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INVESTIGATE MATERIAL SYSTEMS FOR MIRRORS USED

IN HIGH POWER CO AND CO2 LASERS

by
R. W. Stewart

FINAL TECHNICAL REPORT

ABSTRACT

This report and the two preceding semiannual reports present the
results of eighteen months of research aimed at demonstrating the via-
bility of a mirror structure concept formed by sputter deposited
materials. The mirror concept would be used in high energy CO, COZ’ and
other infrared laser systems at the infrared wave length of 10.6 um.
Briefly, the mirror concept consisted of a support with sequential layers
of a highly polishable sputtered deposit, a high reflectivity metal over-
layer, and a minimum number of quarter-wavelength reflectivity enhancement
coatings. Sputtered deposits of Cu-1 vol% SiC on a variety ot metal sub-
strates provided surfaces that could be reproducibly polished using
conventional techniques to an rms roughness of 20 R or less. Although
the desired reflectivity of 99.5% in the sputter deposited silver over-
layer was not achieved, values of ~99.2% were obtained. Sputter-deposited
germanium and CdTe were found to have optical properties near those of
bulk material. Sputter deposition of quarter-wavelength reflectivity
enhancement coatings therefore appears feasible. The results of limited
laser damage testing were exceptional considering that there was not time
to optimize material | roperties. The laser damage threshold as measured
by BNW for a superpolished Cu-1 vol% SiC deposit was between 35 and

136 jou]es/cmz; and was 44 jou]es/cm2 for a sputtered silver overlayer.
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INVESTIGATE MATERIAL SYSTEMS FOR MIRRORS USED

IN HIGH POWER CO AND CO2 LASERS

by

R. W. Stewart
FINAL TECHNICAL REPORT

INTRODUCTION

The purpose of this report is to present and discuss results of
work during Phase III of an investigation of material systems for high
reflectivity infrared (IR) mirrors used in high energy CO and CO2 lasers.
Phase III is the third and final phase of an 18-month research program
conducted by Battelle Northwest Laboratories (BNW) in cooperation with
the Naval Weapons Center (NWC) at China Lake, California.

The overall objective of the total program was to demonstrate the
feasibility of a mirror structure concept for providing the damage
resistance required for use in high energy laser systems. Briefly, the
mirror structure consisted of a support with sequential layers of a (1)
highly polishable sputtered deposit, (2) a high reflectivity metal over-
layer, and (3) a minimum number of quarter-wavelength (A/4) reflectivity

enhancenent coatings. Details of the mirror structure have been presented
(1, 2)

previously.

The Phase I work dealt with development of the highly polishable

(<15 R rms) sputtered deposit; and metallurgical characterization,
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polishing, surface roughness and optical absorption techniques.(]) In
Phase 11, the development concentrated on the high reflectivity metal

overlayer, although problems with reproducibility of sputtered deposit
properties and polishing techniques required a larger than ant{cipated

amount or attention for resolution.(z) The Phase 111 work centered on

development of reflectivity enhancement coatings and evaluation of laser
damage on Cu-1 vol% SiC and silver, with some effort devoted to com-

pletion of work on providing dispersion hardened coatings for evaluation,

determination of the influence of recrystallization on surface finish

and evaluation of silver overlayers deposited by dc sputtering.

TOTAL PROGRAM SUMMARY

TECHNICAL PROBLEM
The ultimate objective of the program was to estabiish optimum

mater‘al parameters for obtaining high performance mirrors for use in
high energy lasers. Specifically this goal was to be met by employ-
ing sputter deposited materials for the various elements of a mirror
structure concept consisting of the following components:
1) A metal mirror support upon which the sequence of layers
indicated in 2, 3 and 4 below are formed.
2) A hard, stable, fine-grained, sputter-deposited (=0.25 mm thick)
material, whose principal property is its ability to be

(¢}
mechanically polished to a surface roughness of < 20 A rms.

3) A thin sputter-deposited high conductivity metal overlayer

for improving mirror reflectivity.




4) A two-component A/4 reflectivity enhancement coating

sputter-deposited on the metal overlayer for further

improvement of mirror reflectivity.

The program was divided into three phases--work in Phase I

emphasized the polishable material, Phase II emphasized the metal over-

layer, and Phase III emphasized the reflectivity enhancement coating

and laser damage evaluation. The specific objectives for the three

phases as presented in the contract, are given below. Comment is pro-

vided in the Technical Results section concerning the modification in

the cbjectives found to be necessary during the performance of the

work.

Phase I

Objectives, in order of priority:

1)

Investigation of sputtering metal onto metal substrate and sub-
sequent polishing which results in either (a) a surface
exhibiting an rms surface height of 20 K, or (b) definition
of procedures necessary to attain that smoothness. Initial
substrate selection - OFHC copper and at least one other
candidate material.

Sufficient characterization of the prepared samples to allow
identification of those approaches most likely to result in
further improvements.

Development of supporting instrumentation,

(a) Calorimeter for mirror absorptance measurements with

10% accuracy operational,




(b) Scattered light measuring instrument operational,
(c) Study of feasibility of optical heterodyne technique for
roughness evaluation started.
Initiation of investigation of low pressure sputtering for
high reflectance metal overlayer.
Phase 11

Objectives, in order of priority:

1) Reach a decision as to whether a sputtered metallic overlayer
can be achieved which exhibits an absorption of less than
0.005 at 10.6 . and, if not, achieve such an absorption by

vacuum deposition.

Electrical and metallurgical characterization of the high
reflectance overlayers and correlation with optical properties.
Initiate deposition of reflectance enhancing dielectric
coatings.
Laser damage studies initiated.
Evaluation and, if possible, laboratory demonstration of the
optical heterodyne technique complete.

Phase 111

Objectives, in order of priority:

1) Dielectric enhancement coating identified and satisfactory

depositions made.
2) Curved mirror with 1.43 meter radius of curvature, 1.52 inch
diameter exhibiting absorption of less than 0.001 at selected

wavelengths between 2 y and 10.6 y fabricated.




3)

Data fcr extent of and threshold for damage in developed
mirrors obtained.

In addition to the above goals, a general goal will be to try the

techniques (sputtering, polishing, overcoating, etc.) developed herein

on as many candidate substrate materials as the program schedule allows. '

GENERAL METHODOLOGY

The approach utilizes laboratory scale sputtering technology for
the development of a mirror structure with subsequent characterization
and evaluation of the structures formed with respect to metallurgical

and optical properties.

TECHNICAL RESULTS

Phase 1

As summarized below objectives 1, 2 and 3 were successfully
accomplished. Time and funds did not permit initiation of activity
on objective 4.

The original concept that dispersion hardened sputter deposited
material would exhibit improved polishability was demonstrated. A
surface roughness of = 15 A rms was consistently obtained by mechani-
cally polishing sputtered 0.3 mm thick deposits of copper, dispersion
hardened viith 1 vol% SiC. This marked the first time that a surface
roughness < 20 A rms had been obtained by mechanically polishing a metal
surface. The material properties of principal importance contributing ;
to this result were found, in order of importance, to be a small and

stable grain size < 0.4 um, material homogeneity, with some contribu-

tion from increased hardness. In addition, a sufficient amount of




dispersoid (SiC) nust be introduced into the copper to ensure micro-
structural stability in the temperature range where the mirrors are
expected to operate. Recrystallization which may occur at prolonged
operation at elevated temperatures results in increased surface rough-
ness and resuced reflectivity. The principal deposition parameters for
reproducibly achieving the required material properties were
established.

hipparatus for absorption and surface roughness measurements was

(1,2) A theoretical

developed and satisfactorily placed into use.
] analysis was performed which indicated that use of an optical hetero-
dyne technique for surface roughness measurement was feasible. In

addition, the application of Homarski Differential Interference Con-

trast Microscopy was found to be very useful for qualitative surface

roughness evaluation. The bowl-feed polishing technique for quartz

initially prescribed by Michelson Laboratory was found to be unsuitable

for polishing the Cu-1 vol’ SiC sputtered deposit. Therefore, the develop-

ment of a bowl-feed polishing procedure based on a cloth lap and a
colloidal carbon slurry by BNW was considered essential to the success- f
ful completion of Phase I. In subsequent work at Michelson and other j
laboratories it was founda that adjustment of the pH of the polishing

slurry resulted in the ability to obtain the desired surface roughness

and mirror figure with conventional bowl-feed techniques. :
Phase 11
As summarized below, objectives 1 and 2 were only partially 1

accomplished. Within the time and funds provided it was not possible f
to initiate work on objectives 3 and 4. Objective 5 was eliminated
from the program through mutual agreement with Michelson Laboratories
at the Naval Weapons Center, China Lake, California.
Thin (- 1500 ) sputter-deposited pure copper and silver high

conductivity Cu-1 vol. SiC overlayers were deposited on smooth




(<20 A rms) polished, dispersion hardened, Cu-1 vol% SiC substrates to
reduce IR absorption in the surface. Maximum reflectivity of 99.12
and 99.2% and minimum absorption of 0.887% and 0.23% were obtained for
copper and silver, respectively. This absorption is 0.2-0.3% higher
than expected based on total reflectivity measurements on UHV evaporated
copper and silver films. Both rf-diode and dc-supported plasma
sputtering techniques produced essentially the same properties in the
overlayer deposits. The principal deposition parameters important to
maintaining low surface roughness and obtaining high reflectivity in
the overlayer were deposition rate and substrate temperature. The
goal of obtaining a reflectivity of 99.5% was not met.

