Neutral ion beam sputter
deposition of high-quality
optical films

By Austin Kalb

he newest generation of high-
accuracy ring laser gyroscopes

8 (RLG) requires state-of-the-art
optical coatings. The process of
neutral ion beam deposition, de-
veloped in the last 10 years for the
RLG application, has met this
challenge. The optical properties
of the mirrors in the RLG affect
gyro performance in a number of
different ways. This article briefly
discusses the relationship be-
tween mirror properties and gyro
performance, and then describes
the coating process of neutral ion
beam deposition. The measure-
ments required to develop this
coating technology are described
in the context of the advancement
of the coating technology.

Gyro performance

First and foremost, scattering of
the incident laser light by the coat-
ing causes a phenomenon known
as lock-in. The scattering causes
the clockwise and counterclock-
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wise beams of the RLG to couple
together. At low rotation rates the
two beams become locked in fre-
quency, and the RLG ceases to
produce meaningful output. Fur-
thermore, near the lock band, se-

vere scale factor (the scale factor is
defined simply as the gyro output
for a given rotational input) nonlin-
earities occur. Figure 1 shows the
lock band at low rotation rates, as
well as the scale factor non-lineari-
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FIGURE 1. Gyro output vs. rotational input showing lock band

caused by mirror scatter.
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ties near the lock region. For high
accuracy RLG applications the
scatter coeflicient (Iscauered/Tincident)
must be below one part in 10%, or 1
ppm.

Another issue is the absorption
of the incident radiation in the
multilayer stack. This affects the
RLG by decreasing the cavity Q.
The lower cavity Q results in a
broadened laser linewidth. The ef-
fect on gyro performance is an in-
crease in white noise. Typical re-
quirements for high accuracy
RLGs set absorption at or below
20 ppm.

Coating requirements

Coatings for RLG use must have
stable optical and mechanical
properties. The mirrors are subject
to a number of cleaning and pro-
cessing steps in the assembly of
the laser gyro. Physical degrada-
tion due to this handling is unac-
ceptable. Changes in optical prop-
erties during gyro operation lead
directly to poor performance. Be-
fore shipment, RLG systems un-
dergo extensive qualification. Dur-
ing this qualification, numerous
system parameters are determined
that are subsequently used to con-
vert raw gyro output data into
meaningful navigation data.
Changes in coating performance
affect these parameters and lead to
errors in the system output.

Although commercially avail-
able E-beam coatings can meet all
of the individual requirements for
high accuracy RLG use, it is unfor-
tunate that all the requirements
cannot be met simultaneously.
Typically, to achieve low levels of
optical absorption in E-beam coat-
ings, the substrates must be heated
during the deposition process.
This leads to crystallite formation
in the films, drastically increasing
optical scatter. While E-beam coat-
ings are mechanically adequate for
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FIGURE 2. Schematic representation of ion beam deposition system.

RLG applications, optical degrada-
tion in the laser gyro operating en-
vironment is a major problem. In-
creases in total loss, where total
loss is defined as 1 — reflection (or
as absorption + transmission +
scatter), are believed to be due to
exposure to ultraviolet radiation
produced in the helium-neon plas-
ma. This UV-induced degradation
can destroy a gyro in a matter of
hours. This degradation mecha-
nism is usually an order of magni-
tude more serious in E-beam pro-
duced coatings than in those pro-
duced by the ion-beam deposition
process.

Ion beam coating
at Rockwell

The ion-beam deposition pro-
cess has been independently de-
veloped by a number of RLG man-
ufacturers. The system developed
at Rockwell consists of a ultra-high
vacuum (UHV) chamber fitted
with two Kaufman-type broad-
beam ion sources,! originally de-
veloped for space propulsion. It is
housed in a Class-10 clean room to
reduce contamination from air-
borne particles. In conjunction

with the deposition system, an
elaborate state-of-the-art optical
measurement facility has been de-
veloped.

It is important to stress that this
measurement facility plays an in-
tegral part in the coating develop-
ment process. In order to develop
coatings that perform in the de-
sired range, one must be able to
measure optical performance in
that range. Until now measure-
ment systems capable of measur-
ing optical parameters in the ppm
range were not commercially
available.

The process of ion-beam sputter
deposition (IBSD) consists of sput-
tering a high-purity metal target in
the presence of oxygen gas, there-
by producing metal oxide films.
The target material is sputtered by
a Kaufman-type broad-beam neu-
tral ion source. Typically, the pri-
mary ion beam consists of high-pu-
rity argon. A second ion source,
aimed directly at the substrates, is
used for substrate precleaning as
well as film modification during
growth. A schematic representa-
tion of this configuration can be
seen in Fig. 2.

A typical process sequence con-




sists of loading the cleaned, un-
coated substrates in a UHV system
and pumping to at least 1072 torr.
The purpose of the UHV system is
to keep potential contaminates
from material outgassing at an ab-
solute minimum.

