maxima and minima, and the fringe count for Channel 2 is com-
puted incorrectly as are the variations of thickness with time. Since
the noise is uniform throughout the recording and since the optical film
thickness is deposited as an exact number of quarter-waves at some pre-
selected wmcnitor wavelength, the thickness data is linearly scaled to
the correct thickness.

The entire interferometer system was used for a series of pre-
liminary experiments designed to check out the entire system under
operational conditions, and thorium fluoride (ThF4) was selected as the
thin-film material because of its wide use in laser coatings in the
10-micron region.

2.5 STRESS EVALUATION OF THORIUM FLUORIDE FILMS - EXPERIMENTAL RESULTS

The calculation of stress utilizing the equation given in Section
2.4 assumes that:

(1) The deposited film thicknesses are small compared to the
flexible substrate thickness.

(2) The measurement is independent of the substrate material
chosen.

(3) The measurement is independent of the substrate thickness.

(4) No stress relief occurs in the substrate/film combination
and no slippage occurs at the film/substrate boundary.

The first condition is satisfied for A/4 films in the 10-micron region
(t = 1 to 2 microns) as described here since the flexible glass sub-
strates used range from 250 to 1000 microns in thickness. The depend-
ence, if any, of the stress measurement upon the thickness and type of
substrate material used can be checked using the present four-channel
interferometer system. The final condition is more difficulc to verify
experimentally, but calculations given in Section 3 show that the
effects of stress relief are small for thick films. Since t.e inter-
ferometer system can measure the stress on fourt different thickness
materials or on different substrates in the same vacuum deposition,
the second and third conditions can be checked experimentally.
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The data shown in Figures 8 and 9 gives the stress levels for
ThF, films deposited onto Cer-Vit discs of different thicknesses of
known weight and density and shows that indeed the equilibrium stress
is independent of the glass substrate thickness. A similar experiment
was carried out utilizing thin flexible discs of fused silica, Cer-Vit
and potassium chloride to determine the effect of different substrate
materials. The disc thicknesses were obtained by weighing, and the
elastic constants for each material used in the data reduction are
shown in the table below.

Material Young's Modulus (E) | Density (p) | Poisson's Ratio (V)
x

Cer-Vit 9.23 x 105 kg/cm® | 2.5 gm/cm® 0.25

Fused Silica’'|7.00 x 10° kg/cm® | 2.2 gm/cm’ 0.17

ke’ 3.02 x 10° kg/em® | 1.98 gu/cn’ 0.11

* Owens-Illinois Data
** Corning Glass Works Data
t L.S. Combes, S.S. Ballard, and K.A. McCarthy, JOSA, 41, 215 (1951).

The stress data measured for ThF, using two KC1 substrates (1.0mm
thick), a 0.5mm thick fused silica substrate and a 0.5mm thick Cer-Vit
substrate are shown in Figure 10. The stress levels calculated for
fused silica and KC1l agree closely but give smaller equilibrium stress
levels than that measured using Cer-Vit. This difference (~ 10%) in
stress measurements is reproducible and is probably caused by a value
of Young's modulus for Cer-Vit that is too high. The small discrepancy
is not considered significant at this stage of the program, and one can
conclude that intrinsic stress measurements obtained by using different
substrate materials give comparable values.

2.6 STRESS CHARACTERIZATION OF THORIUM FLUORIDE SINGLE FILMS

One would expect the stress buildup in a growing thin film to be
dependent upon substrate temperature, evaporation rate, and vapor-
incidence angle, although many other variables (vacuum pressure, glow
discharge cleaning, etc.) could contribute to the stress levels attained
in practice. Clearly, the number of experimental measurements required
to fully characterize the stress properties of a : ingle material is
prohibitive if all these parameters are included.

Since measurements can now be made for many combinations of sub-
strate, filin material, and incidence angle during the same coating run,
the number of coating experiments required for each material can be
somewhat minimized. A series cf stress measurements consisting of
depositions at various rates and temperatures at different vapor-
incidence angles (0°, 20°, 30°, 40°) has been completed for thorium
fluoride. The effects of different angles of incidence is minimal
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Figure 10. Instantaneous Stress Levels Computed for ThF, Deposited
Onto Cer-Vit, Fused Silica and KCI Under Identical Conditions
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for thorium fluoride as shown in Figure 11 (note that deposition rates
are also dependent upon the incident angles since total film thickness
is reduced at high incidence angles). The effect of different evapora-
tion rates at a constant temperature (200°C) for thorium fluoride is
shown in Figure 12. This data is for a vapor-incidence angle of 0°,
but little difference is obtained for incidence angles of 20°, 30°,

and 40°.

