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ION ASSISTED DEPOSITON
OF OPTICAL COATINGS

James J. McNally

8.E.E., Manhattan College, 1975

M.S., University of California, Santa Barbara, 1976

Ph.D., University of New Mexico, 1986

- The effects on the properties of Tap0s, Al203, Si0p and HfOp

single- and multi-layer optical ccatings deposited using ion assisted
deposition {IAD) were investigated. IAD is a novel deposition technigue
which utilizes a separate ion source to direct a beam of ions at the
growing film., A Kaufman ion source was used to provide a monoenergetic,
neutralized beam of oxygen ions independent of the material evaporation
process. The optical and physical properties, as well as laser<induced
damage threshold (LIDT) values, were studied for coatings bombarded with
200, 300, 500 and 1000 eV oxyggn ions at values of current density from
0 to 200 A cm2, S y

Oxygen ion bombardment during deposition produced Tap0g and AlpC3
coatings with increased values of refractive index. No increase in
refractive index was observed for [AD Si02. An increase in optical
absorption was observed for IAD Tap0g coatings., The increase in optical
absorption was attributed to preferentiai sputtering of oxygen in the
Tap0g molecule. No ircrease in optical absorption was observed for

A1703 and Si0p coatings. The optical scatter characteristics for IAD
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coatings were measured. The optical scatter for IAD coatings was lower
than the scatter for unbombarded coatings. The coatings were subjected
to humidity tests. Improved environmental stability was obtained for
IAD coatings. Ion-induced crystalline phase transitions were observed
using Raman spectroscopy in IAD Tap0s5 coatings.

A number of coatings were exposed to fluorine gas tests. It
appears that IAD did not improve the resistance of single-layer A1203
and Si0p coatings to fluorine gas attack. A small improvement was
observed in IAD Ta0g coatings.

A Timited number of A1203/Si02 and Tap0g5/Si0p anti-reflection (AR)
coatings were laser damage tested. It appears that the [AD coatings did
not nave higher LIDT values than the coatings deposited with no ion
bembardment.

B IAD was successfully applied to deposit coatings at lTow temperature
on heavy metal fluoride (HMF) glass substrates. The coatings deposited
using [AD were hard and dense. The [AD coatings improved the durability
and abrasion resistance of the HMF giass substrates.

The results of this investigation show that IAD can”be used to
improve the optical and physical properties of optical coatings..

Further investigation of the effects of [AD on LIDT values is warranted.

“'i'\' . ._:‘." .",.-.\"
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CHAPTER I

INTRCOUCTION

Coated optical components have been performance and output power-
1imiting eleinents in optical and laser systems since their introduction.
The optical, physical and chemical properties of materials in thin film

form vary significantly from their bulk properties. The refractive index

. T T R —— W T - — o ———
. ¢

(n), extinction coefficient (k} and stoichiometry of a thin film deviate
from the corresponding material in bulk form. This creates problems for
the optical designer. Multi-layer device designs can be extremely
complex, and assumptions regarding each individual layer must be made.
Each layer is modeled as a uniform slab, and values for n and k are

"; usually assumed constant throughout the coating. Unfortunately, these

assumptions are frequently not valid.

T Y YT ST 6 e 2 WV O e v -

These differences in properties are directly related to film
microstructure which is predominantly columnar, containing voids and
material inhomogeneities. This is fllustrated in cross-sectional
electron micrograohs of coatings which reveal a columnar micraostructure

leading to porosity and rough interfaces.lsZ Packing density, defined as

- TRy W ¥ T ST

the ratio of the solid volume to the total volume (solid plus voids) of a
film, is one parameter used to characterize film microstructure. It is
used in models to calculate film refractive index from knowledge of the
indices of the bulk material and the film voids.3 Changes in packing

density with thickness are used to explain index inhomogeneities in

T T = e A W TR T e T -

coatings. It is also used to evaluate the spectral shift observed when a

, coating is e(posed to a humid environment. The shift is most likely due




to water adsorption into the microvoids in the film microstructure.

Microstructure-related effects on coating performance can be
observed in the following properties: optical scatter, environmental
durability, optical stability and laser damage threshold. Coatings can
cause high optical scatter due both to volume defects {e.g. voids,
nodules) and surface roughness. Minimization of scatter is crucial in
Tow-gain laser systems and in devices such as laser gryoscopes. The
environmental durablility of coatings is critical, particularly for
components used in severe environments. Diffusion of gaseous or liquid
reagents aiong dislocations or void boundaries in a protective coating
can cause chemical attack to the underlying mirror or substrate. The
optical stability of coatings is generally limited due to the porosity of
the film microstructure. It is essential %or optical components to
perform at their design wavelengths for extended periods of time.
However, coatings are prone to adsorb moisture along their voids through
capillary action. This results in an increased film refractive index and
a shift in spectral characteristics to longer wavelengths. Lower
laser-induced damage threshold (LIDT) values are obtained‘for thin film
coatings than for most any other optical component in high-energy laser
systems. The LIDT values for materials in thin film form are frequently
up to a factor of 10 times less than for materials in bulk.4

