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SECTION 1
INTRODUCTION

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 intrinsic stress levels found in thin films depend
primarily upon film thickness but are also influenced for some materials by
the evaporation rate and substrate temperature during deposition. After the
film is formed in a vacuum at a given temperature, a reversible stress change
can occur due to differential contraction of film and substrate during cool-
ing, and in some cases an irreversible stress change occurs when the film is
vented to air. These stress levels greatly influence the durability of thin

film structures when utilized under extreme thermal conditions such as in
high energy laser systems.

Although stress levels in growing film structures have been measured and
widely reported during recent decades, little progress has been made 'n es-
tablishing a quantitative link between induced stress and coating reliability
for multilayer dielectric coatings. The measurement of stress in thin film
structures is only one important aspect of the dursbility problem; the other
is the adhesion between film and substrate and between individual films in «
multilayer stack. For instance, certain films can be deposited in a highly
stressed condition and show good durability, a good example being chromium
which showvs an intrinsic stress (~ 10,000 kg/cm?) two or three times greater
than most materials. Evaporated deposits of chromium adhere so strongly that

the glass substrate undergoes surface rupture as the film thickness approaches
i-um thickness.

Ihe present program was initiated to develop stress and adhesion models
for multildyer dielectric coatings in an attempt to predict the reliability
and durability of thin film coatings. In particular, stress models of anti-
reflection coatings for high erpansion window materials such as potassium
chloride and calciwn fiuoride were studied, since such materials produce
large thermally induced stress changes in the antireflection coating materials
when subjected to high-power laser beams.

This report describes a stres< measurement system, stress models for thin
films, and stress and material property measurements of thorium tetrafluoride,
zine selenide and thallium iodide films for use as materials for antireflec-
tion coatings cn potassium chloride at 10.6 .m.

A new stress interferometer that measures both the magnitude and sign of
the intrinsic stress i{n a coating during deposition was developed during the
program and is described in Section 2. A system of four such stress inter-
ferometers equipped with an automatic data recording system was utilized in
conjunction with a 36-inch box coating facility to characterize the stress
profiles of several antireflection coating materials.




Stress models for multilayer coatings were also reviewed during the pro-
gram and a computer code was completed to enable thermal stress modeling of
multilayer coatings to be carried out. This thecretical phase is described
in Section 3.

The intrinsic stress behavior of two infrared coating materials, thorium
tetrafluoride and zinc selenide, was investigated in detail together with the
stress properties of thallium iodide and cerium fluoride (Section 4).

Section 5 discusses a new method of measurement of the expansion coef-
ficient and Young's modulus for thin film waterials using the stress inter-
ferometer system.
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SECTION 2

STRESS MEASUREMENTS IN THIN FILMS

2.1 STRESS MEASUREMENT TECHNIQUES

Thin films used for antireflection coatings in the 10-um region are de-
posited 'n thicknesses of 1 to 2 um depending upon refractive index, and
stress data has not previously been measured for such "thick'" film structures.
Previous measurement wethods and experimental results for the stress proper-
ties of metal and dielectric films have been comprehensively reviewed by
Hoffman (Refs. 1,2) and Kinosita (Ref. 3)}.

The intrinsic stresses developed in metal films have been measured by
many authors to develop theories of film nucleation and growth; however,
stresses developed in dielectric films have not been inwvestigated as thor-
oughly. The two most comprehensive investigations of stress buildup in di-
electric films were carried out by Campbell (Ref. 4) and Ennos (Ref. 53). The
stress behavior of various fluorides, bromides and iodides (LiF, NaF, NaCl,
NaBr, KBr, KI) have been measured by Campbell using a capacitance bridge
method, whereas Ennos used a laser interferometer to measure intrinsic stress
in a large variety of coating materials (ZnS, MgF2, ThOFy, PbF3, cryolite,
chiolite, CaF,, CaFj, Si0, PbCly, TICL, TlI, Je, Te, CdTe) as a functicn of
their deposition conditions. Many different measurement techniques can be
utilized for the measurement of intrinsiz stress, most of which depend upon
detecting the minute deflections of a thin glass beam or disk upon which the
film is being deposited. Optical interference methods provide a very sensi-
tive method of measuring such small deflections although capacitative and
electro-mechanical methods can also provide comparable sensitivities. The
measurement of stress using electron diffraction as carried out by Halliday
{Ref. 6) and X-ray diffraction techniques reported by Kinabara (Ref. 7) can
also be used, but such techniques are not ¢« easily implemented as ave the
berding beam and disk methods.

Although stress data exist for many of the materfals utilized for anti-
reflection coatings for KC! windows, the measurements only provide the ia-
trinsic stress up to film thicknesses of several thousand angstroms. The use
of new materials, higher depositien temperatures and deposition rates together
with improved vacuum systems necessitated rewmeasurement of thin f{ilm stresses
for such thick films during the present progras.

1. R.W. hoffman, Physics of Thin Films, Vol. 3, . 211 (1366).

2, R.W. Hoffman, Thin Selid Films, Vel. 34, p. 185 (1976).

3. K. Winestta, Thin Selid Films, Vol. 17, p. 17 (1972).

4. R.S. Carpenter and D.S. Campbell, J. Matl. Sci., Vol. 2, p. 173 (1967).

S,  A.E. Ennos, Applied Opt:ics, Vol. %, No. I, p. 31, (1966).

6. J.S. Halliday, T.B. Rymer, and K.H.R. Wright, Prec. Roy. Sec., LOﬂCOﬁ
A225, 548 (19%4).

7. A. Xinabara, H. Marabi, J. Appl. Phys., (Japsn), VYol. &, p. 243 (1965).
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Laser interferometry was chosen as the most useful technique, and a
system of four interferometers together with an automatic data recording sys-
tem was designed and fabricated for use with a 36-inch metal box coating unit.
This system enables stress measurements to be made rapidly and reproducibly
for a variety of substrate configurations and deposition conditions and is
described in detail in this section.

2.2 STRESS MEASUREMENTS - SYSTEM REQUIREMEWTS

The principal problem occurring in any cf the stress-measurement tech-
niques mentioned previously is a thermal one. The amount of bending detected
in a beam or disk is due to both the buildup of intrinsic stress in the de-
positing film and any nonuniform temperature existing radially or across the
thickness of the disk. Calculations of the deflections expected for typical
stress levels in a thin film (10Cu - 3000 kg/cm?) show that they are comparable
to thermally induced distortions caused by front to back or radial gradienats
in the thin substrate. Since deposition usually occurs at a fixed substrate
temperature, such gradients can be initially minimized; however, thermal
energy from the source, heaters, and shutters caa provide disturbing thermal
fluxes and extreme care must be exercised to understand and compensate for
these factors if reproducible measurements are to be made.