The behavior of film stress with substrate temperature is shown in
Figure 13 where, once again, an equilibrium stress level is attained
for all temperatures in the 100 to 200°C range. Deposition of thorium
fluoride at lower temperatures was not carried out because such films
possess large absorptions in the 10.0 micron region.

The variation of absorption of the component films of antireflection
coating material at 10.6 microns is required during the present program,
but this measurement phase will be carried out when stress measurements
of entire antireflection coatings are performed later in the program.

The intent during the first 6 months of the program was the desi and
fabrication of a semiautomated stress measurement system that will be
utilized during the experimental iuvestigation of multilayer coatings.

2.7 INVESTIGATION OF THERMAILY INDUCED STRESSES IN ThF, FILMS

4
After a single film is deposited onto a substrate at a high
temperature, the substrate/film combination must be cooled to room
temperature before the system is vented to the air. This cooldown cycle
can induce great stress changes in the film if the thermal expansion
coefficient mismatch between film and substrate is sufficiently large.
The study of such thermally induced stresses becomes extremely important
for coatings applied to high expansion laser window materials such as
KCl since thermal stresses during fabrication and during laser heating
can lead to film failure. Large thermally induced stresses present a
severe problem during the fabrication of antireflection coatings as
reported by Kurdock and Strouse,11 where the deposition of antireflection
coatings of ZnSe/ThF, materials onto KCl at temperatures higher than
150°C was followed by catastrophic film failure during cooldown.

Film failure, as predicted, was caused by compressive stress and
delamination of the coating at the ZnSe-ThF, boundary. Similar con-
tradictory behavior was exhibited by cerium fluoride deposited onto
KCl at 250°C where, once again, compressive stresses caused film failure.

Severe heating of the coated window can also occur when exposed to
high~-power laser radiation, and thermally induced stresses can produce
film failure before the intrinsic laser damage threshold of the material
is reached. Laser heating is also spatially nonuniform, which com-
pounds the problem of predicting film failure of a coating due to
thermally induced stresses.
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Thermally induced stress contributions can be measured directly
for an identical film deposited onto up to four different substrate
materials using the stress~interferometer system. During the cooldown
cycle, the fringe pattern tends to go out of alignment at the fringe-
count detectors due to the contraction of the box coater shell. How-
ever, with occassional realignment by the operator, a complete fringe
change history can be recorded for all channels, and the amount of
deflection due to thermally induced stresses can be determined.

The results of an initial experiment using thorium fluoride films
deposited onto Cer-Vit and KCl1 flexible substrates show that the con-
struction of the substrate has a great effect on final film stresses
after cooldown. An additional benefit of monitoring the thermal
deflection of different substrate simultaneously is that Young's
modulus and the thermal expansion coefficient of the thin~film
material can be easily determined. These values are essential to any
model of stress addition that includes temperature effects.

Figure 14 shows the change in fringe count that occurs when sub-
strates of Cer-Vit (0.5mm thick) and KC1 (1.0mm thick) coated with
ThF, are cooled from 200°C to ambient temperature (22°C). The direction
of fringe motion shows that the tensile stress in the film is greatly
reduced for the KCl substrate and is greatly increased for the Cer-Vit
substrate. As described below, these fringe changes can be used to
determine the following important parameters:

e The resultant stress level in the thin-{ilm coating after
cooldown

e The effective values of Young's modulus and thermal ex-
pansion coefficient for the thin-film material.

The stress change produced by a temperature change AT in a sub-
strate/thin-film system having different expansion coefficients is
given by

o 2
o = Ef (af as) AT kg/cm
where
Ef = Young's modulus for the film material (kg/cmz)
af = Thermal coefficient of expansion of the film
. = Thermal coefficient of expansion of the substrate

The deflection produced by the stress (0) in a disc of material
characterized by a thickness h, diameter D, modulus Eg and Poisson's
ratio vg is

& i 3(1 - \)S) t (2) 2 3
4 E h
S

where the film thickness (t) is much less than the disc thickness (h).
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If two different substrate materials are coated with identical
films, the deflections are correspondingly

2
h f £ 1

w =
and 2 .
3(1 - vZ) t D2
S TR i P M e |

Here, w, and w, are the total deflections of the disc that occur between
two amb}ent temperatures operated by a temperature AT.