After a suitable base pressure is
reached, an orderly start-up se-
quence is initiated. This consists
of a process gas purge followed by
an ion source warm-up. The sub-
strates are then briefly sputter
cleaned, and the targets presput-
tered. The deposition process con-
sists of alternately sputtering a sili-
con and titanium target in the pres-
ence of approximately 1074 torr of
oxygen. The thickness of each lay-
er is measured by a quartz crystal
monitor.

A typical stack consists of 12 or
so layer pairs. In most applications
the thickness of each layer is one-
quarter wave optical thickness at
the design wavelength and angle
(i.e., the wavelength and angle for
which the optical stack is tuned).
This is 6328 A, and 45 deg for a
square helium neon laser gyro-
scope.

The mirror coatings are a critical
part of the laser gyro; thus no ex-
pense is spared in the quality of
the materials and processes uti-
lized. Target materials are the pur-
est available, typically 99.9999
percent pure, with a minimum of
harmful impurities such as the col-
or center forming transition met-
als. Process gases are also the best
available. Special high-purity gas
bottles and regulators are used,
and gas lines are specially pre-
pared by a chemical/mechanical
process.

The entire deposition process is
computer controlled; distributed
intelligence is utilized to avoid
down time associated with a single
component failure. The process is
completely automated and can
proceed to completion without op-

The mirror coatings are
a critical part of the
laser gyro; thus no
expense is spared in the
quality of the materials
and processes used.

erator intervention. Presently,
however, data logging is still done
the old-fashioned way—by hand.

Optical measurements

As indicated earlier, the devel-
opment of fast, sensitive optical
measurement techniques is of
prime importance in the develop-
ment of IBSD for RLG applica-
tions. Before the advent of this
new measurement technology,
only the visible spectrophotome-
ter was available for the measure-
ment of absorption loss and trans-
mission. While it is a good tool in
the development of low-quality
coatings, the spectrophotometer is
severely limited in RLG applica-
tions. A good spectrophotometer
has an intensity resolution of about
0.05%. Since RLG coatings have
transmissions below 0.01%, this is
clearly inadequate. Thus, in addi-
tion to the development of IBSD,
an equal emphasis has been
placed on the development of
measurement techniques.

Early in the development of
IBSD for RLG applications, Sand-
ers2 invented a device with a mea-
surement resolution of about 25
ppm (0.0025%). The mirror in
question was inserted in a laser
cavity with a fixed, known gain-to-
loss ratio. A Brewster window was
then introduced into the cavity,
and its insertion loss varied until

the laser extinguished. By know-
ing the loss of the Brewster win-
dow, the total loss of the test mir-
ror can be determined. The test
setup was rather clumsy and sensi-
tive to changes in gain due to cavi-
ty alignment. Further develop-
ments, such as dual Brewster win-
dows to correct beam offset,
provided a temporary fix until bet-
ter techniques were developed.

Another popular technique, still
utilized somewhat today, is based
on the linewidth of a passive reso-
nant cavity. The test mirror is
made part of a three-mirror cavity,
with two other mirrors of known
total loss. A probe laser beam is in-
jected into the cavity and swept in
frequency through the test cavity
resonance. The output of the test
cavity is recorded, and the full
width at half maximum of the cavi-
ty output determined. A simple
calcilation, based on a Fabry-
Perot type system, leads directly to
the value of the cavity Q, which
can then be easily converted to a
round-trip cavity loss. The values
of the known mirrors are subtract-
ed from this value, and the total
loss of the test mirror is deter-
mined. This technique works well
with high loss cavities, where the
linewidth is very broad. As the
mirror deposition process was fur-
ther developed, and cavity losses
decreased, the technique began to
be plagued by errors associated
with thermal noise, as well as the
speed and repeatability of the fre-
quency scan.

This technique will require im-
provements if it is to remain useful
in the future, since lower loss coat-
ings decrease the sensitivity and
resolution of the measurement re-
sults.

A few years after Sanders, Her-
belin3 provided the basis of a new
measurement technique. Again
the test mirror is used in a resonant
cavity. A laser probe beam, inject-
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FIGURE 3. Schematic representation of ringdown lossmeter. Recently, Anderson? developed
a technique similar to Herbelin’s
in which a probe beam is inserted

into a resonant cavity. When the
cavity is clearly in resonance, the
beam is abruptly switched off. The
cavity decay is monitored on a dig-
ital storage oscilloscope, and the
photon lifetime in the cavity deter-
mined by the slope of this decay. A
schematic of this technique is
shown in Fig. 3, and a photograph
of the experimental setup is shown
in Fig, 4.