The morphalogy of damage to dielectric coatings suggests that damage
is due to localized absorption of laser energy which heats a small region
to melting or stress fracture leading to pitting. An extensive ltaser
damage experiment was performed by Walker et.al.% on nine coating
materials as a function of pulse length, wavelength and thickness. The

conclusion from their investigation is that laser damage in thin film

[



o coatings results from absorbing defects included during the deposition

process. [t was found that the only damage process which consistently

modeled the experimental results was impurity-induced damage. Thus, it
is essential to identify and control the critical deposition process
- parameters that affect film growth dynamics and defect incorporation.

A number of simulation models have been develcped to aid in the
understanding of the growth dynamics of thin films. Recent studies by
Macleod® and Messier,’ based on the two-dimensional model of Dirks and
Leamy,8 used computer simulated models to study resultant film morpholo-
gy. 0Dirks and Leamy developed a purely kinematic, two-dimensional model
in which hard disks serially impinge on a flat surface at obligue angles.
The disks would come to rest upon contact or upon two-point contact
simulating adatoms with zero or very low surface mobility. The simulat-

i{;, ed packing densities were below values for real films. Macleod's
modification to this model was to include a relaxation parameter which
allcws variations in adatom surface mobility to be examined. More
realistic packing densities are obtained with this improved model.
Messier's modification includes an allowance for the redistribution of
adatoms (sputtering) after their first contact with a growing column. A1}
of these models illustrate tnat film morphalogy is a mobility-related
property inherent in the nature of materials. Two other models, Movchan
and Demchishin's Temperature Zone Model (TZM)9 and Thornton's Structural 1
Zone Model (SIM),10 examine film morphology as a function of deposition
parameters. The TZM relates microstructure to the temperature ratio
T¢/Ty where Tg is the substrate temperature and Ty is the material

melting d0int. Thornton modified the TZM to include the effects of

pressure on magnetron sputtered films. The modification accounted for
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apparent Art* bombardment effects on film morpnology. The results relate
film microstructure to deposition parameters through thermal-induced
mobility and bombardment-induced mobility. A general conclusion from all
these models is that increased packing densities are obtained by supply-
ing additional energy to the growing film.

A number of novel deposition techniques have been developed as
methods to overcome the weaknesses of thin films relative to bulk
materials. In these techniques, energetic processes are employed to
supply sufficient activation energies to increase adatom mobility and
eliminate the formation of columnar microstructure. Some examples of
novel deposition techniques are ion-plating,ll reactive sputtering,12,13
ion-beam sputtering,14,15 plasma-assisted chemical vapor deposition
(PA-CVD), 16417 nozzle-beam depositionl® and ion-assisted depasition.19-22
These techniques can provide improved film properties due to enhanced
surface reaction rates and increased adatom surface mobility.23-27

Mattox and Kominiakll used a planar dc plasma diode configuration to
investigate the effects of ion bombardment on the properties of tantalum
deposits. The columnar structure was disrupted, density ¥ncreased and
stress modified with increasing negative substrate bias. Pawlewicz
et.al.12 demonstrated that ¢rystal grain size and phase composition for
Ti0p films could be controlled by varying the deposition parameters in a
rf-reactive sputtering configuration. Their results showed that film
refractive index, optical scatter and LIDT values were directly related
to these material properties. Sites et.al.14 used a dual ion-beam
sputtering configuration to study the effects of various Ar/07 mixtures
on Ti0p and TapOg film absorption and LIDT values. Williams and Hessld

deposited Ti0p films using a PA-CVD arrangement. The effects of rf power
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density and substrate temperature on the structural properties of Ti0p
were investigated. Conventional CVD requires very high temperatures to
obtain reasonable reaction rates. With the introduction of a plasma
discharge, useful deposition rates were obtained at reduced substrate
temperatures. Wong et.al.18 reported on the deposition of Si0p films
using a nozzle-beam technique (very similiar to the ionized cluster beam
(ICB) processé®). Evaporated Si0p is ejected through a nozzle and
partially iorized prior to deposition. Film refractive index and
stoichiometry were strongly dependent on the acceleration voltage and
jonization current applied to the material.