Letting

and writing the slope of the curves in Figure 13 as

wn
(]

mllAT

w
]

wZ/AT

The thin-film expansion coefficient is derived as

a,S18y = a0 4

i (5,8, = 5,A))

Q
|

and Young's modulus of elasticity is given by

2 1 2 .
A e i A 1
VRN e R ]

The deflections shown in Figure 14 give the following values for these
two material properties for ’I‘hF4 deposited at 200°C:

18.6 x 10'6/°c

a
. 2
6.9 x 10° kg/cm

Ee
-8 :
Since the expansion coefficient lies between that of Cer-Vit (2 x 10 /°C) !
and that of KC1 (36 x 10'6/°C), the thermally induced stresses in the
coating are in the opposite direction, and the intrinsic stress of the
ThF4 film on KC1l becomes compressive whereas greatly increased tensile
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stress is developed for the ThF,/Cer-Vit sample. The entire stress
history from deposition through cooldown in vacuum is shown in

Figure 15, where the thermally induced stress is approximately twice
the intrinsic stress and is sufficient to produce a final compressive
stress of 1400 kg/cm? on KCl and a large tensile stress of 3400 kg/cm?
when ThF, is deposited onto Cer-Vit. A knowledge of these two stress
contributions is fundamental to any stress addition model and can now
be conveniently measured using the stress-interferometer system.

2.8 SUMMARY OF INTRINSIC AND THERMAL STRESS MEASUREMENTS FOR ThF, FILMS

A system of stress-measuring interferometers has been fabricated
and has been used to characterize the stress properties of thick films
of thorium fluoride. Interferometric system characteristics provide
the following:

e Stable, vibration-insensitive operation of a system of four
cat's-eye interferometers together with a sampled data
acquisition system and data reduction codes is complete.

® Stress measurements can be made in vacuum at high temperature
(250°C) on 4 different substrate materials at 4 different
vapor-incidence angies. The stress behavior of combinations
of thin-film materials can be obtained by the use of remote
shutters.

e The interferometer system can measure both intrinsic stress
produced during deposition together with thermally induced
stress caused by temperature changes.

The stress properties of single films of thorium fluoride have
been measured to check some basic assumptions used in the measurement
system. These experiments show that:

e The measured stress is independent of the thickness of the
flexible substrate utilized in the interferometer for disc
thicknesses in the range 0.25 to 1.0mm.

o The measurement of intrinsic stress in identical films
deposited onto different substrate materials shows that the
type of substrate does not significantly influence stress
measurements and that the largest errors can occur from
errors in the values assumed for the elastic constants of
the plate (Young's modulus and Poisson's ratio).

Experimental measurements for thorium fluoride films under a variety
of deposition conditions indicate the following:

e Intrinsic stress levels for thick films of thorium fluoride

using Cer-Vit and fused silica discs show little dependence
upon vapor incidence angles in the 0.0 to 40 degree range.
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e Equilibrium stress levels for thick films of ThF, are
relatively independent of temperature and rate of evaporation.
Slightly larger equilibrium occurs for lower temperatures and
for low evaporation rates, but the differences are only 10 to
20% of the final average stress value.

® A comparison of the present stress measurements compared with
those of Ennos? for thorium oxyfluoride show similar character-
istics up to 0.5 micron thickness, i.e., a rapid rise in stress
for low evaporation rates and an equilibrium stress of 1500 kg/cm
for ambient-temperature deposition (curve shown dotted in
Figure 13).

N

Stress changes in thorium fluoride films due to thermally induced
deflections show that:

e The stress in ThF, deposited onto KCl substrates is initially
tensile (~ 1100 kg/cm?), but differential thermal contraction
during cooldown produces a net compressive stress (1400 kg/cmz)
at room temperature. A corresponding tensile stress increase
from 1100 kg/cm? to 3400 kg/cm? is produced when ThF, is
deposited onto Cer-Vit substrates.

e Measurement of the deflection of different material/film
combinations during cooldown can provide values of the thermal
expansion coefficient (ag) and Young's modulus (Ef) of the
thin-film material. Our preliminary results show that for
ThF4 (200°C deposition)

18.6 x 10'6/°c

Of

E 6.9 kg/cm2

f
Investigation of high index materials such as zinc selenide and/or
thallium iodide will be conducted duriag the remainder of the program
in single-film form and in combination with a low index material such as
thorium fluoride, potassium chloride or sodium fluoride. Such materials
are used to antireflect KCl windows and can provide low absorption for
coatings in the 10.6 micron region.