The use of large disks or beams of extremely small cross sectiomn (50 to
100 ym) increases the stress measurement sensitivity since the disk deflec-
tion is proporticnal to the square of the aspect ratio (D/d). Unfortunately,
thin disks are also increasingly susceptible to temperature effects and the
release of built-in stresses caused by polishing. Since stress data are pri-
marily required for thick films (~ A/4 at 10.0 um) for the present study, one
can utilize thick substrates in the 0.25- to l.0-mm range. Accurate stress
measurements can de made using thick substrates {f deflections are recorded
at a rapid rate on paper tape during deposition. The use of thick substrates
not only minimizes vitration problems and thermal effects but also allows many
other different materials, such as ZnSe, 2ZnS, Ge, KCI, to be used to form the
deformable substrate. It is not usually possible to polish such materials to
thicknesses of 30 to 100 .= without suffering a very low polishing yield and
the use of such thin disks or beams becomes impractical for experimental pur-
ETLEN

At the outset of the program, a list of required measurement capabilities
was established to enable stress measurements to be made for both single and
zultilayer {{lms deposited under the kinds of conditions found in practice in
fabricating 10.64.m antireflection coatings. These capabilitics ‘ncluded the
use of:

e Multiple stress interferometers to enable stress messurements to be
oade for different film materials ovn both fiexible and rigid sub-

strates during same evaporation cycle by the use of remote shutlers

® Accurate deposition rate contrel by the use of a crystal fiim thick-
ness wonitor that coatrols the input power t~ the source (electron gun)

o Variable vapor-incidence angles possible 2t each interferometer




e Rigid substrates (KCl) at equivalent deposition positions ard inci-
dence angles

¢ Both electron-gun sources and resistance sources

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

® Enclogsed heater assembly to maintain the interferometers, optical
monitor, and rigid substrates at elevated temperatures up to 250°C

® A semiautomatic data acquisition system to enable substrate deflec-
tion data and optical film thickness to be recorded on paper tape
for subsequent computer data reduction

Four individual interferometers were designed and fabricated and mounted
on a 36-inch stainless-steel box coater to enable the stress behavior of dif-
ferent combinations of two or more thin-film materials to be investigated
during a single pumpdown. By the use of remote shutters and four interferom-
eters, stress data can be obtained 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.

2.3 STRESS INTERFEROMETER - CAT'S EYE DESIGN

A previous laser interferometer system used at Perkin-Elmer by Ennos
(Ref. 5) consisted of a Michelson interferometer that detected changes in da-
flection of a thin fused silica beam supported at both ends by ceramic knife
edges. The deflecting substrate forms one mirror of the interferometer and
the output fringe pattemn consists of line fringes that move past a fixed de-
tector as the substrate deflects.

In practice, this type of interfeiomet=r configuration was found to de
sensitive te vibration, and distortion of the interferometer occurred at high
temparatures. Recently, a high temperature Michelson interferometer designed
for UMV applications hias been described by Roll and Hoffman (Ref. 8)., Thermal
distortions are minimizcd in this design by obtaining an iuterferogram of the
full aperture of the bending uisk and by deducing the deflection fram succes-
sive photographs of the fringe pattern. Tilts and axial divplacements of the
substrate can be removed by computation but the =ethod requires substantial
data reduction time for each successive fringe pattemrn taken during depoesition.

Thermal distortions and angular tilts between the two interferometer mir-
rors can be virtgally eliminated if the distance between the twe reflecting
surfaces {s made very small and i{f the interferometer is arranged :n the Torm
of a cat's eye as shown i Figure 1.

< The interferometer consists simply of 2 glass element whose front surface
is polished to fccus the incident laser beam onto twoe refiecting surfaces

8. K. Roll and l. Hoftman, Rev. Sci. iast., Vol. 47, ¥o. 9 {1976).




5328;{ 50% Reﬂecting Dielectric Stack

Collimated Laser Beam 50% Reflecting

~

\

5)\\\\\\\‘\\\&(!

Suprasil II Cat's~Eye Lens

lexible Substrate
(C‘er—Vit, Fused Silica,
KC1)

Figure 1, Cat's-Eye Interferomotoy



formed by the base of the cat's eye lens and the substrate upon which the
film is being deposited. The base of the lens is coated with a hard dielec-
tric reflector to reflect ~50% of the incident beam at 6328 A and the de-
formable substrate is coated on its top surface with a partially reflecting
metal coating. In most experiments a gold coating was used for this purpose
since, when cold-deposited, gold has a low stress and has such poor adhesion
to the substrate that it can be easily wiped from the surface. 1In addition,
gold films can withstand high temperature baking without the occurrence of

excessive recrystallization.

This interferometer configuration acts in a manner similar to a retro-
reflecting mirror, and alignment is a simple task; however, the reflected
light consists of a set of circular interference fringes that either expand
or contract from the center as the substrate is deformed depending upon the
tensile or compressive nature of the film stress. A single silicon detector
mounted in the center of the return fringe pattern enables not only the amount
of deflection to be measured but also allows the direction of motion to be
determined automatically from the fringe change recording.

Since the separation of the base of the cat's-eye lens and the deforming
substrate is limited in practice to a few hundred micrometers, thermal expan-
sion of the lens and substrate mount do not introduce serious fringe count
errors. For small separations between the two mirror surfaces the effect of
an angular change (A8) of the substrate is extremely small amounting to a
change in optical path between the two apparent point sources of OPD =
D(Ae) /2, where D is the separation becween mirror surfaces. This insensi-
tivity to angular tilts can be visualized if the distance between the mirrors
is made negligibly small; when this occurs the two spherical waves reflected
from both mirror surfaces slide inside one another and produce lateral shear-
ing but no change in fringe patterns. In a similar manner, small changes in
incident angles of the laser beam cause only a minute shearing of the compo-
nent wavefronts that form the output fringe pattern.

The cat's-eye interferometer lenses used during the program were fabri-
cated from Suprasil II and antireflection coated on the convex surface for
6328 A. The flexible substrates of various thicknesses utilized during the
program were fabricated from Cer-Vit, fused silica, KCl, germanium, zinc
sulphide and zinc selenide. Thicknesses of 0.25, 0.5, 0.75 and 1.0 mm were
used for the Cer-Vit and fused silica substrates, whereas 1.0-mm thick disks
of the other materials were used because of the difficulty of polishing thin
sections of these materials. Various spacers were fabricated for these dif-
ferent thicknesses to maintain a constant separation between the two reflect-
ing surfaces and thus provide an output fringe pattern of uniform size at the

detector.

The ingerferometer i8 1lluminated with a 4-mm diameter collimated laser
beam (6328 A) produced by the interferometer laser source illustrated in
Figure 2. The polarized beam from a 2-mW He~Ne laser is chopped by a synchro-
nous chopper wheel and expanded to 4-mm diameter by a beam expander and spa-
tial filter. A polarizing beamsplitter reflects approximately 1l percent of
the "p" polarized laser beam to a silicon synchronous reference detector and
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transmits the remaining energy to the cat's-eye interferometer. A quarter-
wave plate located between the polarizing beamsplitter and interferometer
rotates the polarization from "p" to "s" after two passes, and the return
fringe pattern is reflected by the polarizing beamsplitter to a fringe-count
d:teccor and display screen. The polarizing beamsplitter/quarter-wave plate
system is used only to maximize the amount of light on the viewing screen and
+8 not fundamental to the operation of the interfercometer system.

2.3.1 Interferomcter Configuration for Variable Vapor-Incidence Angles

Since stress levels in deposited films of certain materials are known to
change with vapor-incidence angle, it is desirable to configure the inter-
fe.omceters ingide 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 interferometer 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 3(a) illus-
trates this conf gur-%ion and Figure 3(b) shows a photograpb of an interferom-
eter head.

The vapor-incidence rigles attainable with either an electron-gun or re-
sistance source locu.ted in the center of the chambter are variable at each in-
terferometer between 0° and 42° with the existing tooling. The four positions
allocated for rigid substrates are posi:ioned on the same radius as the inter-
ferometer heads, aud the vapor-ircidence angles of the rigid substrate can
alsc be set to any angle between 9° and 42°.

An optical-thickress monitor is located on the centerline of the chamber,
and optical film thicknesses are monitored at any desired wavelength up to
1.0 um by suitable choice of line filters. Optical thicknesses of the compos-
ite films of multilayers are individually monitored using fresh glass micro-
scope slides for .omponent films duriag an saporation cycle.