A1l of the above examples of energetic deposition techniques
demonstrate that dramatic changes in film microstructure and composition
may be realized. However, a shortcoming of these technigues is the lack
of versatility in controlling the energetic/reactive process parameters
independent of the film deposition parameters. For example, in conven-
tional plasma diode configurations, the deposition rate is a direct
function of the discharge current which also determines the bombarding
flux of ions. This process requires high pressures (>1 mForr) which
makes accurate control of bombardment energy, flux and arrival direction
impossible. These problems can be overcome by using a separate, well-
controlled ion source to direct a beam of ions at the film surface during
deposition. A separate ion source allows control of the ion energy,
current density, direction and species independent of the material
deposition process. This technique is called ion assisted deposition
(IAD).

Early work utilizing a separate jon source to bombard evaporated $10

with > keV oxygen jons during deposition was done by Dudonis and

«
*a
N 3
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Pranevicius.l9 They investigated the effects of current density on film
stoichiometry, and found that for increasing current densities the 0/Si
ratio approached two. In another early study using 1-5 keV argon ions
from a separate source, Marinové0 demonstrated enhanced surface mobility
of silver adatoms due to ion bombardment during deposition. Cuomo
et.al.27 used IAD to modify stress in Nb films bombarded with 100 eV Ar
jons. Al1enZ8 applied IAD to obtain increased packing densities in Ti0»
films. Martin and Netterfield have studied the modifications of
2r0721,29 and Ce0730 films deposited using IAD. They obtained increased
packing densities, improvements in optical stability and changes in film
crystal structure. McNeil et.al.21:32 have studied the effects of 30-500
eV osy . i1 bombardment on the properties of Ti10p and Si0p filims
deposited using TiQ and S10 source material. Al-Jumaily, McNally and
McNei133-35 nave examined the effects of ion energy and current density
on optical scatter and crystalline phase in metal and dielectric films.
They repc-ted fon-induced phase transitions and reductions in optical
scatter for bombarded films.

In this research program, the film material was evaporated using an
eiectron gun. A Kaufman icn source36 was used to bombard the growing
film with low energy (200-1000 eV) fons during deposition. Use of a
Kaufman ion source allows the fon energy, current density and angle of
arrival to be independently controllied and accurately measured. The
purpose of this work was to systematically investigate the effects of IAD
parameters on the properties of Tap0g, Al203, HfOp and Si0p thin films.
Single- and multi-layer coatings were produced, and the following film

properties anaiyzed:

--------
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refractive index

absorption

optical scatter

stability

stress

stoichiometry

durability.
Low energy ion-induced phase transitions in films have not been exten-
sively explored. Control of film crystalline phase is important in
determining coating performance. In this study, Raman spectroscopy was
used to investigate the crystal structure of IAD Tap0Os fiims.

This work was the first study of [AD effects on the properties of

Tap05, A1203 and HfQp f1lms.37-39 It was the first attempt to system-

atically examine laser damage thresholds for anti-reflection coatings

produced using IAD.40 A number of unique modifications to the fon source

were made due to concern about contamination levels in IAD coatings.4l
The material in the remainder of this dissertation is organized as

follows. In Chapter II, the facilities and equipment to deposit and

analyze the coatings are described. The results for single-layer I[AD

films are presented in Chapter [II. Protective and anti-reflection

coatings were deposited on heavy metal fluoride substrates using [AD. The

results for film and substrate environmental durability, abrasion
resistance and adhesion are presented in Chapter IV. In Chapter V the
laser damage experiment and results are described. A discussion of
results obtained in this study is given in Chapter VI. Chapter VII

contains conclusions and recommendations for further investigations.
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CHAPTER 11
EXPERIMENTAL EQUIPMENT

In this chapter, the equipment and facilities to deposit and analyze
the optical coatings are described. The chapter is organized as
follows: the coating facility is described; the operation of the
Kaufman jon source is reviewed; the procedures for substrate preparation
and materials deposition are listed; the equipment and techniques to
analyze the film properties are presented; and the facilities for Raman
spectroscopy, Rutherford backscattering spectroscopy (RBS) and high

energy laser damage testing are described.

II.1 Coating Facility

The coatings were deposited in a 90-cm diameter stainiess-steel bell
jar vacuum system. A schematic of the chamber is shown in Figure [I-1.
The system employs a dual-stage mechanical roughing pump to evacuate the

chamber to a vacuum of 150 mTorr. An anti-backstreaming gas injection

port was attached to the rough 3 line to prevent molecular back-

:

s
g@
;

streaming of pump 0il into the chamber. The high vacuum pump for the
system was a CTI Model CT-8 cryogenic pump with a pump speed of 2000
iiters/sec. The system was capable of routineiy achieving a base
pressure of 2.0 x 10-8 Torr. High vacuum pressure was measured by a KcY

G-75 ifonization gauge, and a Varian cold cathode gauge monitored

pressures during deposition. A type EAI 250A quadrupole mass spectro-

e g
e

meter was attached to the chamber to characterize the chamber residual

background constituents, to help characterize the ion source output, and
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was essential for leak detection during chamber construction.