The theoretical work performed during the program to establish
models for the addition of stresses in multilayer film on high ex-
pansion substrates is described in Section 3. This effort is aimed at
relating the physical breakdown of such film systems to their internal
stress levels under changing temperature conditions. The treatment of
film stresses is macroscopic at present since the nucleation phase of
film growth during the first several hundred Angstroms is a small part
of the total thickness of films for infrared applications.
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SECTION 3

COMPUTER MODELLING OF STRESS ADDITION IN
MULTILAYER THIN-FIIM COATINGS

The goal of this phase of the program is to develop computer codes to
enable the stress levels in multilayer stacks to be predicted as a function
of temperature. Changes in temperature can be caused by environmental
changes or by laser beam heating, and both sources can lead to film fracture
and delamination. The overall aim of such a computer model is to enable the
thin-film designer to predict stress levels in antireflection coatings and
in particular, to predict thermally induced failure levels when the substrate
material has a high thermal expansion coefficient, as in the case of KCI.

410 LN SRS o St A SO 0 b T G T et

As a starting point for this discussion, we derive the deflection due to
stress in a thin circular plate resulting from the addition of a single stressed
film on its surface and include stress relief effects and the effect of changes
in ambient temperature.

3.1 DEFLECTION OF A CIRCULAR PLATE DUE TO THIN-FIIM STRESS

Although the equation for the deflection of a thin disc due to a stressed
coating has been derived by many authors, we include the derivation here for
the sake of clarity. The equation for stress and deflection derived in the
following discussion assumes that:

(1) The film properties are uniform, i.e., unit stress is independent of
film thickness.

(2) The disc is stress-free and no twisting moments exist within the
material or are induced in the disc by the deposition of a thin filx
of material (i.e., stress is isotropic).

(3) Deflections are small compared with the substrate thickness.
(4) No slippage occurs at the film substrate boundary.

If the circular plate has a thickness h and a diameter D, the initially
unstressed disc is bent to a sphere by the film and the neutral surface of the
disc assumes a sphericity vy, as shown in Figure l16a. The film shown in Figure
16a is under tensile stress, and the deflection (W) of the neutral surface due
to the film stress is for small deflections.

TGt (1)
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Figure 16a. Deflection of Disc Due to a Single Film

Neutral Surface

Figure 16b. Stress Relief Effects

33

| T ——




12
The bending moment M and the disc radius (r) are related by
1 M
r = A(1+0) (2)
where
5
A = -——Eh—i-— (3)
12(1-v")
e h/2+t
M = / ozdz (4)
h/2

Here the material parameters are

E = Young's modulus of elasticity
v = Poisson's ratio
e = Unit stress in the film (i.e., stress in a thin layer dz at d

distance z from the neutral surface)

Combining Eq. 1, 2, and 3, the deflection (u) in terms of the induced bending
moment (M) becomes

2
e M(D_)M )

If, as is usually assumed (although definitely not the case for real films),
the unit stress is independent of Eq.3, the bending moment is simply

h/2+t
M=of zdz =%5 fl+-§]
n/2

If the mechanical film thickness t<<h (the plate thickness), a further simpli-
fication gives

_oht

and the deflection from Eq. 5 is now written as

(7
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Since the plate deflects during film deposition, a small amount of stress
relief occurs. Alternately, if the external forces are applied to the plate
such that the deflection (@) is removed, the film is stretched (i.e., sub-
jected to tensile forces), and the true film stress is larger than if the
plate is allowed to bend freely.

In Figure 16b, the unit elongation (¢) is given by

. _ ¥9(y-h/2)8 / h \
s " (y-h/2) -‘\Zy-h/

€ =
Again, assuming h<<y, the unit elongation is
Yy .

and in terms of the plate deflection (Eq. 1)

resulting in a stress

E fh4u'

U'Y = 92

where Ef is the Young's modulus for the thin-film material.

The total film stress including stress-relief is thus

_(anEs m? o SEghw
oTotal “\t/\3/\1-C /\D/ D2 (8)

E 2 E
'/ \ / ’
(w4 _.§__.> % ) [1 5 3(1-.‘;)/__f\'£\

Orotal = t/\3, 1-uv \E_, \h (9)

The correction term can be seen to be small involving the ratio t/h,
assuming that the Young's moduli for the film (Ef) and substrate (Es) are of
comparable size.