The entire assembly of intevferometers, rigld substrate holders, and
optical monitor slidas av: encleosed in stalnless-steel shields and can be
heated to 250°C by a Calrod heater lccated at the top of the vacuum chamber
(Figures &4(a) and (b)). Temperature ~onirol is ob*ained usins un SCR propor-
tional controlier end thermistor mounted ‘»se to the irtecrterometer housings.

2.3.2 Date Acquisition asnd vata Recording £/stem

Stress changes in the films dvrin, deposition cause the bull's-eye friage
patterns at the fringe-count detector to expand or contract depending upon the
nature of the stress ‘tensile or cowpressive). Ch-nges in intensity of Lhe
central tringe are detected by PIN diodes and are fed to lock-in amplifiers
that synchronously demodulate the chopprd sipnals using a reference signal
from a second silicon diode in the laser souv.e housing.

The outputs of the optical wonitor and streus interferometers are recorded
on 8 six-channel chart recorder and are alsu applied to the input of a data-
logger/punched tape recorvder. Figure 5(a) and (b) illustrates the function
and form of the data recording system.
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The recording system data logger can be arranged to scan the five input

P channels at two fixed speeds of two channels/second or seven channels/second,

;E the first channel always being the elapsed time. These two speeds in combi-

? nation with the use of different glass thicknesses for the flexible substrate
| ';- allow sufficient sampled data points to be recorded per fringe over a wide

3 range of stress levels.
2.4 STRESS-MEASUREMENT SYSTEM - OPERATIONAL CH:. CTERISTICS

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.

. . ® High contrast interference fringes are projected onto the detector,
S 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 because of nonuniform heating of the glass disk, the frings

system is reproducible and stable and of high contrast when the sys-
tem reaches thermal equilibrium.

* » Figure 6 shows a typical fringe pattern (overexposed) produced at the
i 3 detector (PIN-10 diode) and display screen; the detector's sensitive area is
H f aligned with the center of the fringe pattern and detects intensity changes

as fringes move away from or toward the center of the fringe pattern. Fig-
ure 7 shows the change in intensity or fringe count for a thin glass disk
3 0.25 mm thick at 200°C being coated with thorium fluoride evaporated from an

. 2 electron-gun source. The fringe change contains an amplitude modulation due
3 . ; to material being deposited onto the second surface of the flexible disk.
.3 ; The use of a gold semitransparent film to provide a reflectivity of S0% at

S ! 6328 X on the upper surface of the flexible disk, together with the 50% ref-
; : ' erence reflector, forms a threc-mirror cavity and leads to amplitude modula-
_ tion in the reflected fringes because of the deposited film thickness. Al-
, 3 - though this could be 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.

2.5 FRINGE DIRECTION SENSING USING A SINGLE DETECTOR

Sensing the direction of fringe motion during £{lm deposition determines
the sign of the stress, i.e., compressive or temsile. This information can
be obtained either by observing the direction of fringe change during deposi-
¥ Q- _ tion or by the use of two detectors displaced laterally in the fringe pattern.

o pnciens e mpnes m———

- 3 ; During initial testing of the cat's-eye interferometer, it was noted that
3 ' the waveform gencrated by the detector as the fringes were either contracting

g ' . or expanding possessed an asymmetry that occurted each cycle and depended

upon the direction of fringe motion. This effect has since proven to be ex-

tremely useful since both the divection and magnitude of the stress are re-

corded automatically during deposition. Figure 8 {llustrates this behavior
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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
coilapse into the center of the pattern; and stress-relief occurs correspond-
ing to a stress reduction in the film. After “ilm rupture, the positive-going
slope is less than the negative-going slope, anu 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 alignment er-
rors in the fringe pattern and detector system but is quite reprcducible and
is a basic property of the interferometer configuration. The asymmetrical
behavior arises from the interference of multiply reflected Gaussian beams
which undergo radial shearing as the mirror separation alters. The fringe
formation process was investigated theoretically for this interferometer (see
Appendix A) by summing the first ten multiple reflections that ocecur between
the two mirror surfaces. Gaussian intensity profiles were assumed for the
reflected laser beams and the integrated energy falling on a dete:ror of a
given diameter was evaluated numerically as a function of the mirror sapara-
tion., Figure 9 shows the computed detector signal as the mirror spacing is
altered for two cases:

(1) A small detector diameter ~0.0lmm corresponding to operation of
the interferometer in collimated light

(2) A detector area comparable to the beam size at the exit plane of
the interferometer

The curves show the waveforms for a mirror separation change of 2 /2 when the
two r:flectors are spaced 100 and 400 im apart. The asymmetry is much more
pronounced for large separations corresponding to reduced overlap of the re-
flected wavefronts. In practice, the mirror separation is of the order uof
400 um and the amount of asymmetry present in a recording of the fringe
changes mal~hes that predicted by analysis.

2.6 FILM S$:RESS DATA REDUCTION

Initial tasts of the four-channel interferometer system showed that a
stable and reproducible fringe cor .. is obtained when the intcrferometers are
mounted on the vacuum system. Vibration is net z problem and, although fringe
changes occur during heating and -ooling of the system, the changes i{n fringe
count at comstant high temperatuves are small compared with the deflection
caused by film stress. Thermai drifts at constant temperzture when the system
has reached equiiitbrium produce apparent strass errors of the order of 20 te
50 kg/cm? compared with expected msterial stresses of up to 5000 kg/emd.  Fig-
ure 10 shows the chart recording obtained for a typical stress measurement
experiment in which thorium fluc-ide was deposited onto Cer-vit disks of var-
fous thicknesses at 200°C. The fringc changes caused by film stress are re-
corded on channels 1, 3, 4 and 5, while channel 2 contzins a recording from
the optical monitor located in the center of the chamber. All these wavefeorms
are recorded on pajer tape via a data-logging system and the sampled data are
processed using an 1BM 370 after the deposition is completed.

16
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Figure 10. Data Recording for Four Simultaneous Stregs Measurements for ThF,
Deposited onto Cer-Vit Disks of Varying Thicknesses at 200°C
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The total number of sampled data points per channel Is nominally 250
(data rate of two channels/second) for the entire deposition rum, but this
can be varied by changing the recording speed and/or the glass disk thick-
ness. This number of data points is typical for the deposition of \/4 films
at 10.6 um, although a data rate of seven channels per second is avaiiable
from the data-logger/tape-punch unit.

The recorded data is processed to yield the stress in the film deposited
onto each disk, and the data reduction calculates the average stress /Si>
for the ith disk according to )

— 2
S —————%iwi (h—1> L (L)
i 3(1-vi) Di tméi
where
' .th .
Ei = Young's modulus of i disk
. ' R .th .
Ny Poisson's ratio of i disk
hi = Thickness of ith disk (mm)
. .th .
Di = Diameter of i disk (mn)

w, = Deflection due to stress <Si> of ith disk (um)

Mechanical thickness of film deposited on monitor slide

[ad
il

. th ) . . .th
0 = Distribution factor for 1t} slide (ratio of thickness on the i

slide to thickness of film on the optical monitor)

The deflections (11) are obtained from the sample data by the following
algorithm:

(1) XNormalize all channels to the maximum recording occurring during
deposition.

(2} Locate zero croessing points.

(3) Normalize individual cycles to unity.

{(4) Calculate mechanical deflectioans.