Although outside of the scope of the original program, dispersion
hardened sputtered deposits of Cu-1 vol% SiC on OFHC copper were pro-
videc to three independent laboratories, at the request of Michelson
Laboratories. A1l demonstrated that the sputtered deposit could be
polished to < 20 R rms surface roughness with one laboratory repro-
ducibly obtaining = 15 R ros.

Phase 111

As summarized below, objectives 1 and 3 were successfully

accompliched. Objective 2 had been eliminated during discussions with

M. J. Stickley. DARPA. which took place during the Phase I period of

the contract.

;

The results of the initial experiments on sputter deposition of

g ———

candidate materials for A/4 reflectivity enhancement coatings were

encouraging. Sputtered deposits of both germanium and CdTe had proper-

ties close to those of bulk material. The values obtained for refi active




index of germanium and CdTe, and absorption index of germanium plus

density, composition and structure data indicate that the use of such

materials for A/4 stack reflectivity enhancement coatings is feasible.

Threshold values for laser damage were established on two mirror

surfaces. On one, u superpolished dispersion hardened Cu-1 vol% SiC

alloy surface, two different values were obtained which depend on the

method used to analyze damage. One value, determined from the maximum

diameter of the damage area and the laser beam energy density resulting

from a full beam exposure at that diameter, was 136 joule/cmz. The

other, determined by extrapolation of the relationship between damage

area diameter and attenuated laser beam energy density resulted in a

value of 35 jou]e/cmz. It is pertinent to note that the 136 joule/cm2

threshold is « 300% higher than previously observed on polished metal

surfaces.

The second mirror surface subjected to laser damage evaluation

was a superpolished dispersion hardened Cu-1 vol% SiC alloy surface

with an = 1500 K sputter-deposited silver overlayer. Using the extra-

polation damage analysis nethod above, a damage threshold of 44 Jjoule/

cm2 was obtained.

The development of reflectivity enhancement coatings did not

reach the point where laser damage studies could be initiated.

Deposition of silver reflectivity enhancement overlayers by dc

sputtering was found to result in essentially the same reflectivity as

obtained by rf sputtering.
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In discussions with Michelson Laboratories it was agreed that

although outside of the scope of the original program, the work sum-
marized ir. the following was necessary. A duplicate of the differential
calorimeter developed by BNW for mirror absorption measurements was
assembled, tested and provided to Michelson Laboratories to augment
their optical characterization capability. Recrystallization of a

Cu-1 vol% SiC deposit at 450°C was found to increase the surface rough-
ness from 19 K to 50 Z rms.’«Deposits of Cu-1 vol% SiC were made on
polished molybdenum,Cuv2 wt% Be and TZM alloy substrates for evalua-
tion by Michelson Laboratories and BNW. The different substrates did
not have any measurable effect on deposit polishability and the 16 Z rm
surface roughness obtained by Michelson Laboratories was essentially

identical to the 13-16 A rms range obtained by BNW.

DEPARTMENT OF DEFENSE IMPLICATIONS

The results of the program indicate that BNW high rate sputtering
technology could be beneficially used in the fabrication of high perfor-
mance mirrors for use with high energy lasers. Without opportunity for
optimization, the materials developed proved to be highly polishable
with resistance to laser damage beyond that known to be available from
other methods of fabrication. It is the opinion of BNW that additional

work on the utilization of sputtering technology for mirror fabrication

be initiated.




IMPLICATION FOR FURTHER RLSEARCH

The work in this contrcct was aimed at establishing feasibility
for utilizaticn of high rate sputtering technology in several areas
of research and to that end was successful. Future work on application
of high rate sputtering should proceed in two parallel paths. One path
would consist of mirror fabrication for test and evaluation, based on
the existing state-of-the-art. The other would pursue research on
mirror materials and optimization of thejr properties for use in

mirror fabrication.

10




SPUTTER DEPOSITION AND EVALUATION OF REFLECTIVITY

ENHANCEMENT COATINGS

The objective of this research was to determine if candidate di-
electric and/or semiconductor materials for A/4 reflectivity enhance-
ment coatings (REC) can be deposited by sputtering to obtain the

required optical properties at 10.6 um wavelength.

EXPERIMENTAL PROCEDURE

Sputter Deposition

Both Ge and CdTe materials were deposited in a modified conven-

tional diode radio-frequency (rf) sputtering system. It consisted of

an 18-in. stainless steel water-cooled bell jar sealed to the base
plate and top plate with Viton-L gaskets. The bell jar was pumped with
a standard 2400 i/sec oil diffusion pump combined with 140 2/min :
mechanical pump, and trapped with a high conductivity, high efficiency
liquid nitrogen trap.

The electrode arrangement is illustrated in Figure 1. The sputter-
inj target was located in the center of the lower baseplate. The sub-

strate was located directly above and supported from the top plate.

The distance between the two electrodes could be varied from 3/4 in. to

4 'n. A removable shutter could be introduced at any selected position

i el S

in the space between the electrodes. Most frequently, when in the
closed position, the shutter was approximately i/8 in. from the sub-
strate surface. In must cases the target-substrate distance was

1.25 in.

1




For Ge the deposition rate was varied by changing the rf forward

power between 100 and 500 watts, corresponding to a target power
density of - 1.6 watts/cm2 and 8 watts/cmz, respectively. The relation
between deposition rate and power density is presented in Figure 2. The
substrate temperature was varied from 3°C to 400°C. It was measured by
a thermocouple located in the substrate holder adjacent to the substrate.
The wedge-type clamping arrangement of the substrate in its holder
2nsured good heat transfer between the two. Since it was clamped at
the circumference, however, temperature gradients in the substrate were
assumed to be present, at least in the case of NaCl and ZnS substrates.
Use of several variations in deposition parameters were attempted
for deposition of CdTe on germanium, NaCl, 5102, and OFHC copper sub-
strates. A1l deposits however, made at power densities above 3.2
watts/cm2 had increased surface roughness and partially peeled from )

the substrate.

The germanium and CdTe sputtering targets were obtained from
Haselden, Inc., San Jose, California. The material purity as quoted

by the vendor was 99.99% for germanium, and 99.999% for CdTe. These

targets were placed in a copper dish at elevated temperature (=100°C)
to permit shrink fitting for firm holding in the dish upon cooling.
Subsequently the target assembly was bolted to a water-cooled staging
platform associated with the rf feedthrough electrode. This system
for target attachment was used rather than an eutectic bonding pro-
Cedure to minimize possible target contamination. Although cracks
formed in the targets during use, they were not large enough to cause

Contamination from the copper backing.

12



The sputtering gas was AIRCO Argon Special Order Grade 4-1i

certified 99.999% pure. The system gas pressure (normally = 1 x 10'2
torr) was maintained with a Granville-Phillip's pressure controller,
coupled with a Schultz- - helps' ionization vacuum gauge. The pressure
and gas flow in the bell jar were regulated by a controller-operated
needle inlet valve and a pump throttling valve. The latter was located
at the pumpout port in the baseplate. The gas flow rate through this
valve was selected by installing a suitable orifice in the valve plate.
During system pumpdown, or whenever maximum conductance was required,
the valve was renioved. Typical deposition conditions for both

germanium and CdTe were as follows:

Target Substrate Spacing 1.25 inches

Argon Gas Pressure 1 x 1072 torr

Target Power (13.56 MHZ) 3.23 watt/cm®

Substrate Temperature 5-300°C

Substrate Potential dc-Floating, rf-Grounded
Deposition Rate 0.125 ym/min germanium,

0.7 um/min CdTe

Technique for Evaluation of Optical Properties

The optical properties of a material are determined by its complex
index of refraction, n = n + ik, where n is the refractive index and
k the absorption index. Determination of the refractive index requires

deposition of the candidate material, i.e., germanium or CdTe, on trans-

parent substrates with significantly different indices in the wavelength ;
range of interest. Transmission spectrophotometry can then be used to

determine the optical thickness of the deposit. An independent




measurement of physical thickress permits determination of the refrac-

tive index. Briefly, the procedure for determination of optical
properties is given 1n the following:

e Transmission spectrophctometric observations 2re first per-
formed on a relatively thick deposit h = 20 pm, to determine
opticai thickness. The optical thickness is then derived
using the physical thickness estimated from deposit weight
and area. This information permits determination of the
sputtering run duretion necessary to deposit A/2 thickness
layers on the transparent substrate.

e Material absorption is determined by depositing a A/2 thick
layer on a super-smooth metal substrate whose absorption has
previously been determined. The actual optical thickness of
the layer is then determined by reflection spectrophotometry.
This sample is next subjected to a calorimetric absorption
measurement. The absorption index of the deposit is deter-
mined by comparing the observed absorption increase to that
calculated with a computer program, using the absorption
index, k, as the independent parameter.