3.2 TEMPERATURE-INDUCED STRESS CHANGES

Thin films are usually deposited onto hot substrates to improve adhesion
and durability and to reduce optical absorption in the 1l0-micron region. The
temperature changes occurring for a film/substrate combination induce changes
in stress in the film due to differential thermal expansion between the two
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materials. This effect is readily seen in the stress-measuring interferometer
system, where deflections of the substrate are caused by

(1) The heating cycle
(2) Evaporation source temperature changes
(3) Movement of hot shutters under the substrate

(4) Cooldown to ambient temperature changes

Additional stress-relief can also be caused when the system is vented to
air. The temperature-induced stress changes in the film can be determined
accurately from the deflections of the stress interferometer and can be used
to estimate the values of Young's modulus and thermal expansion coefficient ot
a single thin-film material. These constants are usually not known for mate~
rial in thin-film form, and bulk values are usually substituted for calcula-
tion purposes. The stress induced by a temperature change AT is calculated
as follows for a thin-film substrate sample.

The unit elongation of an element of the film is simply

€ = afAT
where q¢ is the thermal coefficient of expansion of the film material. Simi-
larly, the unit elongation of the substrate is

€ asAT

Since the film adheres tu the substrate, it cannot physically elongate
more than the substrate elonga:es; hence, the ex ess elongation of the film
(ef-es) can only be prevented by the presence of a compressive stress

0p = Efe = Ef(ef-es)AT (10)

The preceding equations for the total stress and stress-relief in a thin
dielectric film assume that the instantaneous stress is comstant within the
deposited film. Experimental results given here and by Ennos and others show
that the average measured stress < S > changes during film growth and, con-
sequently, the instantaneous or unit stress ¢ (t) is thickness dependent. The
relationship between the experimentaly measured stress < S > and the instan-
taneous stress ¢ (t) is obtained by considering the origin of the bending
moment (M) , which produces deflection of the disc. The integrated bending
moment due to a film of thickness t at a distance h/2 from the neutral surface
produces a deflection that is equivalent to the existence of an average stress
<SS > in a film of thickness t at a distance h/2 from the neutral surface; i.e.,




M=ja(t) (h/2 + t) dt = h/2 <S > 4 (11)

(o]

The unit stress can therefore be obtained from the measured data as

o0 (M) L5

which, for t << h/2, reduces to

d <SS >
o(t) =<S>+t at (12)
In practice, the stress data < S > can be approximated by a polynomial
expression in terms of film-thickness, i.e.,
S5 mpiat
< > =
k=o K (13)

where the coefficients a, are obtained using a least-squares best fit
to the experimental samp&ed data.

3.3 STRESS ADDITION IN MULTILAYER FILMS
If several films are deposited onto a flexible glass substrate of

thickness h and if each film has a thickness (t,) and a thickness-dependent
stress oi(z), the bending moment generated is g{ven by

h/2 + t; h/2 + t] + t, h/2 + t] + t, + t,
M =f 01(z)zdz +f 02(z)zdz +f 03(z)zdz + - - -
h/2 h/2 + t; h/2 + t] + t,
or for a total of m films
k
h/2 + ¢ tj
m j=1
M= kfl k-1 ok(z)zdz ---
h/2 + ¢ tj (14)
j=1

The thickness dependence of the stresses measured for thorium fluoride
during the present study show a dependence of the form

bt

<8§>=58_(l-at) (l-e ") (15)
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and it is tempting to fit stress curves to this functional form. However,
the stress data is generally a polunomial expression that will be obtained
as a least-squares best fit to the experimental data. |

If the stresses oi(z) are assumed constant, Eq. 14 can be integrated

to give
: k-1 2
t,(h+2 I t;) + t .
k=1 2

and for small values of €, one simply obtains the bending moment as
R D
M= 7 L oty (t<<h)
k=1
and the deflection of the substrate as

2 m
3\ (1-v) (D
w = (—) (—> I oxtk
4 Es h k=1

The thickness-dependent stresses can be measured experimentally for
each film in a multilayer during deposition, and the stress changes due to
temperature changes can be measured after the entire film system is fabri-
cated. Taking the simplest case of a multilayer coating (i.e., a three-
layer antireflection coating of KC1), the present interferometer system
allows the three individual layers to be deposited onto three different
substrates and the entire multilayer to be deposited onto the fourth
substrate during the same evaporation run. This type of experiment is
illustrated schematically in Figure 17.

a7

The first step, therefore, in developing a theory of intrinsic and
temperature-induced stresses in thin-films is to develop a computer model
that enables the deflection of a flexible substrate to be calculated for
] a multilayer in terms of the individual measured instantaneous stresses oi(t)
and then to predict the deflection changes with temperature. A know-
ledge of the stress buildup is only of use if the breaking stresses of the
individual thin-film materials are known since only in this way can one
predict the durability of thin-film systems to temperature changes.