(5) Differentiate deflections and siza absolute values.
The mechanical thickness af the f:ln depesited onto the optical moniter is
also calculated in a3 similar manner and, tegether with the distribution
factors ({;) and the optical deflections (1i)’ is used to calculate the aver-~
age stress S; !} for each point recorded. The data computed in this manner

are interpolated to provide stress level as a function ¢f the mechanical {ilm
thickness deposited onto each substrrte. Figure 11 shows the data reduction
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for the curves shown in Figure 10 for a thorium fluoride film deposited onto
Cer-Vit disks of various thicknesses. Evaporation rates &re automatically
calculated for each channel together with the number of fringes calculated by
the data-reduction program and serve as a check on the experimental conditioms.
1he optical monitor input from the Balzer monitor is an extremely noisy signal
resulting in double maxima and minima when depositing ThF4 on 1.5 index moni-
tor slides and, consequently, the fringe count for channel 2 is computed incor-
rectly as are the variations of thickness with time. Since the noise is uni-
form throughout the recording and since the optical film thickness is deposited
as an exact number of quarter-waves at some preselected monitor wavelength,

the thickness data is linearly scaled to the correct thickness. This soutce

of error was subsequently elimirvated by depositing ThF4 films onto high-index
monitor slides.

The entire interferometer system was used for a series of preliminary
experiments designed to check out the entire system under operational condi-
tions, and thorium fluoride (ThF,) was sclected as the thin-film material be-
cause cf its wide use in laser coatings in the 10-um region.

2.7 EVALUATION OF STRESS MEASURING SYSTEM - EXPERIMENTAL TESTS
The calculation of stress utilizing equation (1) 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 che film/substrate boundary.

The first condition is sarisfied for A/4 films in the 10-uym region (t =1 to
2 um) as described here since the flexible glass substrates used range from
250 to 1090 pm in thickness. The dependence, 1f any, of the stress measure-
ment upon the thickness and type of substrate material used can be checked
using the present four-channel interferometer system. The final condition is
more difficult to verify experimentally, but calculations given in Section 3
show that the effects of stress relilef are small for thick films. Since the
interferometer system can measure the stress on four different thicknesses of
materials or on difierent substrates in the same vacuum deposition, the sec-
ond and third conditions can be checked experimentally.

The data rshown in Figures 10 and 11 give the stress levels tor Th¥; films
deposited onto Cer-Vit disks of different thicknesses of known weight ana
density and show that indeed the equilibrium stress is independent of the
glass substrate thickness. A similar experiment was carried out utilizing
thin flexible disks of fused silica, Cer-Vit and potassium chloride to deter-
mine the effect of different substrate materials. The disk thicknesses were
obtained by weighing the disks, and the elastic constants [or each material
used in the data reduction are shown in Table 1.
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TABLE 1. MECHANICAL PROPERTIES OF FLEXIBLE SUBSTRATES

Material Young 's Modulus (E) Density Poisson's Ratio (V)
* .

Cer-vVit 9.23 x 105 kg/cm2 2.5 g/cm3 0.25

Fused
Kk

Silica 7.00 x 105 kg/cm2 2.2 g/cm3 0.17

KC1l (Ref. 9) 3.02 x 105 kg/cm2 1.98 g/cm3 0.11

*

! Owens-Illinois Data
ok
Corning Glass Works Data

. The stress data measured for ThF; using two KCl substrates (1.0 mm thick),
a 0.5-mm thick fused silica substrate and a 0.5-mm thick Cer-Vit substrate are
shown in Figure 12.

These intrinsic stress levels measured for ThF; agree within 107 for dif-
ferent substrate materials although subsequent measurements of ZnSe films on
various substrates showed wide discrepancies for Cer-Vit and KCl substrates.
Whether the intrinsic stress is truly dependent upon the substrate material
or whether the high expansion substrate (KCl) in combination with a film of
high index cause enhanced thermal deflections is not known.
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9. L.S. Combes, S.S. Ballard, and K.A. McCarthy, J. Opt. Soc. Amer.,
215 (1951).
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SECTION 3

STRESS ADDITION AND TEMPERATURE EFFECTS IN THIN FILM MULTILAYERS

3.1 ANALYTICAL MODEL FORMULATION

An analytical task was undertaken as part of this program to model the
stress behavior of multilayer film stacks in order to identify modes of fail-
ure when exposed to intense laser beams.

Such a model requires at the very least experimentally measured data of
intringic film stresses, thin-film thermal and mechanical properties, dis-
ruptive film thicknesses, adhesion and film breaking stresses. A knowledge
of such properties for the component materials of a thin-film stack should in
principle enable the spatial stress distribution within each film to be coum-
puted when the coating is placed in a spatially nonuniform high energy laser
beam. Predicting the stress levels at which a film system fails involves
measurement of both film adhesion and the breaking stress level; and such
measurements have always proven difficult since models of film adhesion are
virtually non-existent.

The present effort is ailmed principally at providing a better under-
standing of antireflection coatings Jeposited onto window materials that have
large thermal expansion coefficients. Window materials such as potassium
chloride, calcium fluoride and strontium fluoride are extensively utilized
for CO2 lasers and chemical lasers, and all possess much higher expansion co-
efficients than most materials traditionally utilized for antireflection coat-
ings in the infrared region.

As a starting point for this topic it is instructive to describe the be-
havior of a thin disk upon which a stressed film is being deposited at high
temperatures. Since film stress is obtained indirectly by measuring the de-
flection of a thin disk, such an analysis also quantifies sources of error in
the measurement technique.

The substrates utilized for stress measuvements consist of a thin glass
disk whose upper surface {s coated with a partially reflecting metal f{ilm,
which itself can cause a deflection of the disk wg due to its own internal
film stress. When this disk is placed in the interferometer and heated by ex-
ternal sources (Calrod heaters, quartz {fodine lamps, etc.), the disk distorts
primarily because of the existence of vadial and front to back temperature
gradients producing deflections Wg) and Wprp}, respectively. After equilib-
riun {8 es.abiished in the vacuum system, opening of shutters and exposure to
a hot vapor source can introduce short-term temperature gradients that produce
a deflection wg at thie start of evaporation. Such thermal deflections occur
when film stress is low since films appear Lo approach zero stress at zero
thickness, and this effect can introduce large errors in the measured stress.
A continuous deflection occurs during deposition, the rate of deposition being
proportional to the stress if the film thickness increases linearly. This de-
flection we(t) is used to calculate the intrinsic film stress of the film
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material knowing the elastic properties of the substrate. As the coated disk
is conled to room temperature after the film is deposited, deflections are
caused by radial and front to back gradients Wgo and Wyrg2 as during heating
together with a deflection Wppp caused by any mismatch in thermal expansion
of the film and substrate. The amount of deflection Wppp depends on both the
expansion coefficient mismatch and the elastic properties of the film and
substrate. A further deflection WpyR can cccur when the substrate is exposed
to air.

The deflection of the disk during these processes is the sum of all these
effects, i.e.,

w=wg * Wy Foprgy Y gt wg(t) ¥ wpy +wppgy *ouppe gy @
and the experimental conditions must deduce the deflection due to film stress
We(t) from the total deflection w. The above expression pertains to a single
film being deposited onto a flexible substrate. When multiple films are de-
posited at the same temperature, the deflection caused by the ith film pro-
duces small stress changes in all the preceding films, a phenomenon we de-
scribe as stress relief. Fortunately, we will show that the stress changes
caused by additional deformation of the substrate are exceedingly small and
can be neglected when the total film thickness is much less than the substrate
thickness. The deflection obtained for multiple films can be represented as
a sum of the deflections due to the individual films, the intrinsic stress of
all preceding films being unaffected by the addition of the ith £ilm at con-
stant temperature.