A trief outline of the theoretical background and details of the

absorptiun measurement technique and calculations are presented in

Appendix A.

RESULTS AND DISCUSSION

Substrates of both NaCl and ZnS were used in the investigation of
the optical properties of sputtered germanium. The results are dis-

cussed separately below.

14




Germanium on NaCl Substrates

Physical Properties

Germanium deposited on NaCl at substrate temperatures in excess of 150°C
had increased surface roughness, a fcqgy appearance, and frequently separated
from their substrates either during deposition or upon removal from the sput-

tering system. As determined by x-ray diffraction, & lower substrate tempera-

tures (i.e., 5°C) the germanium deposits were amorphous while at a
substrate temperaturc of 300°C they were polycrystalline with a pro-
nounced fiber structure. The growth direction in the fiber texture
was <100 perpendicular to the substrate, and the grain size was
approximately 0.1 um. The exact transition temperature from amorphous
to polycrystalline was not determined, but it is of interest to note
that the 300°C temperature where we ubserved polycrystalline structure
was lower than the 330°C reported by Krekorian.(3 ) It should also be
noted that since our deposition rate was about 10 times higher than
Krekorian's our crystallization temperature should be higher than
330°C. Mo explanation can be offered for this observation.

Optical Properties

Sputtering conditions and spectrophotometer data showing results
obtained with NaCl substrates are listed in Table 1. Values for opti:al
thickness were obtained by measuring the wavelength separation between
maxima and minima on the spectrophotometer trace. En*ries in Table 1
for refractive index were obtained by self-consistent analysis of the
magnitudes ot the transmission at quarter-wave points (near 10.6 um

wavelength) as presented in Appendix A. For this series of measurements
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the spectrophotometer was 1mproperly balanced. Consequently, the

entries for n and h are to be considered as estimates only.

values for the refractive index, n, are within 1.5% of the 4.0 value

for bulk germanium,.

Estimated

Table 1. Sputtering Conditions and Spectrophotometer

Results for Germanium Deposited on NaCl

Deposition  Substrate Optical Derived(])
Duration  Temperature Thickness Refractive Thickness-h
Deposit (sec) ("C) __ _nh (gm) Index-n (um)

3 7200 Cold 23.62 4.058 5.82

6 3600 10 20.55 4.058 5.06

7 3600 47 22.58 4.006 5.56

9 60 155 - - n. 155

10 120 146 .842 4 22 .209

11 180 162 1.359 4.031 .337

14 3600 42-56 27.199 4,035 6.741

(1) Derived from optical thickness and refractive index

The slope of the absorption edge is generally considered an

indicator of the purity of the sample, pure germanium exhibiting

a sharp edge. A comparison of the absorption edge of Ge-NaCl #5

and bulk polycrystalline germanium is given in Figure 3, which

shows the external transmittance in the wavelength range 1.3 ym < 2 <

2.6 ym. The transmittance of the deposit changes more slowly

with wavelength than that of bulk germanijum. Significant transmission

of the deposit can be detected at A = 1.7 um, where sinusoidal

dependence of transmittance on wavelength, characteristic of

16




interference effects, is evident. In the trace for bulk germanium,

discernible rise above zero transmittance does not occur until about

A = 1.76 um.

An estimate of the dependence of refractive index and absorption

(i.e., dispersion) for the deposit, Ge-NaCl #5 can te made from the
data shown in Figure 3. Theory predicts that the deposit-substrate
combination should possess the transmission of the substrate at half-
wave points, i.e., maxima in the trace for Ge-NaCl #5 shown in Figure 3,
while the distance between maxima and minima is determined by the
optical thickness of the layer. This analysis indicates that the
refractive index changes from approximately n = 4.21 at A = 1.7 um to
n=4.058at » = 2.5 um. Over the same wavelength range, comparison of
observed transmittance of the combination to that calculated for NaCl
indicates that the absorption of the deposit decreases from approxi-
mately 0.9 to 0.6. This decrease is probably due to free carrier
absorption. Whether the additional free carriers are due to structural
defects or impurities is not known at this time. Difficulty with
unpredictable flaking of germanium deposited on NaCl substrates prompted
a change to ZnS substrates. Experience with these deposits is given in
the following section.

Germanium on ZnS Substrate

Physical Properties

The physical properties of germanium sputter deposited on ZnS sub- i
strates were substantially the same as those observed for acceptable
deposits on NaCl substrates. Problems with lack of deposit adherence

and variability of deposit character over the surface of the substrate

17



were not encountered with ZnS substrates. Experience gained indicates
that ZnS is a much more suitable substrate for sputter deposition of
germanium than is NaCl.

Optical Properties

Results of optical characterization of germanium deposits on ZnS
substrates are given in Tabie 2. No index values were obtained for
deposits I and II because of improper balance on the spectrophotometer.

Table 2. Data Obtained from Germanium Deposited
on ZnS Substrates

Optical Derived?)  physical(3) )
(1) Thickness Refractive Thickness-h Thickness SEM

Deposit nh (um) Index-n (um) (um) Thickness

I 26.76 . 6.68(%) BE 5.5

11 21.19 - 5.29(%) 5.36 4.25
11 23.22 4006 5.80 5WG -
4.703  4.106'2) 1.4 : L

2)

2.369  4.047(2) .58 - "

Deposited at substrate temperature below 200°C
Derived from optical thickness and refractive index
Measured from mass and dimension of deposit
Determined by scanning electron microscope (SEM)

Determined using the refractive index of deposit III

It is of interest to note that the thickness derived from self-

consistent analysis of spectral data agrees with that estimated from
deposit mass and arva to within 10%. The germanium d2posits of Table 2

therefore possess index and density close to bulk germanium.

18




A representative spectrophotometer trace of deposit Ge-ZnS #III

(Table 2) is presented in Figure 4. External transmittance of a ZnS
substrate is also presented. It is to be emphasized that the self-
consistent analysis described in Appendix A and used to derive numbers
in Table 2 does not include the absorption index k. Theory predicts
that for films with half-wave thickness, i.e., nh = m A/2, and with

k = 0, the sptical properties at any wavelength i of the deposit/
substrate combination are only those of the substrate. At half-wave
points a zero absorption deposit layer should have the same optical
properties as the substrate. Accordingly, in the trace for Ge-ZnS #111
shown in Figure 4, if the film has k = 0, the transmission maxima of
the deposit-substrate combination should coincide with the external
transmittance of the substrate. Some loss due to the deposit is
evident in the trace. Consequently, index values derived from the
trace of Figure 4 are not accurate. The loss is low, however, because
the trace for the deposit-substrate combination gets very close to that
for the uncoateu substrate at transmission maxima.

Deposits IV and V of Table 2 were made as a final step in prepara-
tion for deposition of a half-wave thickness (%) layer on a metallic
substrate for film absorption determination. The object of these
deposits was to obtain A/2 and A/4 layers to minimize the effects of
absorption on index determination and to obtain deposition rate data
pertinent to the deposition of a A/2 layer on metal. Spectral data for
these deposits are shown in Figure 5. Optical thickness of the deposits
as determined from the data in Figure 5 are actually slightly less than

desired, but the ratio nh(IV)/nh(V) = 2.002 is within 0.1% of the factor
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of 2 required. Since duration of the sputtering run was the only

difference between deposits IV and V, this serves as evidence that
deposits of desired thickness can be obtained by accurate control of
deposition conditions and duration of deposition. The average of
indices obtained from spectral data for deposits IV and V was n = 4.07.
That value was used in calculations for determination of absorption
index k by comparison to absorption measurements.