The technique utilizes an
acousto-optic modulator to switch
the beam, avoiding problems asso-
ciated with high voltage ac modu-
lation. As the cavity losses de-
crease, the photon lifetime in the
cavity increases, increasing mea-

Vi surement sensitivity and resolu-
P ucm:':,:o;t'm ’E' tion. For production usage, the de-
e PR cay time can be calculated elec-
tronically and the operator need
only convert this time to a loss val-

ue by a simple formula. This tech-

FIGURE 4. Photograph of ringdown lossmeter. The ringdown nique is compatible with further

, , i ting development and is
curve can be seen on the oscilloscope in the upper left. TnirTor coa .
ope PP A the one currently in use at most

RLG manufacturers.

Transmission of the optical coat-
ing is usually determined by a di-
rect measurement. A linearly po-
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larized He-Ne laser is incident on
the test mirror at the design angle,
and the transmitted intensity is
measured using a 6-decade cali-
brated power meter. The ratio of
the transmitted intensity to the la-
ser intensity gives the intensity
transmittance directly. After a sin-
gle mirror is measured, it can be
used as a reference, avoiding the
problem of a calibration drift over
the 6 decades. The photon lifetime
apparatus described above can
also be utilized to measure trans-
mittance. This technique has prov-
en to be exiremely repeatable and
reliable, and is currently in use as
the industry standard.

The last optical measurement of
importance in the RLG mirror is
the scatter coefficient. Two classes
of scatter can be distinguished.
Background scatter is associated
with substrate surface roughness
and film crystallite formation. Dis-
crete scattering centers are associ-
ated with point defects such as
particulate contamination in the
film. Background scatter is mea-
sured in a fashion similar to the
transmission. A linearly polarized
He Ne laser beam is incident on
the test mirror. The transmitted
and reflected beams are discarded,
while the scattered light is collect-
ed, usually by a hemispherical in-
tegrating sphere. Low light levels
are typical, so a photomultiplier
tube is usually used to measure
the scattered light intensities.
Again, a simple ratio of scattered to
incident light gives the scatter co-
efficient.

Discrete scattering centers are
measured in a similar way except
the test mirror is scanned by the
incident beam and a map of dis-
crete scattering centers produced.
This map is then used by gyro as-
sembly personnel to locate the
mirror on the gyro, such that the la-
ser beam strikes a spot where no
discrete scatterers are present.

Film properties

Multilayer films produced by
IBSD meet the current require-
ments for high-accuracy RLG ap-
plications. Typically, the complex
indices of refraction of the materi-
als used are (1.46 + 5 x 107%) for
silica and (2.4 + 1 X 1073}) for tita-
nia. This corresponds to an optical
absorption for a 25-layer stack of
about 0.0030% (30 ppm). Trans-
mission is adjustable by varying
the total number of layers.

On smooth substrates, back-
ground scatter is around 1 ppm.
Discrete scattering centers are
minimized by careful cleaning and
handling. A part suitable for RLG
use will show less than 5 discrete
centers over the entire coated re-
gion.

Mechanically, the parts are ex-
tremely hard and can withstand
the elevated temperatures associ-
ated with gyro processing and op-
erational specifications. Although
hardness testing on thin films is
difficult, Mho hardness testing (a
simple scratch test) yields a value
of approximately 7 for fused silica
films. This is precisely the theoret-
ical value. Adhesion of the film to
the substrate is stronger than the
glass itself. In adhesion pull tests,
the glass substrate usually frac-
tures before film-substrate delami-
nation occurs, leading to a value in
excess of 7500 psi.

Chemical analysis of the films
by surface techniques such as
electron spectroscopy for chemical
analysis (ESCA) and secondary ion
mass spectroscopy (SIMS) has
shown the presence of minor im-
purities. Aluminum, carbon, and
alkali metals have been found in
the ppm levels. These are be-
lieved to originate during the de-
position process and from the sub-
strate materials. The films are
amorphous according to x-ray anal-
ysis, and they show little or no

structure under examination by
the transmission electron micro-
scope at a magnification of 120,000
X. The films tend to crystallize at
temperatures above 300°C. This
crystallization is clearly visible in
the light microscope, and evident
in x-ray diffraction analysis.

The future of ion-beam
coating technology

The development of IBSD tech-
nology will likely continue as RLG
manufacturers push for more accu-
rate and smaller instruments. Fur-
thermore, new applications for
IBSD are rapidly emerging.
Among the most exciting is the use
of IBSD to produce highly damage
resistant coatings for high-energy
lasers. For example, the free-elec-
tron laser, operating between 500
and 1000 nm, is ideally- suited for
utilization of IBSD coatings. Laser
damage at these wavelengths is
known to be driven by optical ab-
sorption, thus the low absorption
coatings produced by IBSD are
well suited for this application.

Recent results at the shorter
wavelengths also look very prom-
ising. In conclusion, ion beam
sputter deposition is a relatively
new and exciting coating technolo-
gy and promises to stay that way
for a long time to come.
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