Since the intrinsic stress for most film materials varies with thickness

it is important to understand the relationship between unit stress g(t) and
the stress calculated from the disk deflection equations (S(t)) . The value

§(t» is calculated from the total deflection of the disk W at s particular
film thickness and, as such, is a weighted average of the unit stresses g(t)
of all the infinitesimally thin layers of thickness dt that form the growing
film. When the unit stress in the material {s constant, then g(t) = (S(t)) ’
but this is not the case for thin films since the measured stress tends toward
zero at zero thicknesses. All of the experimental methods for stress wmeasure-
ment provide the weighted stress (S(t)} ; however, the unit stress g(t) is a
more fundamental quantity for modeling the behavior of multilayer films and
this functlion can be derived from the experimentally measured values of (S(t))
as will be shown.

The total deflection of the thin disk during film growth at a constant
temperature is therefore the sum of the first five terms in equation (2), i.e.,

W os mC + uRl + u’E“I‘BI + ',LS + u}f(t)

In the experitents carried out during this program, the deflection due to the
partially transparent gold film on the top surface of the substrate is assumed
to be small and of constant value during ff{lm deposition. Similarly, since
the thin disks ave allowed te reach thermal equilibrium over a long time

period, the deflections caused by radial and front to back gradients w,, and
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WFTB, are assumed constant and small. This assumption is valid Auring «
measurement since the change in fringe intensity due t) such gradients is
monitored during the heating cycle until the changes become negligibl, small,
of the order of one or two fringes per hour.

The time dependent disk deflection at constant temperature during deposi-
tion is therefore

w(t) = wg(t) + wy(t)

where W_(t) is the deflection causad by opening or closing the shutters lo-
cated beneath the substrate and by exposing the disk surface to the hot vapor
source either by opening a source shutter or by heating the evaporant material.

The contribution from the opening and closing of substrate shutters can
be extremely large, especially if a film has been previously deposited onto
the disk; however, these transients can be allowed to die away before film
deposition is started. Thermal fluxes from the hot source material cannot be
so conveniently minimized and can contribute large errors at the start of
film deposition, where the intrinsic stress is changing most rapidly during
the nucleation and island growth phase. A mathematical description of the
behavior of an absorbing disk coated with a second surface gold reflector il-
luminated by a hot source was attempted during the program in order to esti-
" mate the amount of deflection expected for various sources and substrate ma-
=" 2 terials. The resulting second-order inhomogeneous differential equation that
j : is obtained must be evaluated numerically to obtain the temperature gradients

2 in the disk and the correspouding time-dependent deflections. This analysis
» Fo was not pursued since experimental measurements for uncoated thick disks
S utilized during the measurement program showed that such effects were small,
amounting to an error of 100 kg/cm? at most for the various substrate materi-
als used. A rigorous thermal analysis is stil) required for the case of a
coated disk since thermal stresses due to expansion mismatch may produce large
apparent stresses. These source-induced deflections were minimized by pre-
heating the evaporant with the source shutter open, and evaporation was ini-
tiated by increasing the power to the electron beam gun.

A

: f{ . Expressions are derived in the following paragraph for the various de-
j . flection contributions described atove for a thin disk together with the re-
. lationship between the measured stress <§(t)> and the more fundamental unit

3 stress O(t). The effect of stress relief is calculated and the influence of
thermally induced stress due to expansion coefficient mismatch and thermal
3 gradients are derived for a single film. The results are then utilized to
E . describe the bebavior of a multilayer coating under conditions of changing

S temperature.

g? 3.2 DEFLECTION OF CIRCULAR PLATES DUE TO A SINGLE STRESSED FILY

3 Although the equation for the deflection of a thin disk due to 2 stressed
B ) coating has been derived by many authors, we include the derivation here for
B the sake of completeness. The equation for stress and deflection derived in
the following discussion assumes that:
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(1) The film properties are uniform; i.e., unit stress is uniform in
a plane perpendicular to the direction of film growth

(2) The disk is stress-free and no twisting moments exist within the
material or are induced in the disk by the deposition of a thin
film 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 disk is bent to a sphere by the film and the neutral surface of
the disk assumes a sphericity r, as shown in Figure 13. The film showm in
Figure 13 is under tensile stress, and the deflection, w, of the neutral
surface due to the film stress is for small deflections.

2
D
w =5 3)

The bending moment, M, and the disk radius, r, are related by (Ref. 10)

M

1M
r  A(l+V)

%)

where

3
A= —ER ()

12(l-v2)
and
rh/2+t
J o(z)zdz (6)
h/f2

=
1

Here the material parameters are

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

z from the neutral surface)

Combining equations (3), (4), and (5), the deflection (4) in terms of the in-
duced bending moment, M, of equation (6) becomes

3 (5)w

10. S. Timoshenko, Theory of Plates and Shells, 2nd ed. (McGraw-Hill, New York,
1959) p. 43.
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The stress measured during an experiment is the average stress, <S> , and this
value is a function of film thickness since the unit stress depends upon film
thickness. The relationship between experimentally measured stress (S) and
the unit stress g{z) can be obtained by considering the origin of the bending
moment due to a film of thickness t at a distance h/2 from the neutral surface
producing a deflection that is equivalent to the 2xistence of an average
stress (S) in the film a distance h/2 from the neutral surface, i.e.

t
= j o(t) (h/2+t)dt = h (s) t/2 (8)
(o]

The unit stress at any thickness can therefore be obtained from measured data
as

h d
olt) = (h+2t> dt { € t} )
which for the case where t <g<h/2 reduces to the form
oty = (s) +c - (s) (107

Equation (7) can now be written as

h/2+t

-2 (1_23)(%) Jow(B+e)ae (11)

hf2

% (1 V)( \( (s) t (12)

so that the average film stress measured at some thickness t is

E
1

£

i\ J
(s) - 3(1‘\» (1; (u (13)

1f this function is continuously calculated during film deposition, the uait
stress at any point in the film can bc obtained from equation (10).

3.3 UNIT STRESS CURVE FITTING

A knowledge of the unit stress function for a given coatirp material
completely describes its stress behaviovr and {s utilized for calculating the
deflection of a disk when coated with multiple films.

During the eariy portion of the program, the stress behavior of thorium
fluoride was weasured for different substrate temperature disposition rates
and angles of incidence for film thicknesses up to 1.5.m (see Section &) and
showed that the stress always approached a constant value as the film thick-
ness increased. These equilibrium values were slightly different for the
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various deposition conditions but the functional form of the stress variations
were similar. Later measurements for zinc selenide and cerium fluoride showed
a similar behavior with increasing film thickness although the rate at which
the equilibrium value is reached is greatly different for each material under
comparable evaporation conditions-

In order to characterize the materials in a convenient mathematical form,
data points for the average stress were fitted to a polynomial by least squares
methods

& -

[ e =}

a tk (14)
1 k

This procedure gives a good fit to the average stress curve for n ranging

from 4 to 1V; however, when the unit stress is computed from the fitted curve,
the existence of local maxima and minima between data points results in wildly
oscillating values of unit stress.