Germanium on Cu-1 Vol% SiC Superpolished Substrate

Reflection spectrophotometric data for a half-wave thick germanium
layer deposited on Cu-1 vol% SiC superpolished (~17 R rms) BNW mirror
substrate 044#30 are shown in Figure 6. Using the wavelength difference
between maxima and minima, the optical thickness of the deposit was
determined to be nh = 5.383 um, within 1.6% of 1/2 at 10.6 ym. Low
but finite absorption is evident since the trace for the combination
does not touch that for the substrate at reflection maxima. Plots of
reflected energy versus absorbed energy for both the metal surface and
the half-wave germanium layzr deposited on that sample are shown in
Figure 7. The absorption is derived from the slope of the curves,
as discussed in Appendix A. The /2 thick germanium layer was found :
to increase absorption by 3.95 x 10-3. The complex index of the metal

substrate surface was determined to be (n2,k2) = (24.83,76.42) using

arguments presented in Appendix A and the absorption of the metal as

derived in Figure 7. Using the complex index of the substrate; the
absorption of the deposit/substrate combination; deposit thickness and i
refractive index; and the method discussed in Appendix A; the relation-

ship between absorption index of the deposit and the calculated
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absorption of the deposit/substrate combination illustrated in Figure 8
was obtained. Determination of the absorption index of the deposit is
accomplished through the relationship in Figure 8 by simply finding
that value which predicts the observed at* -tion, Figure 7. The

values obtained from the above analysis are presented in Table 3.

Table 3. Optical Constants of /2 Ge-Cu-1 Vol% SiC Combination

Surface .
Roxghness, Absorption
Material , rms (%) (n,k)
Substrate 14 1.526 * .045 (24.83, 76.42)
Combination 27 1.921 t .036 -
A/2 Germanium = .395 t .087 [4.07,(5.1241.1)x10-3]
Layer ’

The significance of these data is discussed in the following. The
germanium deposit exhibits an intensity absorption coefficient(iﬁk) of
about 60 cm']. This may be compared with the value obtained by Spicer
and Donovan(4) who quote an upper limit of 10 cm'] for the absorption
coefficient in evaporated amorphous germanium deposits for wavelengths
greater than about 2.5 um. More recent results on germanijum deposits
made by physical vapor deposition indicate an absorption coefficient

1

of about 40 cm ' at 10.6 um.(5) Thus the absorption coefficient in

sputtered germanium appears to be higher than that reported by other

investigators.
The reasons for the larger absorption coefficient exhibited in

sputtered germanium may lie partly in the fact that the deposition
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conditions were not optimum for obtaining minimum absorption, and
partly due to uncertainty as to the purity of the sputtering target.
Other workers(S) have demonstrated that the purity of the starting

material is important to obtaining a Tow absorption coefficient.

Cadmium Telluride on Germanium and NaCl Substrates

Cadmium telluride deposits were made on NaCl, germanium, 5102,

and OFHC polished copper substrates, all at low substrate temperatures

(<10°C). Analytical results obtained from selected deposits are

presented below.

Physical Properties

The CdTe deposits were all polycrystalline exhibiting a fiber
structure, even at a substrate holder temperature of 3°C. Based on
x-ray diffraction the structure was cubic containing a large number of
stacking faults probably due to the influence of deposition conditions
on growth. The growth directiun of the cubic structure was mainly
<111> perpendicular to the substrate. There was no evidence of any
other phase than CdTe. The crystallite size appears to be in the range
from C.1 um to 1 um. Uncompensated electron probe measurements of |
composition indicate a Te-Cd weight percent ratio of 1.135 compared to

a theoretical ratio of 1.13. The deposit is therefore nearly the

stoichiometry of CdTe.

3 Optical Properties

Work with CdTe proceeded to the point where satisfactory deposition
conditions were established, and thick deposits for spectrophotometric
analysis were made on both germanium and NaCl substrates. Data obtained

from the deposits is presented in Table 4. External transmittance data
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Table 4. Data on CdTe Deposits'!)

Optical (2) Derived(z)
Thickness Optical Thickness Physica1(3) 4
nh Refractive h Thickness Refractive( )
Substrate (um) Index-n (um) (um) Index

Germanium 57.06 2.69 21.21 21.0 2.65
Germanium 13.26 2.63 5.05 4.9 2.7
NaCl 61.77 2.56 24.13 20.8 2.97

Deposited at substrate temperatures of 305°C at a power density
of 3.2 watts/cmz.

Derived from optical thickness and spectral data.
Measured from mass and dimensions of deposit.

Derived from optical and physical thickness values.

for two of the CdTe deposits on germanium substrates are compared to
that of a germanium substrate in Figure 9. The transmittance enhance-
ment behavior expected from deposition of a low index layer on a high
index substrate, is evident, even for the very thick layer. A qualita-
tive estimate of "low" for the absorption of these deposits can be
projected on the basis of the degree to which the transmittance for

the coated samples approach that of the germanium reference sample at
half-wave points. The trace for the / 9 um thick deposit layer
actually touches that for the substrate at A = 6.56 um and is extremely
close to it at » = 8.85 ym and A = 13.5 um. At these points the trans-
missivity of the sample is within 0.64% of the theoretical transmissivity
of the substrate. Although quantitative absorption measurements were

not made from these data a low absorption deposit is indicated.
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External transmittance for a thick CdTe layer on a NaCl substrate
is presented in Ficure 10. Physical thickness is estimated to be
20.8 um on the basis of mass increase and deposit area, while trans-
mittance data yield a thickness of 24.13 um. The value derived from
transmittance data is undoubtedly more accurate, since the refractive
index obtained from the mass-area estimate predicts a transmittance at
quarter-wave points of 48.9:, far from the value of 59.0% actually
observed. This result is not surprising, but is also not completely
understood. The simplest explanation of the discrepancy postulates
that the NaCl substrate may have lost mass prior to and during
deposition.

Detailed results of analysis of spectral data for Figures 9 and
10 are given in Table 4. Agreement hetween optical and physical esti-
mates of index and physical thickness for the deposits on germanium
substrates is strong evidence that the deposits possess density and
index near that of bulk CdTe.

Towards the end of the program, conditions for satisfactory
deposition of CdTe on OFHC copper were established. The samples were
prepared for the purpose of qualitative measurement of absorption.
Reflection spectral data was, however, not obtained, but the deposits
exhibited excellent mirror appearance under optical microscope

evaluation.

CONCLUSIONS
Although considerable additional work ¢n characterization of

the deposits and improved definition of optimum deposition conditions
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are required, the results indicate that deposition of optical quality
materials by high rate sputtering is indeed possible. The approach
may prove to have significant advantages in preparation of optical

films for applications in the IR regime.

o e e o Bl e e L s el S T

25




EVALUATION OF LASER DAMAGE ON SPUTTERED COATINGS

In this part of the program, work was directed toward determination
of the extent of, and threshold for, laser damage at 2 = 10.6 um on
polished samples of sputter-deposited Cu-1 vol% SiC, with and without
a sputtered silver overlayer. Experiments on two BNW mirror samples
were conducted in the Energy Beam Physics Laboratory at Battelle-

Columbus (BCL).

EXPERIMENTAL PROCEDURE

Laser Parameters and Beam Diagnostics

The arrangement of the optical components, the vacuum system and
the sample position in the laser damage experiments, are presented in
Figure 11. A Lumonics TEA-CO2 laser with 60 joule multimode output
was used. The laser was forced to oscillate in the TEM00 mode by

inserting an aperture of one cm diameter inside the cavity near the

germanium output mirror. Energy output in the TEMoo mode was 0.55 joule.

In the cavity, the rear mirror had a radius of 21 m, the front mirror
was flat and the distance between them was 1 m. Total beam energy was
measured by a Hadron Model 107 cone calorimeter. A Rolfin Ltd. photon
drag detector was used to determine the time history of the laser pulse.
A pair of folding mirrors near the laser directed the beam to the sample
cnamber, approximately 9 m from the laser source. A system of 3 flat
mirrors, two of which were external to the target chamber. was used to
bring the beam to the focusing mirror, f = 20 cm. Sample. were mounted
on a movable stage such that the sample surface was in the focal plane

of the 20 cm mirror. Total beam energy was observed external to the
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target chamber, just in front of the 3-mirror system. The photon drag
detector was mounted inside the chamber and could be arranged to detect
either the unfocused beam or the beam reflected from the target.
Operation in the TEMoo mode was extremely sensitive to laser
cavity alignment. Cavity alignment was repeatedly checked by observing
the burn pattern produced on Thermofax paper by the unfocused beam at a
position of 1.5 m from the laser, and by monitoring the total energy
output on the calorimeter. Total output was found to be a sensitive
indicator of fundamental mode operation: maximum output of 0.55 joule
consistently corresponded to a round spot on the Thermofax paper.
Slight misalignment resulted in detectable lobes in the burn pattern
and a decrease in beam energy. Energy delivered to the target was ‘
0.52 joule, reduced from the 0.55 joule value by 6% due to the input
mirrors and the salt window on the vacuum chamber. Controlled attenua-
tion of the beam to values below 0.55 joule was achieved by the use of
12 different combinations of attenuators. Detailed distribution of
energy 'n the focal spot was determined by observing the focal spot
radius produced on cellulose acetate as a function of beam attenuation.
In addition to the full beam exposure, attenuators with transmission
between 0.66 and 0.012 were used. Therefore average incident energies
(TiE) of 0.55 j » TiE > 0.0066 j were available for determining beam
profile. Calibration of the attenuators was verified by both calori-
metric observations and comparison of photon drag detector signals.