The source materials were evaporated using two Airco Temescal
water-cooled electron guns. The surface of the source materials was ;
heated by a focused electron beam, and higher evaporation temperatures
were obtained than by using resistively heated boats. There was limited
interaction between source material and crucible, because the material
in contact with the crucible was at a lower temperature than the surface
of the source material. This lowered the risk of the crucible as a
source of contaminants in the coatings. The source-to-substrate
separation was 35 ¢cm. Each electron gun had a shutter associated with
it. This allowed the source material to be pre-heated prior to coating
without exposing the rest of the chamber to the material. Also, for
muiti-layer coatings, this protected each material from contaminating
the other during deposition. The deposition rate and film thickness
were monitored by Inficon water-cooled quartz crystal monitors located
adjacent to the substrate holder. The monitors were calibrated for each
material and for each electron gun.

The chamber contained eight 500 W quartz lamps used to bake-out the
system. The substrates were heated from the backside by a 500 W quartz
lamp located within the substrate holder cannister. There were three
substrate holders which could be indexed into coating position, one at

a time. Therefore, three different sets of deposition conditions were

TR

examined in one vacuur 'mp-down. .
The gases used in the vacuum system were "Ultra High Purity" grade

supplied by Big Three Industries. The oxygen was 99.995+% pure with a

T AR

total hydrocarton content (THC) less than 0.5 ppm; the argon was

$5.99G5+% pure with a THC less than 0.5 ppm.




11.2 1lon Source

A 10-cm Kaufman fon source3b provided a monoenergetic, neutralized
ion beam directed at the substrates. This source has a number of
advantages over conventional plasma configurations as described in the
Introduction. These advantages are derived from the basic operating
principle of the ion source. This principle is the isolation of ion
production and acceleration from the substrates. Briefiy, the ion
source operates as foliows. Gas is introduced into the discharge
chamber; electrons emitted from the cathode impact-ionize the gas
molecules. The discharge-chamber contains a conducting plasma composed
of approximately equal numbers of ions and electrons. The plasma
potential is essentialliy equal to the anode potential, therefore the
jons originate at approximately the anode potential. The screen grid
aligns the ions that are accelerated from the source by the eiectric
field estabiished in the region between the screen and acceierator
grids. The ions travel from the source to the substrates which are held
at ground potential.

Two collisionai processes that could occur for the ions traveling to
the substrates are rescnant charge exchange and elastic collisions. The
mean-free paths, at the standard operating pressures used (10‘4 Torr),
are greater than 100 cm for resonant charge exchange coilisions. The
jon source-to-substrate distance was ~35 cm. The mean free paths for
elastic collisions are about ten times larger than for resonant charge
exchange collisions. Therefore, the ions reach the substrates with
negligibie scattering.

An attractive feature of a Kaufman ion source is the monoenergetic

ion beam it produces. The ion beam energy distribution was measured for
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the ion source used in this study.32 The energy distribution was
characterized using a retarding grid arrangement in front of a Faraday
probe. The energy spread was measured to be approximately 10 eV over
the range of fon energies examined in this study. A Faraday probe was
used to measure the ion current density at the substrates. The probe
was negatively biased (-27 V) in order to repel electrons and extract
positive ions from the plasma sheath formed in front of the probe. It
was mounted on a movable platform that also served as a shutter at
approximately the substrate height. The ion current density was
stabilized and measured before deposition commenced, and 1t was re-
measured after deposition was completed. During deposition the jon
source discharge current and beam current were monitored to maintain a
fixed ion flux at the substrates.

One part of this research program involved the laser damage testing
of a number of IAD coatings. A contamination analysis of IAD TiOp films
indicated tne ion source was a contributor to impurities in thes
coatings.4l These results led to a number of modifications to the ion
source. The first was the replacement of the graphite grids with a
material that was more ccmpatible with the coating materials. A number
of grids were fabricated from 0.032-inch thick high purity Ai. The
second modification invoived replacement of tungsten (W) wire with

tantaium (7a) wire for the filaments.