An alternative data fitting process was investigated whereby a mathemat-
ical expression is assumed for the shape of the unit stress curve based upon
the functions that have been used to describe nucleation phenomena in *hin
films., The nuaber of clusters per unit area above critical size in a growing
film after an »vaporation time t can be written (Maissel and Glang (Ref. 11 3})
as

N(t) = BL (1 - exp(-I*D‘rat)> (15)
ra

where D is the surfac. diffusion coefficient and I* is the nucleation fre-
quency. If we assume that the unit stress in a thin film is proportional to
the number of clusters, N{t), then the unit stress function car be written as
a function of film thickaess x as

N(x)

ol(x) = a =

(16)
where N” is the saturation number of nuclei on the substrate. Consequently,
g(x) = aLl —exp(-bx)} (17)

and the measured stress becomes

(S(x)) g - al 1 -g:p(fbx)] (18)

The stress behavior of thin films of ThF, for large thicknesses also shows a
decreagse in the equilibrium stress value, which can be thought of as a stress
relief effect to the growing number of defects (cracking) as the .[ilm thickness

11. L.1. Maissel, R. Glang, Handbook of Thin Film Technolcgy, (McGraw-Hill,
New Yerk, 1970) p. B8-15.




increases. Such an effect is modeled by assuming a unit stress function of
the form

o(t) = aexp (-bt) {1 - exp[ (b-c)t]} (19)
where the term exp(-bt) modifies the stress for large thickncsses.
The average measured stress can be renresented by

1 t
(se) =< f g(t)dr (20)
o

for t << h/2 and, consequently, the form of this function from equation
(19) is

(&) = b—at 'Ll -exp(-bt)] - c;"‘t |1 —exp(-ct)] (21)

The constants a, b, aud ¢ are calculated from a set of average stress data
points <Si(ti)> such that the expression

1 - 2
; 7
W= L | <Si(ti)> - —bii [l—exp(-bti)]+—cii[l-exp(-cti)"}i (22)

is minimized.

The fitted average stress curves are shown in Figures 14 and 15 for
thorium fluoride and zinc selenide thin fiims. These curves are generated
f-om experimental data using the above curve fitting codes, and this procedure
enables the data to be reduced to three constants for each type of film. These
constants vary with deposition conditions as described in Section 4 but pro-

; vide a convenient input to a computer model of stress additiom in multilayer
-3 structures.

3.4 STRESS RELIEF EFFECTS

3 When a stressed thin film is deposited onto an uncoated disk, the deflec-
. 3 tion of the disk causes a small amount of stress relief to occur in the film
f -t material. Alternatively, {f an external force is applied to the center of the
) 3 plate such that the deflection produced by the {ilm is rvemoved, the film is
elungated and the true value of film stress is larger than {f the plate were
3 allowed to bend freely. Such striess relief effects also eccur when filas are
1 added to an existing maltilayer structure since a deflection of the plate
' elongates or contracts the previously deposited {ilm stack.

3 Fortunately, the magnitude of this effect s very small and such consid-
eration can be neglected for stress addition in multilayer films. The amount
cof stress relief can be caleculated from the unit elongation, ¢, (Figure 16)
which occurs when the curved plate is fiattened, i.e.,
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Since the radius of the plate, r, is much greater than its thickness, this
elongation can be written

h 8wh
bl (24)

The initial radius of the plare is related to the plate deflection as given in
equation (3) and, consequently, the unit elongation can be written

¢ = L (25)
D

From the definition of Young's modulus for the film material, the induced
stress is

QEfwh

o - (26)
D2

The corrected value of film stress including the stress relief term is thus

2 4E wh
4Es hey/w f
(s) total ~ 3(1-v) <D )(Z) + 2 27
or, alterunatively,
2, . E .
_ _L4Es__ (h) &lz\L £ t
(8) te~al = T(iony (o/ \e) L1 E_ 3-v) (28)

The correction term can be seen to be small, involving the ratio of film thick-
ness to substrate thickness, t/h, assuming that Young's modulus for the film,
Ff¢, and the substrate, Eg, are of comparable size. Consequently, stress re-
lief effects are nof included in the data reduction codes for film stress.

The expressions derived thus far relate to deflections of a thin disk
caused by the unit stress function and stress relief as the film is being de-
posited at constant temperature. When the film/substrate combination is cooled
in vacuum after deposition, the disk undergoes detlections caused by thermal
gradients and differences in expansion coefficient of film and substrate ("bi-
metallic effects").

3.5 THERMALLY INDUCED STRESS

Since thin films are usually deposited onto hot substrates, the measured
values of intrinsic stress pertain to the deposition temperature, and large
changes {n intrinsic film stress can occur when the zvated substrate is cooled
after film deposition. During cooling, differential contraction of the film
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and substrate due to an expansion coefficient mismatch produces stress changes
in the film assuming that no slippage occurs at the film/substrate boundary.

1f the film/substrate system undergoes a uniform temperature change AT,

the unit elongation of film and substrate is € and €s respectively, i.e.,
€ =
g = O AT
€ =
s = O AT

where o and @ are the thermal coefficients of expansion of the film and
substrate material.

Since the film is assumed to adhere to the substrate, it cannot physically
elongate more than the substrate elongates; hence, the excess elongation of the
film (€ - €5) can only be preveated by the presence of a compressive stress

0f = Eg(0g - AT (29)

The values of the expansion coefficient and the Young's modulus for thin films
are usually unknown and bulk values are normally utilized for calculation pur-
poses. Since the thermal stress changes can easily exceed the intrinsic stress
established during deposition when films are deposited onto high expansion sub-
strates, a method of measuring both quantities was developed using the stress
interferometer and is described in Section 5.

3.6 STRESS ADDITION IN MULTILAYER FILMS

. th .
Using the expressions derived above, the stress in the {  film of a
multilayer stack deposited at a temperature T; can be written as

oi(t) = Aiexp(-Bit)[l - exp(-Cit)]+Ei(ai-as)(Ti-To) (30)

where To is the final tempersture of the multilayer stack. The above expres-
sion neglects stress relief effects and assumes that the themmally induced
stresses are reversible, i.e., no phase changes or film interdiffusion occurs
during formation of the multilayer stack. The constants Ay, Bj, Cy arc the
measured atress coefficients that can depeud upon the deposition conditions.

If each film has a thickness t;, the total bending moment after deposition
at some equilibrium temperature T, is given by ’

h/2+ ¢ty
p
Morack = ! Logt@) vE (@) -G ) (T, - T )] 2dz
h/2
B2+t +e,
+ J [02(2)*'52(0%“03)(T2 -To)] zdz +... 3
h/2+¢)
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or in terms of the stress coefficients

k
h/2+ 3
m " j=1
Msrack = T J {A; exp(-B 2)[1 - exp(-C;2)]
i-1
k-1
h/2+ ¢
j=1
+ Ei(ai - as) (Ti - TO)} decoo (32)

This expression is a measure of the force acting at the substrate/stack bound-
ary tending to separate the films from the substrate.

The corvresponding deflection of the substrate is obtained by substituting
the above expression for M into equation (7), i.e.

3 /1-v) /D
Wrorar ~ 2 (wi'sl) <;§> Msrack (33)

I1f a multilayer stack is formed of materials having opposite stress char-
acteristics it is sometimes possible to arrange for the net bending moment to
approach zero after the film substrate combination is cooled to room tempera-
ture. Such a film system is usually incorrectly referred to as a zero stress
system; however, failure can still occur within the film stack if the sum of
the intrinsic and thermal stress is allowed to exceed the breaking stress in
any layer. Similarly, the bending moment at intermediate boundaries can ex-
ceed the boundary adhesive forces resulting in delamination.

As an aid to describing the stress behavior of thin film systems, a com-
puter code was completed during the program to determine the stress level in
the component films of multilayer film stacks. The model utilizes the meas-
ured values of the stress coefficients, Ay, Bk, and Cg, together with measured
data for thin film expansion coefficients and Young's modulus. This enables
stress changes to be determined in each film in the stack at various uniform
temperatures. In addition, the total bending moment is calculated for the
substrate/film boundary.

The prime motivation for measuring film stresses is to discover methods
of changing the intrinsic stress by altering deposition conditions, by utiliz-
ing mixtures or by investigating the influence of radiation (UV, visible) upon
film formation. The intrinsic stress of ThF, films has been found to be rela-
tively insensitive to deposition conditions, whercas ZnSe films show large
changes in intrinsic stress with changes in rate and temperature.