Peak energy density in the focal spot is wo with the unattenuated

beam, T = 1. Since cellulose acetate possess a definite threshold value,

there exists some critical transmission, Tc for which no effect on the
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material will be observed for an incident maximum energy density of
Tcwo. For a Gaussian beam, the radius rs produced on the material when
the beam nasses through an attenuator with transmission Ti is related
to T. and the 1/e radius of the intensity distribution, a, by

%  erlrya)? (1)
A least-squares fit of a Gaussian curve to a plot of (Tc/Ti) versus r,
thus allows determination of both Tc and a. Calorimetric measurement
of total beam energy E, then allows definition of Loth the beam profile
and threshold for the material. Results, illustrated in Figure 12 show

that the beam profile is given by

2
W(r) = Hoe'(r/a) ,» where (2)
- i + . 2
wo = Eo/na = 251 21 joule/cm®,
a = 0.0256 * 0.001 cm,
Tc = 0.0143.

Since the 1/e radius of a Gaussian beam from a 1-cm aperture focused by :
a mirror of 20-cm focal length is 0.0259 cm, the value 0.0256 * 0.001 cm ’

for "a" verifies fundamental mode operation. The uncertainty of 8.6% !
in wo was estimated from the statistics of the least square fit.

Typical time dependence of output power in the TEMoo mode is pre-

sented in the photon drag detector record in Figure 13. Partial mode-
locking is evident in the rapid oscillations (figure 13-b). Due to
these modulations in the beam instantaneous peak power density in the

focal spot could therefore be significantly higher than the average
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power. The equivalent pulse, i.e., the square pulse at p2ak amplitude

which encloses area equivalent to tiiat of the actual pulse, has a

duration of 47C nsec. Equivalent average power density in the focal

8

spot is thus 5.3 x 10 watts/cmz.

Sample Characterization Before Testing

To permit determination of the effects of surface roughness on
laser damage threshold in these materials each sample was subjected
to extensive characterization prior to damage experiments. Optical
absorption at 10.6 um was determined using the BNW ca]orimeter.(] )
Scattering measurements of surface roughness were obtained at four
positions each alcng two diameters of the sample, separated by 90°.
Nomarski photomicrographs of surface topography were obtained in

regions ne.r those where scattering measurements had been made. A

total of four samples were subjected to this extensive characterization.

Because of a time limitation, only two samples were used in the damage

experiments.

To determine if improvement in damage resistance could be realized
with a sputter deposited silver overlayer, a comparison between the
superpolished Cu-1 vol% SiC alloy and a sputtered silver surface was
obtained. The sputtered Cu-1 vol% SiC alloy was deposited on super-
polished Cuv2 wt% Be mirror support, BNW 045 #39. The silver overlayer
was sputter deposited on Cu-1 vol% SiC using techniques previously
described in this report. The sputter deposition of Ag on sample #012

o
changed the surface only slightly resulting in about 2 A rms increase

in surface roughness from that of the original surface. Typical
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pre-test characterization data for the samples used in these experi-

ments are given in Table 7.

Table 7. Results of Pretest Characterization of Samples
for Laser Damage Experiments*

10.6 um Surface
Absorption Distance from Roughness
Sanple Material % Edge, cm R rms
045 =39 Cu-1 voli Sic 1.74 3.15%* 13.7
on Cu-2 wt: Be 2.64 15.1
Substrate 2.14 17.5
1.63%* 15.4
0 12 Ag Overlayer on 1.1 3.06 18.0
Cu-1 vol. SiC 2.55%* 21.0
Support 2.04 21.0
1.54 20.0

* Data obtained frcm one major diameter on each specimen.

** Laser damage exposures near these positions.

Technique for Determination of Damage Threshold

Original plans called for determination of damage threshold by
in situ observation of a micro-discharge at the position of exposure,
a technique suggested by others.( 6) To avoid contaminetion of the
mirror surface, a low pressure liquid nitrogen-trapped system was used.
The pressure in the system during damage experiments was maintained
between 2 x 10°% and 5 x 1072 torr. This, however, was apparently too
low to permit formation of a visible plasma. Observation of the exposed
region with a 10X telescope revealed visible flashes only occasionally

at maximum intensity. Since no reliable in situ means of estimating




{

damage threshold was available, it was decided to use postexposure
analysis for determining threshold.

Two methods for determining threshold values by examination of ex-
posed regions were established. One method relies on relating the
damage area produced by the unattenuated beam to the energy distribution
in the beam. The "threshold" for laser damage is derived from the
energy density at the largest radius, Equation (1), at which a change
in surface conditions can be detected in a damage area resulting from
a full unattenuated beam exposure. The second method is similar to the
analysis used to obtain basic beam parameters. If it is assumed th-*
the material under investigation possesses a definite threshold value,
then the radius r of the damage area produced by an exposure through
transmission T. should be determined by Equation (1), with the experi-
mentally determined value a = 0.0256 cm. A plot of 1n(Ti) versus
(r]./a)2 should be a straight line with an intercept at r = 0 of 1n(Tc),
where Tcw0 is the value of transmitted energy density producing no
observable effect on the sample. Both methods were used on Cu-1 vol%
SiC. Only the second method proved applicable to exposures on the
silver sample since the incident laser beam produced a melted spot
with no indication of beam interaction outside the spot, Figure 16.

RESULTS

Evaluation of Damage on Superpolished Cu-1 vol% SiC Specimen

A Nomarski photomicrograph of a damage area resulting from the
unattenuated beam incident on the Cu-1 vol% SiC specimen 045 #39 is

illustrated in Figure 14. The damage area at the resolution of the

photo can be roughly divided into four damage levels. The first




indication of change in surface condition occurs at a radius of about
0.02 cm. This is indicated in Figure 14 as position 1. A slight dark-
ening of the surface, indicating a slight change in surface topography,
can be seen at that radius. A more pronounced change in surface texture
can be seen at position 2 (+0.016 cm radius). This change strongly
suggests enhanced interaction of the beam with scratches and blemishes.
At position 3 (+0.011 cm radius), large scale distortion of the surface
is observed. Finally, a molten metal region is observed at position 4
(v0.0023 cm radius). Energy densities corresponding to the radii at
each of the positions as derived using the beam parameters given in
Equation (2) are presented in Figure 14. The threshold for change in
surface conditions can thus be taken to be approximately 136 joule/cmZ,
corresponding to the outermost detectable change in surface condition.

In two other full-beam exposures on Cu-1 vol% SiC (sample 045 #39),

the inner structure of Figure 14 was not reproduced in detail, but the
boundary associated with increased interaction with surface topography
was reproducible. A central spot of increased damage and its character-

istic radius was also evident in other full-beam exposures. The value

of 136 £ 10 jou]es/cm2 is therefore judged to be a valid value of the
threshold for the interaction between the wings of the Gaussian focal
spot and the surface on this sample. If 136 jou]e/cm2 however, is to
be interpreted as the threshold for damage, then exposures with the

beam passing through attenuators with transmission less than 0.54 %o

provide 136 jou]es/cmz, should produce no effect on the sample. This

was not observed to bc the case.
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Results obtained by the second method of analysis of damage on

Cu-1 vol% SiC 045 #39 sample are illustrated in Figure 15, a graph of
ln(Ti) versus (ri/a)z. The radii used were the maximum at which sur-
face effects could be observed for the beam attenuation Ti used in the
corresponding exposure. The intercept at r = 0 yields a threshold
attenuation value of TC = 0.139. The energy density derived from this

attenuation threshold is 35 jou]es/cm2

In summary then, the above data indicate that the two methods of
evaluating damage threshold produce diff:rent results. This subject
will be treated in the Discussion section.