I1.3 Procedures
The coatings produced in this study were deposited onto a number of

different substrates. One inch diameter, 1/4" thick UV-grade tused

silica substrates were used for single-layer coatings of high tndex
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N materials; 1" dia., 1/4" thick high-index substrates (SF-11) were used
for 5102 coatings; and 1" dia., 0.5 mm thick fused silica substrates
were used for stress characterization. The substrates used for the
laser damage coatings were provided by Los Alamos National Laboratory
(LANL) and were 2" dia., 3/8" thick fused silica. The substrates were
cleaned as follows. Lint and dust particles were removed using dry
nitrogen gas. A horse hair brush was used in a circular motion to scrub
the substrate surface with a 50-50 mixture of Liquinox soap and de-
fonized water (18 MQ-cm). The substrate was rinsed with de-fonized
water (0I), and the -scrubbing/rinsing process repeated. The substrate
was dried with nitrogen. Kodak lens tissue with ethyl alcohol (200
proof) was used to drag wipe each substrate surface. ;
Two inch diameter polished silicon wafers were coated for optical
il; scatter measurements, RBS and ellipsometry. The wafers were cleaned
using a standard semiconductor industry technique as follows. The
wafers were rinsed in DI and degreased in a 3:2 soiution of HpS04/HZ02
for 10 minutes. A DI rinse was repeated, foliowed by a 10 minute etch
in a 5% HF solution. After a final DI rinse the wafers were blown-dry
with nitrogen.

After the substrates were loaded in the chamber a vacuum bake-out
procedure was followed. The substrates were neated to ~350°C for
approximately two hours. The chamber heaters were then turned on and
the total vacuum chamber heated to ~275°C for approximately four hours. ‘
With the heaters off the chamber would achieve a pressure of approx-
irately 4.0 x 10-8 Torr after an additional 12 hours. As a final
cleaning step the substrates were ion bcmbarded with 500 eV Art prior to

ARTE depositon.
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Three high index materials were deposited for this research program.
The Tap05 (99.99% pure), Alo03 (99.999% pure) and HfOy (99.999% pure)
were purchased from £. Merck Chemicals in the form of 3-5 gram tablets.

The S102 (99.999% pure) was purchased from CERAC in 10 mesh granules.

I11.4 Methods of Analysis

The coatings transmittance and reflectance spectra were measured
over the wavelength range 0.185 - 1.2 um using a Perkin Eimer 330
dual-beam spectrophotometer. A 3600 Data Station was used to store the
spectra, analyze the results, and replot the spectra in different
formats. Before measuring the spectra of a series of coatings, an
instrument background correction was performed, and a 100% 1ine
established for reference.

The transmittance and reflectance spectra were used to calculate the
refractive index (n), the extinction coefficient (k) and the thickness
(t) for each coating. They were also used to determine the possible
presence of index inhomogeneity in the coatings. One technique to
determine the optical constants of a thin film is referred to as the AT
method. The analysis is from Turnerd? and assumes non-absorbing films
(k=0). Although limited, the technique is straightforward and allows
for a quick determination of n and t. For high index films on fused
silica substrates, the required inputs are (1) the transmittance values
at wavelengths for which the film is multiple half-waves (Tpax) and
odd-multiple quarter-waves (Tpin) in optical thickness; (2) the wave-
Tength values at which Typay and Tpmyp occur; and (3) the refractive index
of the substrate. (The incident medium is assumed to be air, n = 1.)

Another technique due to Manifacier, et.al.43 allows the detarmination
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of n, k and t for weakly absorbing thin films. In this technique, Tpay
and Tpip are each considered continuous functions of wavelength (i.e.
the envelopes of the transmittance spectra are examined). The values of
n and k are determined from these functions. The value of t is calculat-
ed from two successive values of Tpay (Or Tpip). A computer program for
this technique was written to anaiyze the fiim transmittance spectra.
The inputs are Tpax and Tpip values, the respective wavelengths for
these values, and the refractive index of the substrate. The outputs
are n, k and t for the film. Minor changes in inputs aliow the same
caiculations to be performed for Si0, films on high index substrates.

The optical scatter characteristics of the coatings were examined
using an angle-resolved scatterometer which is described in detail in ~
Reference 44. When evaluating the scatter characteristics of a
dielectric coating it is important to know the optical thickness of the
film. For a film which is an integral number of half-waves in optical
thickness, scatter is primarily due to volume effects in the film. The
films were deposited onto polished silicon wafers and were multiple
half-wave optical thickness at 633 nm. A He-Ne laser {1luminated the
coated Si wafers; scattered lignt was collected by a photo-muitipiier
detector. The detector rotated about the scatter point on the sample in
the plane of incidence at a radius of ~40 cm. System background noise
was measured as a function of angle before the samples were charac-
terized and was incorporated in the calculations.

Humidity cycle tests were conducted in a Vapor-Temp controlled
humidity chambe~ to examine film stability properties. The spectral

characteristics of conventional coatings are unstable, primarily due to

porosity and their tendency to adsorb moisture. The coatings were

A




PO exposed to 97% relative humidity at 35°C for extended periods of time.