37




SECTION 4

INTRINSIC STRESS MEASUREMENTS

4,1 MATERIAL SELECTION

During the present program two widely utilized infrared materials, tho-
rium tetrafluoride and zinc selenide were investigated in detail and several
measurements were made using thallium iodide and cerium fluoride material.
Thallium iodide was investigated late in the program because of its increas-
ing importance in the fabrication of IR window antireflection coatings and
HEL metal dielectric mirrors (Ref. 12). Cerium fluoride was also character-
ized to some extent since it is used extensively as a protective overcoat for
FLIR windows.

- 4.2 DEPOSITION CONDITIONS - EXPERIMENTAL

During the present investigation, deposition of ThF4, ZnSe, TlI, and CeFj
were carried out using an electron beam source. Changes in vapor incidence
angle for a single deposition were obtained by rotating the interferometer
to provide incidence angles of 07, 20°, 30°, and 40° resulting in slightly
lower vapor deposition rates and higher spatial nonuniformity in film thick-
ness at higher incidence angles. Changes in deposition rate for the various
materials were obtained by altering the input power to the electron beam gun
source. During a single evaporation, the entire interferometer system was
. enclosed in a stainless-steel housing and heated by a large spiral Calrod
E heater at the top of the chamber. Deposition could te made at temperatures
up to 250°C, and the temperature of the substrates was measured using a single
thermocouple attached to one of the interferometer housings.

4.3 INTRINSIC STRESS IN THORIUM TETRAFLUORIDE FILMS

Variations in intrinsic stress as a function of film thickness were
measured for thorium fluoride films up to 2.0 ym in thickness. Stress meas-
urements were made primarily utilizing Cer-Vit disks since previous measure-
ments (Figure 12) showed that the calculated stress values were relatively in-

;gék 3 dependent of the substrate material. Unfortunately, later measurements for
e ZnSe films showed large stress differences for films deposited onto Cer-Vit
‘8 and KCl.

4.3.1 Deposition Rate Dependence

;1 The intrinsic stress in ThF, wmaterials (Flgur; 17) shows a small depend-
ence upon dcposition rate, low rates (15-20 Als) producing a tenzile stress

N of *1400 kplcm while higher rates of 75 A/s produce lower tensile stresses
N _ of +1100 kg/cm?.

12. M.C. Ohmer, Private Communication, Alr Force Materials Laboratory, Wright-
Patterson AFB, Ohio.
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4.3.2 Substrate Temperature Dependence

Variation in substrate temperature between 100°C and 2(.- C has little
effect upon the intrinsic stress at large thicknesses (Figwre 18); however,
the quasi-equilibrium value is reached for smaller film thirknesses as the
substrate temperature is reduced. A previous measurement o ThOF, deposition
at ambient temperature is included in Figure 18 for comparison.

4.3.3 Dependence of Stress Upon Incidence Angle

Figures 19 and 20 show the variation of stress wit. incidence angle for
two different substrate temperatures. At extreme angles (>40°) the stress
levels at large thicknesses exhibit a large decrease 7or the 150°C deposition,
whereas deposition at 200°C produces a well-defined minimum stress level be-
tween 1.0 and 1.7 pm mechanical thickness. These changes are relatively un-
important since large vapor incidence angles are avo.ded if possible in most
thin-film depositions.

4.3.4 Nonuniform Stress Distribution in T@EérFilms

The experimentally m2asured values of intrinsic stress for ThF; show
little dependence upon incidence angle or substrate temperature and a mild de-
pendence upon deposition rate. All measuremerts indicate a variation of unit
stress with thickness with a maximum stress vcsurring at a thickness in the
0.25-um range. The effect of such a stress 'rariation of unit stress with
thickness can be seen when cracked films of ThF,; are viewed through an inter-
ference microscope as shown in Figure 21(a). The cracked film was produced
by depositing ThF; (A/4 at 10.6 um) onto KCl at 1C0°C and heating to 250°C in
vacuum after deposition. The flakes siow zircular fringes iundicative of a
slow variation of unit stress with filn thickness.

4.3.5 Stress Coefficients for ThFQ ¥Films

Stress coefficients were measured for a ThF, film A\/2 at 10.0 um using
best fit routines. Thin film was deposited ¢t 200°C. The unit stress being
given by three coefficients:

it

1057 kg/emd
5 x 10-8
12.5

¢RI
1t

n

4.4 INTRINSIC STRESS IN ZINC SELENIDE FILMS

Intrinsic stress measurements for ZnSe films show a much larger depend-
ence upon deposition conditions than do measurements obtained for ThFg films.
Measurements were made for films up to 2.4 um thick (~3/2 at 10.0um) at
deposition temperatures of 200°C, 150°C, and 200°C for three rates of deposi-
tion, the highest and lowest deposit{on rates being limited by the vapor
source characteristics and the chamber configuration.
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The dependence of intrinsic stress for ZnSe is shown in Figures 22, 23,
and 24 and indicates that a large amount of stress control can be obtained by
varying the source rate. Low deposition rates of 2 to 4 A/s produce high
compressive stresses in the 2800 to 3200 kg/cm range whoreas the highest rates
of deposition, 20 to 25 A/s, produce compressive strasses in the 1100 to
1800 kg/cm? range.

This reduction in stress is offset to some extent by an increase in in-
trinsic stress with substrate temperature.

4.4.1 Stress Coefficients for ZnSe Films

Stress coefficients for various rates and temperatures for zinc selenide
films (A/2 at 10.6 ym) are given in Table 2.

TABLE 2, STRESS COEFFICIENTS FOR ZnSe FILMS

Temperature Rate

o @d/s) A B c
100 2.6 -5150 2.05 25.0
100 18 -2100 v. 95 56. 0
100 18 -1866 0.58 60.0
150 4.4 -3300 0.20 80.0
150 20.0 -2200 0.9 68.2
150 24.0 -2384 0.9 76.3
200 3.0 -4640 1x 1079 9.0
200 19.0 -3800 0.01 21.5
200 24,0 -3020 0.44 82.5

4.4.2 Nonuniform Stress Distribution in ZnSe Films

In general, the rate of rise of stress with increased film thickness for
ZnSe films is much faster than for ThF; films and is followed by a steady de-
crease with an increase in thickness. Observation of flakes of zinc selenide
films (Figure 21(b)) tend to confirm this thickness-dependent stress behav-
for showing predominantly straight line fringes four most of the cracked
samples observed.

4.5 INTRINSIC STRESS IN THALLIUM IODIDE AND CERIUM FLUORIDE FILMS

Deposition of thallium f{odide films (0./2 at 10.6 ;.m) at rates of & 3/5
and 20 Afs shows that the stress in this material is extremely low. Using
the thinnest fused silica slides available {0.18 »m thick x 19 mmn diameter)
the maximum fringe count obtained corresponded to a stress of less than
SO kg/cm?. This compares with previous values measured for thinner films by
Ennos (Ref. 5) of 200 kg/cm?.
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Cerium fluoride films were also evaluated and show highly tensile be-
havior together with a small disruptive film thickness. The variation of
tensile stress for this material is given in Figure 25.
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SECTION 5

MECHANICAL PROPERTY MEASUREMENTS

S.1 EXPANSION COEFFICIENT AND YOUNG'S MODULUS DETERMINATION FOR THIN-FILM
MATERTALS

Experimental values of the thermal expansion coefficient (@) and Young's
modulus (E¢) for a thin film can be obtained using the four-channel interferom-
eter system by observing the total deflection caused by thermally induced
stress, Figure 26 shows the output from two interferometer channels during
deposition of a film of ThF4 (A/4 at 10.6 pm) and during subsequent cooldown.
This film is deposited onto Cer-Vit and KCl disks and the thermally induced
stress contribution is sufficient to produce a large tensile stress (+3400
kg/cm?) for ThF, on Cer-Vit and a large compressive stress (-1400 kg/cm?) fer
ThF; deposited onto KCl. When zinc selenide films are deposited onto KCl in
this manner the large initial intrinsic stress -(1500 - 3000) kg/cm2 together
with a thermally induced stress offv2400kg/cm2 is usually sufficient to crack
the films by compressive film failure at the -4000 to -5000 kg/cm2 stress
level.