Evaluation of Damage on Silver Coated Specimens

A Nomarski photograph of damage produced by 2 typical unattenu-
ated exposure of the silver coated sample is illustrated in Figure 16.
The most striking aspect of this damage is that, in contrast to the
results on the Cu-1 vol% SiC specimen, no effects which can be unambig-
uously related to interaction with surface topography can be seen. The
general appearance exhibited in Figure 16 was reproduced in all exposures
on the silver coated sample. The attenuated beam produces melting,
presumahly in the center of the focal spot, with the radius of the
molten region decreasing with increasing attenuation. Application of
the second method of damage analysis as above for Cu-1 vol% SiC results
in the curve illustrated in Figure 15. An attempt to apply the first
method to the damage area resulting from the unattenuated beam produced
inconsistent results. Extrapolation of the data in Figure 15 for the
silver overlayer to r = 0 results in an attenuation Tc = 0.175 which

corresponds to a damage threshold of 44 jou]es/cmz. Exposures on the
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silver sample were made at various positions along a diameter. Since
no evidence of debonding was observed the silver overiayer was felt to
be in excellent thermal contact with its substrate over the entire
mi.ror surface.

Evaluation of Damage by Other Laboratories

In independent earlier evaluations conducted by the Nava! Weapons
Center and Hughes Research Laboratory at the HRL damage facility,
threshold values of 140 joules/cm2 and 60 jou]es/cm2 were found for
Cu-1 vol% SiC and silver overlayers, respective]y.(G) These values
are consistent with the result for silver, and that for the first
rrocess in Cu-1 volZ SiC reported here. Samples used in that experi-
ment had been subjected to much handling and a variety of other tests,
including FECO* measurements of surface roughness. FECO measurements

require the deposition of silver and contact with a reference flat. No

detailed comparison of results and effects was made. j

DISCUSSION

Damage Threshold on Cu-1 Vol% SiC Specimen

Speculation regarding the origin of the disparate threshold results i
obtained for the dispersion hardened copper sample is ‘.arranted.
Because of the apparent enhanced interaction of the beam with surface
blemishes evident at level 3 in Figure 14, it is likely that the depend-

ence 0f threshold value on method of ar'lysis is related to effects

resulting from instantaneous intensity excursions due to mode-locking
in the beam. Further, since intensity is proportional to E2, where E

represents the electric field strength, it is not unreasonable to

*FECO: Fringes of Equal Chromatic Order.
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suggest that field enhancement due to surface blemishes contributes to
the interaction of the beam with the surface.

Support for this contention is found in an analysis by Bloembergen
who presented an analysis of field enhancement in dielectrics and dis-
Cussed its implications for laser damage in transparent materia]s.(7)
Bloembergen provides an expression relating the field E within an

imperfection to that in the bulk E0 as:

E =—%—:.—- Ey (3)
1+ L—=

€

where L is a factor appropriate to a particular geometry. In the limit,
for metals where the dielectric constant becomes very large, the
relation becomes

E= 7 E,. (4)
For a sphere, L = 1/3 and for a cylinder, L = 1/2. Thus if it is
assumed that a cylindrical groove approximates a scratch and small pits
approximate spheres, fields within surface blemishes can be between
1.5 to 2 times that in the unblemished surface.

The above discussion suggests a mechanism for damage which is
highly sensitive to the detailed time history of the pulse. The differ-
ent threshold results cbtained may be due to variations in degree of
mode locking over the aperture of the laser cavity, but experiments to
verify the existence of such a variation have not yet been conducted.
In the absence of further experiments it is reasonable to suggest that

the 136 jou]e/cm2 threshold value is appropriate for a smooth pulse

with an equivalent duration of 470 nsec. The threshold of 35 joules/cm2
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s probably appropriate for pulses of extremely high peak intensity,

i.e., up to a factor of 10 above the average value of 5.3 x 108
watts/cmz.

Nature of Damage cn Silver Coated Specimens

The absence of fieid enhancement effects in scratches etc. in
damage areas on tne silver coating is believed to be primarily the
result of its higher conductivity to reduce the magnitude of the fields
within the skin depth of the coating. An additional effect of the
higher conductivity is that iie melted areas in silver were much smaller
than those in Cu-1 vols SiC for comparable incident intensities. This
indicates that interaction of the silver coating with the beam outside
of the melted area would not start until higher values of incident
electric field are reached. In addition, the difference in metallurgi-
cal condition i.e., strain, between the polishing scratches in the
Cu-1 vol% SiC surface and the reproductions of these in the silver

coating may contribute to a difference in behavior to laser damage.

CONCLUSIONS

Postexposure methods for laser damage threshold evaluation were
established. One was based on relating energy distribution in the
unattenuated beam to the radius of the aamage area produced. The
other was based on extrapolating the relation between damage area
radius and attenuated beam energy to zero radius. For the Cu-1 vol¥%
SiC mirror the two methods produced different damage thresholds. It is
felt that the true threshoid lies between the 136 and 35 jou]es/cm2

values obtained for the first and second methods, respectively. Only
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the second method could be applied to the silver coating and it

resulted in a damage threshold value of 44 jou]es/cmz. Of interest
were the threshold values of 140 and 60 jou]es/cm2 obtained by the
Hughes Research Laboratory for Cu-1 vol% SiC and silver, respectively.
The distorted appearance of scratches in the damage area on the
Cu-1 vol% SiC specimen suggested that field enhancement effects were
operative. If so, the characterization of surfaces by means of
statistical parameters is of questionable value in the interpretation
of laser damage results. The actual topography at the point of inter-

action would be most important.
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EVALUATION OF dc SPUTTERED SILVER AS A

HIGH REFLECTIVITY OVERLAYER

The evaluation of 1500 A thick copper and silver high reflectivity
overlayers deposited by rf-diode sputtering was reported in Phase II
of the program.(z) The best reflectivity obtained, 99.18% with
sputtered silver, was lower than the 99.5% reflectivity obtained fvom
UHV evaporated silver layers on polished quartz. In an attempt to
improve the reflectivity o, sputtered silver it was decided to employ
supported-plasma dc sputtering in a high integrity spittering system.
EXPERIMENTAL PROCEOURE

The sputtering system and hardware arrangement were the same as
used for deposition of Cu-1 vol. SiC in Phase I of the Droqram.\]) The
sputtering system consists of a small volume, water cooled stainless
steel vacuum chamber of BNW design with the chamber components sealed
with Viton O-rings, none of which «re exposed to the generated plasma.
The vacuum chamber was pumped with a standard 2400 i/sec oil diffusion
pump combined with a 140 2/min mechanical pump, and trapped with a
high conductivity,high efficiency LN2 trap.

The target-substrate and other hardware arrangement is illustrated
in Figure 17. The MARZ-GRADE silver plate used for the target was
simply placed on top of the water cooled dc sputtering electrode.

The 1.52 in. diameter superpolished Cu-1 vol% SiC substrate was mounted
in the substrate holder as illustrated in Figure 17. The substrate
temperature was measured with a thermocouple imbedded in the holder in

close proximity to the mirror substrate. The sputtering gas was
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reagent grade krypton. The system was initially pumped to a pressure

of ~ 10'7 torr before introduction of the sputtering gas. The Sputter-

ing gas pressure in the system was maintained using a Granvi]]e-Phi]]ips

pressure controllier coupled with a Schultz-Phelps jonization vacuum

gauge. Operated as a dynamic system the sputtering gas flow through

the vacuum chamber was regulated by a controller operated needle valve
and varijable conductivity bypass line to the vacuum pumps; i.e.,
Turnishing controlled throttling of the pumps.
Typical conditions were:
Target Substrate Spacing 2.5 cm
Krypton Gas Pressure 1073 torr

Substrate Etch 1 min @ -100V & 5 ma

Substrate Temperature 3 to 225°C

Substrate Potential Floating (= -15 )

Target Voltage 100 v
Target Current 1.7 amp
Deposition Rate = 0.3 um/min
Discharge Conditijons:
Plasma Voltage 24 volts
Plasma Current Z amps

RESULTS AND DISCUSSION

Data on the influence of deposition temperature on surface
(o]
roughness and absorption of the 1500 A thick dc sputtered silver

overlayers are presented in Table 8.
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Table 8. Influence of Deposition Temperature on
Surface Roughness and Absorption of
Sputter Deposited Silver Overlayers

Approximate

Deposition Surface Roughness (A rms)
' Temperature Cu-1 Volz SiC  Silver

Sampie € Substrate Qverlayer Absorption,’

2ampie —_—
T-1 204 max 20 56 0.832 t 0.003
T-2 217 max 15 70 0.855 t 0.034
T-3 168 18 &y 0.893 t 0.C14
T-4 200 17 37 0.845 t 0.027
T-5 120 15 30 0.801 * 0.063
T-6 33 19 19 0.833 ¥ 0.018
T-5% - - 25 0.966 * 0.051
T-6* - - 29 1.011 * 0.081

*After annealing for 2 hrs at 100°C.