The breaking stress can be determined by depositing identical films
onto rigid and flexible substrates and measuring the stress (on the flexible
substrate) at which the film on the rigid substrate begins to crack. The
measurement technique to determine the film rupture point on the rigid
substrate has not yet been fully developed, but a preliminary method will
detect the increase in scatter of a He-Ne laser beam after two passes
through the depositing film. An alternative method is to view the film
through a microscope while the film is being heated although this pre-
F supposes that the film will not rupture during the deposition on the cool-
Pl down cycle during fabrication.

s

38

R —— )



AP ST WS NI

]

High Index (ZnS, ZnSe, TlI) Film #1

Low Index (ThF4) Film #2

High Index (ZnS, ZnSe, Tel) Film #3
Flexible

Substrate

Interferometric Stress-Measurement Arrangement

Channel 1 Channel 2 Channel 3 Channel 4

| - =y 8 J | —— - | ¢ -

- i t— »

L

Film #1 Film #2 Film #3 Film#1 +Film #2

(High Index)  (Low Index) (High Index) + Film #3
Stress Addition (Dotted Lines Show Effect of
Temperature Changes)
\)
\\
% P “l >
'\S2 S
t t

Figure 17. Stress Addition in Antireflection Coatings
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3.4 COMPUTER MODEL FOR INTRINSIC AND THERMALLY INDUCED STRESSES IN
MULTILAYERS

The computer model will attempt to describe the deflections obtained
for a thin flexible disc when a multilayer dielectric stack of films is
deposited onto the surface. The stress of individual films is determined
experimentally, and the effect of temperature changes must also be explained.

The total deflection of the plate (y ) is caused by the addition of
bending moments caused by stress in the seposited films together with
temperature-induced bimetallic effect and stress-relief effect. The total
deflection can be expressed as

J=1 t;
Wror = ( )2 ( )k lf {ok(z) + Ek(qk-as)AT}zdz s

h/2 + 2 t;
j=1

and the deflection can be separated into the intrinsic stress term ob-
tained from the measured values of unit stress 0y(2z) for the individual
films at constant temperature together with a thermally induced stress
produced during the cooldown cycle; i.e.,

h/2+ zt

j=1 "
h
(ﬁ) ( k ; 2 ok(2)zdz + kfl Ex (ak-ag)aT (7>tk (19)

h/2 + Z j

The amount of stress-relief for the entire film stack can also be
calculated from the tccal deflection ( ) as shown in Section 3.1.
Eq. 19 provides the basis for the stress-addition model, although the
presence of additional factors such as transient heating due to opening and
closing of shutters below each substrate can also be included.

3.5 SUMMARY OF STRESS-ADDITION MODELS

The addition of stresses in thin-film multilayers has been formulated
on a macroscopic basis and requires the following experimental data for
each deposited film in order to predict the resultant stress in multilayers.

® The variation of unit stress with deposited film thickness.
(This function is derived from the stress measured during
film deposition.)

] The effective values of Young's modulus of elasticity and
thermal coefficient of expansion obtained from thermally
induced stresses produced after film deposition.

Experimental data of this form has been obtained for thorium fluoride
films, and similar measurements for other materials will constitute the
input data to the computer model.
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WORK SCHEDULED FOR REMAINDER OF PROGRAM

The program effort until the end of the conract will be directed
towards the following tasks.

Experimental determination of unit stress and thin-film constants
(E, and o) for zinc selenide and thallium iodide for use as the
high-index material in antireflection coatings for KC1.

Experimental determination of intrinsic and thermally induced
stresses in the component films and the entire film stack of a
2 or 3 layer antireflection coating.

Measurement of thin-film absorption data for the component materials
of the antireflection coating using laser calorimetry.

Development and implementation of a computer program to calculate
the resultant stress in multilayer coatings during heating.

Determination of the breaking stresses of thin-film materials
deposited onto rigid substrates.

Verification of the stress addition model.

Verification of the film rupture model due to thermally induced
stresses resulting from temperature cycling or laser beam heating.
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