Initial experiments using uncoated disks of various materials showed that
substantial fringe changes occurred upon heating and cooling presumably due
to temperature gradients (radial and front to back) existing in the flexible
disks. Experimental measurements were therefore made using all four inter-
ferometers and coated and uncoated disks of each substrate maerial. Fringe
changes were utilized on cooldown since this results in a much lower cooling
rate than during the heatup cycle,

The values of expansion coefficient and Young's modulus can be obtained
from the expressions for the thermally induced deflection of a thin disk, i.e.,

3(L-v. x .2
s M Ve (g -
YT \h>nf(“f ag) (T =T,)
where (T, ~Ty) is the total temperature change, .5, vg, and Eg being the ex-
pansion coefficient, Poisson's ratio, and Young's modulus, respectively, of
the substrate.

For two different substrate materials each coated w.th a film of thick-
ness t the thermally induced deflections are

3= vt 012\
GO T ("t?l—/ Eglag - a)) (T -1T))
3(1 - vz)t 0,
wy T (g:} Eg(Gp = ay) (T-T))
2 Z
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Consequently, the values of thie film constants oF and E¢ are given by

QWA , - QA

a

£7 wihy why
E_ = 22
£ A, @ -a)t@-T)
where
2 2
3(L-v)) Dy 3(1-v,) D,
A = ( ) and A, = )

1 4El h1 2 AEZ khz

characterize the substrate properties.

In all experimental determinations the deflections w] and w, correspond

to the differences in deflection between the coated and uncoated substrates,
l.e.,

W @q)c - @q)uc

W2 = (wz)c - (wz)uc
5.2 EXPERIMENTAL RESULTS

The typical changes that occur during heating, cooling, and reheating of
coated and uncoated disks of different materials are shown in Figure 27. Here,
disks of Cer-Vit and KCl are coated with ThF, material, and the fringe changes
as a function of temperature are used to compute the expansion coefficient and
Young's modulus of the thin-film material as shown above.

Measurements were made of thin films of ThF,, ZnSe, TII in this manner and
the results are summarized in Table 3.

Emphasis was placed on obtaining values of o, for thorium tetrafluoride
since measurements of this matevial in single crystal form by Van Uitert (Ref.
13) show that the expansion coefficient is small and negative in the region
from 0 to 200°C. The experimental values for thin f{lms consistently showed
a large positive value both for measurements made during cooldown and imme-
diately after the film was deposited and during subsequent reheating cycles.
Different pairs of substrates (XCl + Cer-Vit and KCl + ZnSe) were also used
for these experiments and gave similar results.

The expansion coefficient of thallium {odide material was so closely
matched to that of the KCl substrate that » discernible difference in the
fringe changes could be secen for the coated and uncoated subsioatrs.

13. L. Van Uitert, et al.,, Mat. Res. Bull. 11, 669 (1976).
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TABLE 3. EXPANSION COEFFICIENT AND YOUNG'S MODULUS DETERMINATION

Substrates Film Film Expansion Young's
Utilized Material Coefficient (Qf) Modulus (Ef)

KC1l, Cer-vVit ThF4 13.3 x 10-6/°C 4.3 x 10S kg/cm2
KC1l, Cer-vVit ThF, 11.1 x 10-6/°C 3.9 x 10° kg/cm2

KCl, ZnSe THE, 18.1 x 10°%/°c 6.8 x 10° kg/cm”

KCl, ZnSe ThF, 15.1 x 10°%/°¢ 4.3 x 10° kg/cm2

KC1, ZnSe TiI 36.0 x 10”8/°¢ 2.3 x 10° kg/cm®

KCl, Cer-vVit ZnSe 8.1 x 10‘6/°C 4.2 x 10S kg/cm2
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SECTION 6

SUMMARY AND CONCLUSIONS

The work performed during the present program has resulted in

s Fabrication of a four-channel stress interferometer system that is
capable of measuring stress levels in films as they are being de-
posited in the form of single layers or as part of multilayer films.

® A new experimental technique has been established whereby the thermal
expansion coefficient and Young's modulus of thin-film materials can
be measured interferometrically,

e A computer code has been developed that utilizes the experimentally
measured values of intrinsic stress, expansion coefficient, and
Young's modulus to model the stress levels in multilayer coatings
when subjected to a changing uniform temperature environment.
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APPENDIX A

WAVEFORM ASYMMETRY FOR CAT'S-EYE INTERFEROMETER

The waveform asymmetry obtained from a cat's-eye interferometer can bhe
modeled by using the field equations for Gaussian beams given by Kogelnik and
‘ Li (Ref. A-1). Figure A-1 shows the multiple reflections arising from appar-
ent beam waists at distances 26, 406, 60, etc., due to a mirror separation 0.
These spherical waves having Gaussian amplitude profiles are all described at
a point z along the axis by a radial electric field given by

E(r,z) = i <%§> exp[-j(k2<-¢)] exp[-r2<~%-+ %%) (A-1)
iy

where
. /"“’ L
R(z) = 2 1+\ ) (4-2)

; by |
2P
wi(z) = w1 ( \ (a-3)
:i‘- VW 1/
(E ¢(2) = tan” -523 (A-4)
3 ﬂwl

Here w, is the beam waist at the first mirror and z is the distance to the
summation point of the apparent beam waists.

The radial intensity wi, &,, %q, etc., at a point zy is therefore obtained
as a coherent sumnation of all the spherical waves reflected by the mirror
surfaces whose individual amplitude reflectivities are given by R} and R;. The

radial intensity can be written as
y:- ti p T P r2 ikrz i Pi : r2 krz
. 1(r,2) = & T < exp| -j(ke,-g,) - L5 ta— | T L expl +i(ke, -g,) - o - KD
B : - g3 i & “ R 1 - 2 &R.
PR i=1 71 Wy igi= 1 W, i
< i i
| (A-5)
SN A-1. H. Kogelnik, T. Li, Proc. IEE, Vol. 54, No. 10, p. 1312 (Oct. 1966).
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% where the individual reflection coefficients, Pi’ are given by

; P1 = Rl
2
P2 = (1- Rl) R2
2 n-1 n-2
Po= (1-RDT ®TT(R))

o g
I3

The values of w;, ¢; and R; are obtained from equations (A-2), (A-3), and
(4-4) by substituting for the various axial distances, i.e.,

2 =2, + 2(n-1)§

. where § is the displacement of the second mirror surface due to the film being
deposited.

The expression for the radial intensity was obtained by minimal calcula-
tion of the first 10 terms of the series, and these values were numerically
integrated over a given detector area to obtain the shape of the detector
output as the mirror spacing was altered.

The computed waveform asymmetry becomes large as the mirror separation

is increased, and the shape of the waveform asymmetry matches that obtained
in practice.

Gaussian Intensity
Profile

Radially Stearced Reflected Wavefronts

Figure A-1
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