The humidity was determined from temperature readings of both the dry
and wet bulb thermometers. The film transmittance spectra were examined
before and after the humidity exposure to determine the amount of
spectral shift,

The stress characteristics of a number of the coatings were measured
using a ZYGO Mark III Interferometer System. The coatings were deposit-
ed onto Hibshman 0.5 mm thick fused silica substrates. The interfer-
ometer uses a phase measurement technique to perform optical wavefront
measurements. The system modulates the interference pattern piezo-
electrically and detects the varying light intensity with a diode array
camera. The information is automatically evaiuated by the processor
module which performs a least-squares fit to calculate the fractional
‘;. deviation of the interference pattern from a flat plane. The deviation

{or deflection) from flatness is then analyzed following a technique

given by Ennos.49 A1l the stress substrates were characterized before

A me amn g

and after coating.
A Rudolph Research ellipsometer with a photoelectric detector was

used to examine a number of coatings. The ellipsometer is a recent

addition to the laboratory's capabilities, and a number of difficulties
have been encountered in its use. The primary difficuity was a design
flaw in the detector section. The "front end" of this section was not
equipped with a variable aperature which could be partially closed to
block the extraordinary ray produced by the analyzer. This and a

number of software problems have recently been corrected.
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I1.5 Raman Spectroscopy

A number of Tap05 coatings were examined using Raman spectroscopy by
Dr. Gregory Exarhos, Battelle Pacific Northwest Laboratory.45 Raman
scattering is the shift in the frequency of radiation when transmitted
through optically transparent solids, liguids or gases. The shift of
the radiation frequency by the molecular frequency is associated with
transitions between rotational, vibrational and electronic levels of the
moiecuie being probed. Vibrational spectroscopic probes can provide
localized bonding information and unambiguously characterize particular
crystalline phases having identical composition. This technique has the
major advantage of being non-destructive, and is well suited to thin
fiim characterization where optical interference phenomena can consider-
ably enhance signal strengths. The appropriate choice of scattering
geometry can suppress interference from the substrate allowing direct
measurement of a deposited film.

The Raman experimental arrangement is illustrated in Figure [I-2.
The Raman spectra were measured at normal incidence with a 100 mW CW
Art laser (488 nm) focused to a 50 wm diameter spot size.” The
perpendicular component of the scattered light was analyzed in order to
suppress Raman scattering from the silica substrate. Scattered
radfation was collected and imaged onto the slits of a double
monochromator. A notch filter centered at the probe laser wavelength

was used which rejected the first 350 cm~l of the Raman spectrum.

11.6 Rutherfard Backscattering Spectroscopy

A number of Tap0g coatings were examined using Rutherford back-

scattering spectroscopy (RBS) by Or. J. Beery, Los Alamos National
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Laboratory.47 RBS is a well-established quantitative technique for

interface and thin film analysis. It is an analytical technique based

on known kinematics and energy loss that can determine the composition
and structure in materials to a depth of a few microns. A basic RBS
measurement utilizes a beam of high~energy light ions incident on a
target. The scattered particles are detected at a fixed angle. The
measured energy of the backscattered particies is determined by the
kinematics of the elastic scattering and the depth of the scattering
below the surface. The technique favors high Z elements because the
Rutherford backscattering cross section is proportional to 22,

Figure II-3 is a schematic of the geometry of the Rutherford
backscattering experiment. A 5 mm x 5 nm beam of 2.3 or 2.5 MeV
a-particles from a Van de Graaff accelerator was incident on single-
layer Tap0g coatings coated on Si wafers. The scattered particles were

detected with a surface barrier detector at an angle of 20°.

II.7 Laser Damage Facility
A number of anti-reflecting (AR) coatings were laser Hamage tested
at Los Alamos National Laboratory by Stephen Foltyn and L. John Jolin.

The damage thresholds were measured with 8 nsec 351 nm pulses. The

S? pulse repetition frequency was 35 pps. The laser beam was focused to
give a beam with a mean spot diameter (l/ez) of 0.46 mm at the sample

surface. All the testing was n-on-m, where m sites were irradiated at

each fluence for a maximum of n pulses. Details on the testing and

resuits are presented in Chapter V.
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I1.8 Fluorine Gas Environmental Testing

A number of single-layer and AR coatings were tested at Los Alamos
National Laboratory for their resistance to fluorine gas attack. The
testing was performed by Glen Lindholm. The coated substrates were used
as windows on one end of a gas filled cannister. The transmittance at
351 nm was monitored at various time intervals to examine the durability
of the coatings in a fluorine gas environment similar to that for an

excimer laser system. The gas content was 0.5% F7 in He at 3 atm.
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CHAPTER III
RESULTS

The analytical results for the single-layer coatings are discussed
in this chapter. The chapter is divided in sections by coating miterial

(Taz0s5, A1203, Si02 and Hf0p).