Although decreasing deposition temperature yields deposited ]

silver surfaces with roujhnesses near those of the starting substrate,

a corresponding decrease in absorption was not observed. The rougher i

surfaces obtained at elevated substrate temperatures show about the
same absorption. A possible explanation is that the rougher surfaced

deposits made at elevated temperature have larger crystallites and

T

higher conductivity. This would compensate for the loss due tu their

greater surface roughness.

— g

Concerning deposit-substrate bonding it is significant that the

deposits could nci be separated from the substrate by using Scotch Tape,
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thermal shock or mechanical scraping. These results indicate superior

bonding relative to UHV evaporated films, which normally would fail
such tests.

Two of the samples, T-5 and T-6, were annealed at 100°C for two
hours in vacuo in an attempt to increase grain size in the silver and
thus reduce absorption. The absorption of both samples increased.

The increase could either be due to diffusion of substrate material
into the overlayer, or contamination of the overlayer surface by the
annealing environment. Since the annealing furnace was not UHV,
surface contamination was probable. It is important to note that no
consistent increase in roughness due to the anneal was observed. The
roughness for Sample T-5 decreased, while that for T-6 increased.

[t is pertinent to note thst the techniques used in this work for
surface roughness and absorption measurement do not provide the complete
characterization of optical properties required to separate the
influence of deposition and material variables for absorption research.
Although electrical conductivity data would be helpful, the nature of
the anticipated interaction between the silver deposit and its sub-
strate would make resultant data difficult, if not impossible, to
interpret. It is felt that an independent method for determination of

the complex refractive index of tnin, highly conductive overlayers

deposited on conductive substrates in the infrared region of the

spectrum is needed. An ellipsometer operating in the range from 9 to

13 um would be ideally suited to this task.
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CONCLUSION

The possibility of an increase in reflectivity through the use
of dc sputtering was not observed. The properties of the dc sputtered

silver overlayer were comparable to those produced by rf sputtering.

UEPOSITION OF DISPERSION HARDENED ALLOY ON

MOLYBDENUM, CU=2 Wt% Be, AND TZMR ALLOY SUBSTRAIES

Since all previous Cu-1 vols SiC deposits had been made on OFHC
copper substrates it was of interest to demonstrate the feasibility of
obtaining the desired deposit properties on other potential mirror

support materials, such as molybdenum, Cu=2 wt% Be, and TZMR alloy.

EXPERIMENTAL PROCEDURE

The sputtering hardware used was the four-substrate arrangement

(2)

used in the Phase II work. A Cu-1 vol% SiC target was used for all
depositions. The molybdenum, Cu=2 wt’ Be and TZMR alloy substrates

were metallographically polished and cleaned as described ear]ier.(2 )
The deposition parameters were identical to those used in the Phase II

(2)

work.

RESULTS AND DISCUSSION

Deposits were made on two each of the molybdenum, Cu=2 wt% Be,
and TZMR substrates furnished by Michelson Laboratory. One of each
pair of the deposit-substrate combination were returned to Michelson
Laboratory for evaluation. The depcsit thicknesses were 0.323 mm on

molybdenum, 0.39 mm on Cu=2 wt% Be and 0.33 mm on TZMR.
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The remaining deposit-substrate combinations of each pair were
retained for evaluation at BNW. Material was removed from the surface
of each deposit by machining, leaving in each case a deposit thickness
of 0.25 mm. The primary reason for material removal was to ensure
parallelism between the deposit surface and the back surface of the
substrate. Machining the deposit surface was also a good test of
deposit adherence to the substrate. The specimens were polished
using the BNW india ink technique described in earlier work.(] )

Based on the results presented in Table 9, no significant
difference in polishability or optical absorption at 10.6 um was noted
for the deposits on the three substrate materials.

Table 9. Optical Characterization of Cu-1 Vol% SiC
Deposit on Indicated Substrate Materials

Surface Roughness, Absorption,
Substrate ,_rms %
Cu=2 wt% Be 15 1.74
Molybdenum 16 1.61
Tt 13 1.78

The results obtained by Michelson Laboratory using a pitch
o]
lap polishing technique yielded surfaces of =16 A rms roughness and

flatness within 1/4 x (1 = 5461 R).( 6)

CONCLUSION

It waes found that the different substrates did not have any
measurable effect on deposit polishability. The 16 K rms surface rough-
ness obtained by Michelson Laboratory wes essentially identical to the

13-16 A rms range obtained by BNW.
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EFFECT OF RECRYSTALLIZATION ON SURFACE FINISH

Since the Phase 1 work(] ) had established that recrystallization
would occur in the Cu-1 vo17% SiC sputtered deposit at temperatures
=350°C it was decided to determine whether recrystallization would
seriously degrade the surface finish. Accordingly, the deposit on
mirrcr blank LMO44-31 was superpolished to a surface roughness of 19
Z rms. After a one-hour heat treatment at 450°C in vacuum to produce
recrystallization, it was found that the surface roughness had increased
to 50 Z rms. The increase in surface roughness is illustrated in
Figure 18, with Nomarski photographs of the surface before and zfter
heat treatment. This result indicates, that depending on the applica-
tion, additional work may be required to improve the thermal stability

of the grain structure in the sputtered deposit.

CONSTRUCTION AND PRELIMINARY EVALUATION OF A

DIFFERENTIA_ CALORIMETER FOR MICHELSON LABORATORY

At the request of Michelson Laboratory, a portion of the contract
effort was diverted to fabricating a duplicate of the calorimeter
developed by BNW in the Phase I work for their use. A calorimeter is
not as sensitive to flatness as the absolute reflectometer in the
Michelson Laboratory, and hence reduces figure requirements for
reliable absorption measurements.

Detailed calibration of the device was not performed, but enough
was done to verify that it operated correctly. Measurements indicate

a time constant near 11 minutes, an area sensitivity of about 3.8
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millijoule per microvolt minute, and a deflection sensitivity of
0.046 joule per u volt. The calorimeter actually possesses 14%
higher area sensitivity and 30% greater deflection sensitivity than
the one in use at Battelle-Northwest. The greater sensitivity is
probably due to the fact that construction and assembly procedures
were improved by our prior experience.

Unfortunately, the device was the victim of rough handling
during its initial shipment. It was returned for repair by a

Michelson Laboratory representative on the occasion of a routine

program review. This event permitted detailed instruction of

Michelson Laboratory personnel in its operation.
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Figure 13. Time Dependence of Laser Power Output Determined
with Photon Drag Detector, 180 mV/Mw Sensitivity.
Detector did not Intercept Entire Beam.
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Damage Area on Cu-1 Vol% SiC Sample, Resulting
from an Unattenuated Beam Exposure. Radii
Identified by Numbered Lines Delineate Regions
of Detectable Difference in Surface Interaction
to the Beam. Nomarski Photograph.
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APPENDIX A

Theoretical and Experimental Considerations Important to Film Characterization

Complete characterization of an optical film requires determination of its
complex index of refraction, n + jk. The imaginary part of the refractive index,
or the absorption index, determines film absorption. The extinction coefficient

of the material, g, is given by

p =k (1)
[0}

The extinction coefficient is the inverse of the propagation distance in which the
intensity of a wave with vacuum wavelength Ao falls to 1/e of its incident value,
and hence determines absorption properties of the material. Unfortunately, there
exists no simple relationship between calorimetric absorption of a film and its complex
index of refraction. Characterization must be accomplished by comparing observed
absorption to that calculated on the basis of electromagnetic theory .