I1I.1 Tantalum Pentoxide

Tantalum pentoxide (Tap0g) thin films have been produced by a
variety of techniques: thermal oxidation,%8 electron-beam evaporation,49
reactive magnetron sputtering,?0 reactive rf diode sputtering,12,51
reactive dc diode sputtering,52-54 and ion-beam sputtering.l5 Thin films
of Tap0g have been used as anti-reflection coatings on silicon solar
cells,>0 optical waveguides,48’51 transducers for surface acoustic wave
devices,5% and optical coatings for high energy laser systems.12,15 The
values of refractive index (n) for the films deposited by these tech-
niques varied from 2.10 to 2.20 (at A=400 nm). The value-of n for bulk
Tap0g is 2.28.55

In this study, the Ta»0g coatings were electron-beam evaporated at a
rate of 0.30 nm sec~] with oxygen backfill pressure of 1.0 x 10=4 Torr.
The coatings were deposited onto heated substrates (~275°C), and were
bombarded with oxygen jons during deposition. The values of refractive
index and extinction coefficient presented in this section were deter-
mined from transmittance and reflectance spectra as described in Chapter
II.

The transmittance spectra for two TapOs coatings are given in Figure
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55\ [II-1. The curve labeled J=0 is for a coating deposited with no ion
\ .
bombardment; the curve labeled J=5 is for a coating bombarded during
Y
N deposition with 500 eV 0ot at a current gens‘ty of 5 uA cm=2. The curve
~

for the ion assisted coating contains larger differences in transmittance
- extrema than the curve for the conventional e-beam evaporated coating.
These larger differences irdicate a larger value of refractive index for
the ion assisted coating. Gocd film stoichiometry was cbtained for the
ion bombardment conditions employed as indicated by an absence of
measurable absorption at wavelengths for which the film is multiple b
4 half-wave in optical thickness down to 340 nm. Examination of the
- reflectance spectra for these coatings indicated the absence of any
refractive index inhomogeneity. A1l IAD Tap0g coatings examined except

those bombarded with 02% current densities greater than 100 uA cm=2

‘;;. contained no index inhomogeneity. As illustrated in the figure, the
’ absorption band edge for Taj0g coatings was approximately 290 nm.
(The absorption band edge was defined as the wavelength at which the
transmittance was ~ 50%.)

The values of n (1=400 nm) for TapCg coatings bombarded with 200,
300 and 500 eV oxygen ions are plotted in Figure II[-2 as a function of
02+ current density. The error bars indicate the uncertainty in the
calculations tntroduced by the precision of the spectrophotcmeter. (See
Appendix [ for sample calculation.) The values increase from 2.16 for
coatings deposited without bombardment to maximum values of 2.25, 2.28
and 2.19 for films bombarded with 500, 300 and 200 eV 0p*, respect-
tively. The value of 2.16 (J=0) is comparable to the value of 2.15 for

e-beam evaporated Tap0s5 reported by Herrmann.49 Demiryont, Sites and

Geib repcrted a value of 2.18 for ion-beam sputtered Tap0s.1S
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~ The increase in the values of n for increasing levels of 0% current

density indicates that ion bombardment during deposition mecdifies the
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growth of film columnar microstructure resulting in film densification.

=
.

The results indicated that the coatings bombarded with 300 eV 0% had
larger values of n than those bombarded with 500 eV Cp*. The difference
in film densification may be due to the differences in the average ion
penetration denths. A similar dependence of refractive index on
bcmbarding ion energy has been reported for ion assisted Ce0p films.30
Further discussions regarding ion-induced densification are given in
Chapter VI.

The results in Figure IlI-2 indicate that only minor densification
occurred for coatings bombarded with 200 eV oxygen ions during deposi-
tion. A possible explanation is that at this ion energy only a few

surface adatcms can be displaced into the bulk which results in minor

R T e e O, T ERT OO T

densification. Also, it may be that the 200 eV ions do not transfer
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sufficient energy to the surface adatoms for them to sufficiently
increase their surface mobility and overcome the tendency for film
columnar growth. Further discussion is given in Chapter VI.

The current density value (for a fixed ion energy) at which the
maximum n occurs is termed the critical value. The results in Figure
[I1-2 illustrate that film index values decreased fcr ion current
densities greater than the critical values. The decrease in index may be
explained as a result of degradation in film stoichiometry, creation of
closed isolated voids or oxygen incorporation into the films. The
decrease was greatest for bombardment with 500 eV ions and least for 200
eV jons. This energy dependent decrease is consistent with the depen-

dence of the average ion penetration depth and preferential sputtering
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yield on ion energy. Similar results for which the values of refractive
index decreased for current densities greater than the critical values
have been reported for ion assisted Zr0; films29 and Ce0p films.30

The coatings bombarded during deposition at oxygen fon current
densities up to approximately the critical values exhibited good optical
characteristics. For higher ievels of bombardment, the optical absorp-
tion of the coatings increased. [n Figure [II-3, values of extinction
coefficient (k) for Taz0s coatings (~300 nm thick) bombarded with 500,
300 and 200 eV oxygen ions are plotted as a function of 02+ current
density. The values of k were calculated at A = 400 nm. The error bars
indicate the uncertainty in the calculations due to the precision of the
spectrophotometer. The dashed line across the bottom at k = 2.0 «x 104
indicates the level below which the values of k were too small to be
regarded as reliable because of the minimum absorption values measurable
by the spectrophotometer (~0.2%).

As illustrated in Figure III-3, film optical absorption increased
with higher levels of oxygen ion bombardment. The most probable mech-
anism for this is the preferential sputtering of oxygen in the Ta;0g
molecule. Preferential sputtering would result in oxygen-deficient
layers continuously integrated into the coatings as deposition occurs.
Values of k for coatings bombarded at a fixed current density were the
lowest for 200 eV 0%, higher for 300 eV and highest for 500 eV 0p*.
This result is consistent with increasing preferential sputtering yields
for higher energy ions. This damage mechanism has been observed in other
IAD films.29

Auger electron spectroscopy (AES) and x-ray photcelectron spectro-

scopy {XPS) studies of the effects of ijon bcmbardment on the composition
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Figure III-3. Values of extinction coefficient for Tap05 coatings
plotted as a function of 0% current density.




of oxide materials indicated that preferential sputtering of the more

volatile species, oxygen, cccurred producing an oxygen-deficient

sample.%6,57 These studies involved the low energy (400 - 2000 eV) ion

bombardment of samples and indicated that the reduction was localized in

the near surface region. Extending these results to continuocus ion

bombardment during deposition supports the supposition that the coatings

were reduced due to preferential sputtering. The effects of preferential

sputtering are further discussed in Chapter VI.

Measurement of the optical scatter characteristics of coatings is a

method used to determine the effects of 0p* bombardment on film micro-

structure. The optical scatter characteristics of the coatings were

examined using an angle-resolved scatterometer as described in Chapter

II. The coatings were deposited onto polished silicon wafers and were

multiple half-wave optical thickness at 633 nm so that scatter was

.
primarily due to volume effects in the coatings.

Figure II1-4 jllustrates the scatter characteristics of two Tap0s

coatings; one deposited without ion bombardment (J=0}, and the other

bombarded during deposition with 200 eV 0% at a current density of 40 uA

cm=2. The vertical axis is the bidirectional reflectance distribution

function (BRDF) of the coating, in units of inverse steradians. The BROF

is proportional to the normalized intensity of scattered light (logarith-

mic scale). The horizontal axis is the angle from the normal to the

sample, in degrees, at which the scattered light is collected. The

scatter characteristic for an uncoated silicon wafer is illustrated for

comparison.

As 1llustrated in Figure III-4, the optical scatter from the [AD

coating (J=40) was less than that from the coating deposited without
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bombardment. Figures III-5 and -6 illustrate the scatter characteristics 4
for Tas0g coatings bombarded during deposition with 300 eV and 500 eV

fons at current densities of 20 and 12 uA cm~2, respectively. The IAD '
coatings were compared with coatings deposited without ion bombardment

{J=0), and a reduction in optical scatter was observed. Comparable |
reduction in scatter was observed for other IAD Tap0g coatings relative

to unbombarded coatings except for coatings bcmbarded with very high }

levels of current density. For coatings bombarded during deposition with
500 eV 0p* at current densities greater than 90 uA em=2, the optical
scatter increased by a factor of 2-5 times that for a coating deposited
without bombardment.

These results are similar to the reductions in scatter reported for
IAD Ti0p coatings.33 Total integrated scatter (TIS) measurements
reported for IAD CeOy coatings also indicated less optical scatter in
coatings deposited under certain conditions of fon bombardment.30 A
possible explanation for this reduction in scatter is that ion bcmbard-
ment modifies film columnar growth producing a more homogenegus fiim
morphotogy. This explanation is supported by micrographs of IAD Ti0p
coatings showing an absence of columnar microstructure and smoother
interfaces in multi-layer IAD film structures.58

The environmental stability of optical coatings is in a large part
limited by the porcsity of the film microstructure as discussed in
Chapter I. A number of Taz0g coatings were exposed to humidity testing
as described in Chapter II to examine the effects of ion bombardment on
film stability. Figures III-7 and -8 are the transmittance curves for
two Tap0g coatings exposed to humidity testing. The spectra in Figure

[IT1-7 are for a coating deposited onto a heated fused silica substrate
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