The theory of layered media predicts that the reflection coefficient, r, and
the transmission coefficient, t, are determined by a 2 x 2 matrix, M, the elements

of which are functions of the complex indices of the layers (A1)

1 +r _ t
(po“ ) r)) - M(pnt> (2)

where, for a single film,

i,
cos Y, -~ Sin Y.
/€% 7 p; Y ‘.*
el |
\ (3)
-ip. sin . .
pJ n i cos 'YJ

In Egs. (2) and (3), the quantities pj are given by

L =N, o+ K. Y.
pJ l i J) cos J‘ (4)




where “j is the angle of incidence on the jth layers. Subscriptsj = o (j = n) refer

to the incident medium (substrate). The quantities .{j arec given by

¥ = —2;(11. + ik.)h. (5)
T R .

where Ao is the free space wavelength of the radiation and hj is the thickness of

the jth layer. For a stack of films the matrix M is given by

MMM, M (6)

where each Mj has the form of Lg. (3).
An intcresting special case occiirs for a no-loss layer or half-wave optical

thickness. Letting kj o and nth = ~O/2 in Eq. (5) yields,

2

and the matrix M, Eq. (3), reduces to the unit matrix. Consequently, a half-

wave layer with no loss has no measurable effect on transmissivity or reflectivity .
The reflection and transmission coefficients are obtained by solving the linear

system Eq. (2), and the reflectivity R and transmissivity T obtained in the usual

nanner;
2 “n |t (7)

while the absorption in the layered medium is given by
A = 1-R-T (8)
Calorimetric absorption measurements of layers on metal substrates yield values

for the quantity

1'—/\+T=]—R (9)

Characterization of a single layer thus requires calculation of a as a function of
k1 for the system (layer plus substrate) and comparison of the observed and calculated
absorption. The correct k] value is that which mathematically predicts observed «.

A computer program employing complex arithmetic and suitable for two layers

has been prepared and used for this task.




Minimal requirements for satisfactory characterization of a single layer include
determinations of:

® The optica! and geometrical thickr .ss of the layer.

® The real part of the refractive index of the layer, n,.

® The refractive index of the substrate, n. + ik..

2 2
® Absorption of the system, layer plus substrate.
The techniques employed for these determinations will be discussed below.

Both optical thickness and index measurements have been performed on a
Perkin-Eimer model 521 grating infrared spectrophotometer. Optical thickness
measurements are made in both reflection and transmission by noting the wavelengths
at which minima occur, i.e.

_ 4nh
M 2m+1.

Index measurements are made on layers deposited on transmitting substrates.
The spectrophotometer gives values for the external transmittance as a function
of wavelength, T(1], which because of multiple internal reflections is less than

the interface transmissitivity, T()). Analysis indicates

4n
_o2T() 2 . 10)
LW = T5Tm o, v (

from which one obtains

h o= (=2 1) +\/<Tz--1>?—1 (11)

(
2 T2 2
where the subscript 2 refers to the substrate. The transmissivity of the layer-

substrate interface is related to the external transmittance of the combination by

1
Tipw= === (12)
1+ 7) "-13




and, at quarter wave points, it can be shown that

2 2 2 .2
n, = n = 1) + (= -1)" -1 (13)
: £ [Lr]z VT J

System operation and data reduction were sufficiently accurate to allow determinatinn
of the index of ZnS and germanium substrates to within 0.27% and 0.15%, respectively,
of accepted vatues.

No definitive experimental determination of the complex refractive index
of dispersion hardened copper substrates has been made. Fortunately, calculations
indicate that, for low 10ss layers, results are not too sensitive to exact values for
n, and k2 for metallic substrates. This is true as long as the ones chosen predict
the correct reflectivity of the bare metal substrate, i.e. as long as

(n, 12 . kg

BR= — i (14)
(n2+1)2 + k;

For a no loss layer at half-wave optical thickness, the above statement is exactly
true, while for no-toss quarter wave layers, differences of only 0.15% in calculated
transmissivities were noted. For low loss layers, i.c. (k]/n]) = 10-3, two sets
of l|12, k2) which predict the same metal transmissivity to within six significant
figures, predict transmissivities of the half-wave-coated substrate which are the
same to within five significant figures.

Other researchers rely on handbook values for n, and k2' but this approach
would not be applicabte to dispersion-hardened copper. We have used measured
values of electrical conductivity and absorption at 10.6 um in the Drude theory
to estimate n and k for this work. The analysis is straightforward and results

in the following equations for n and k:

—

(% 12 220 + AY (15)

1 1
=g & T R N

l—-._.-‘L‘\__,




where a is the measured absorption of the sample and A2 is related to radiation

frequency w conductivity 0% and relaxation time 1 by

7 UﬂnoT
N = (17)
w T +1
Parameters used in Eq. (17) were determined in Phase |. The average dc conductivity

observed for Cu-1 vol% SiC deposits was Oy = 1.585 x 1017 sec_1, while choice

of t ~ 8.2 x 10_]'5 sec produced a good fit of absorption vs. electrical resistivity
data.

As previously reported, mirror absorption values are determined calorimetrically.
Absorbed energy, Ea is determined by planimeter integration of the recorded calorimeter
trace and reflected energy, Er’ by integration of the reflected power vs. time record
produced by a CRL model 201 power meter. Mirror absorption, a, is then determined
by,

(18)

Absorption values presented earlier in this and in previous reports have
been obtained by making three independent observations near the same Er and
quoting the average of these as the absorption. This technique was deemed unsuitable
for determining the small absorption increase due to a A/2 layer. The chosen method

uses the linear relationship between absorbed and reflected energy implied by

Egq. (18), i.e.,

E, = SE. S = T (19) |

Thus a plot of Fa Vs, Er should be a straight line with slope S and zero intercept.

The absorption is determined from the slope of the line by

a = (20)




A measurement is accomplished by making at teast six successive exposures at

ever-increasing values of Er and the absorption and its standard deviation are i
derived from a computerized least squares fit to Eg. (19). Statistics of the fit

obtained atso provide valuable information regarding the operation of the instrument.

The catorimeter was recalibrated in a manner similar to that required for

obtaining data with this technique. Electrical energies between 1.8 and 8.1 joules

were deposited in the calibration sample via its internal resistor. A plot of arca
swept out on the calorimeter record vs. energy deposited in the sample was then
made and a least squares fit performed. Results are shown in Figure (A-1). The
calorimeter is linear over the entire range investigated. The correlation coefficient
of the fit was 0.9989, compared to 1.0 for a perfect straight tine. The <lope of
the tine gives the calibration constant (4.598 = .081) millijoules per microvolt
minute. It is interesting to note that calibration determinations throughout the
course of the program have remained well within the * 6.5% absolute accuracy claimed
for the calorimeter .

The weakest point in our absorption measurement has always been the measurement
of reftected energy on the CRL power meter. Although satisfactory performance
has been verified by comparison to a meter calibratanie by substitutional power
in the range below 3 watts, its performance in the operating range above 12 watts
has not been checked. Recent work at Hughes Rescarch Loboratories reported

(A2)

by Braunstein, indicates their meter was in error by 26.8%. This could alsc
be the case with our instrument. An early check on the power meter catibration
is planned.

The geometrical configuration of our experiment was originally determined

on the basis of maintaining near-normal incidence. For this reason the power

meter was placed 128.3 cm from he catorimeter, which permitted an angle of incidence




of only 3.47°. The sensitive area on the power meter is only 19 mm in diameter.

Consequently, light scattered into angles greater than 7.5 x 10_3 radian from the
specular direction could not be detected by the power meter . Although mirtor
surfaces generated under this program consistently exhibit roughness less than

20 R rms, scatter due to the periodic nature of the surfaces, discussed in the Phase Il

(A3)

Report, could conceivably affect the absorption results. Analysis indicates

that, if ¢ represents the ratio of absorbed to incident energy, then

=1 -8 (21)

.-l;,,

where ais given by Eq. (18) and S is the ratio of scattered to incident energy.
Consequently, the true absorption is less than the indicated absorption. The error

§ in absor ntion is related to the scattering coefficient S by

S (22)
¢ =373

To first order, then, 5§ = S. Thus, a 1% error in absorption would result if 1%

of the incident energy is scattered into angles greater than . 5 x 10_3 radian.

Scattering from the random background is well below the 1% level. Diffraction

due to periodic structure on the surface is another matter. Although spacial wavelengths

of the structure of 8.7 um < A < 12 um were determined in Phase |l of the program, (A3)

no consistent effort to determine amplituue on the surface lias been made . Consequently,

an estimate of the scattering coefficient at 10.6 um has not been made. For the

purposes of this report we will merely state that values quoted for the absorption

are to be considered upper limits. Any other statement without detailed calculations

or measurements of total scattering from the periodic structure would be speculation .
One consequence of the small acceptance angle is extreme sensitivity to alignment.

This has been known all along and proper alignment has always been rigorously

adhered to throughout the course of the program. In the future, the calorimeter




will be placed closer to both the laser source and the power meter. Although some
sacrifice in approaching normal incidence will be made, this will minimize effects
of scattering on calorimeter absorption measurements by increasing the acceptance
angle of the reflected power monitor. The use of a calibratable, reflecting power
meter to monitor the incident beam, in addition to monitoring the reflected beam,

would improve the measurement significantly .
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