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ABSTRACT OF DISSERTATION
GRADUATE SCHOOL, UNIVERSITY OF ALABAMA AT BIRMINGHAM

Degree __Ph.D.  Program _Physics

Name of Candidate David B. Gore

Committee Chair David L. Shealy

Title A Silicon/Silver Multilayer Fabry-Perot Bandpass Transmission Filter for

Use Near 28.4 nm

A transmissive Fabry-Perot filter was designed, fabricated, and tested in an
attempt to reduce the bandpass near the Fe XV spectral line in the extreme ul-
trav;iolet. The design of the filter involved analysis of the optical constants of the
available materials, examination of binary alloy tables for candidate material pairs,
and computer modeling of possible configurations. Of the materials available, sili-
con and silver were determined to best fit the requirements of high throughput, low
off-peak transmissivity, and minimal rate of interdiffusion. The optical component
was fabricated using radio frequency triode sputter deposition onto silicon wafer sub-
strates. An effort was also made to produce a transmissive substrate consisting of a
thin silicon nitride window on a silicon wafer support structure using standard pho-
tolithographic and wet-etch techniques. Testing of the fabricated multilayer device
included x-ray diffractometry, Auger spectroscopy, transmission electron microscopy,
and reflectometry in the extreme ultraviolet.

The designed Fabry-Perot multilayer filter had a theoretical peak transmission
of 1.55% at 28.0 nm and a full width at half maximum of 2.0 nm. The fabricated
filter suffered from oxidation of its exposed silicon layer, addition of an adsorbed water

layer, an interfacial roughness of between 0.5 and 1.2 nm, and a thickness error of
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approximately 0.5 nm. If this filter were tested as a free-standing filter, its theoretical
peak transmissivity would be between 1.05% and 0.75% at 27.0 nm with a full width

at half maximum between 2.8 nm and 3.7 nm.
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INTRODUCTION

Standard glass lenses and metallic mirrors function poorly at wavelengths be-
low 100 nm. As the wavelength of incident light decreases, the optical constants of
materials approach unity. The reduced difference of index of refraction across an
interface minimizes the effects of both refraction and reflection, lowering throughputs
and efficiencies of these devices.

A common method employed to increase reflectivity of an interface at these
short wavelengths is to line up many such interfaces on the optical axis. If the phase
thickness of each layer is made such that reflected radiation adds in-phase at each
interface, many small reflected amplitudes may be summed into a larger one. The
optic obtained is called a “multilayer” mirror. The total reflectivity of such a mirror
can become fairly large, reaching 60% near wavelengths of 13.5 nm.!

By depositing such multilayer reflective coatings onto curved optics, imaging
systems can be made. Such systems have been designed and employed with varying
success for microscopes? and telescopes.® Recently, metallic multilayer stacks have
been fabricated to transmit 13-nm radiation. These devices have been employed
as elements in polarization detectors? (useful in synchrotron beam lines) and beam
splitters.?

Reflective-optic, soft x-ray imaging systems only display their narrow band-
passes in the soft x-ray regime. Being made of metallic coatings, these multilayers

reflect ultraviolet, visible, and infrared radiation quite well. As interference devices,

1
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they also reflect higher order radiation. If a spectrally broad source is being imaged,
these wavelengths will make it to the image plane and will be recorded if not other-
wise rejected. Currently, transmissive filters made of thin films (%400 nm) of various
metals deposited onto a nickel mesh support structure are placed in the optical path.
By reflecting radiation with frequencies lower than the conduction frequency of the
metal and absorbing radiation above the energy required to ionize inner shell elec-
trons, they have been used both as high-pass filters for blocking visible wavelengths
and low-pass filters for blocking higher order radiation.

The Multi-Spectral Solar Telescope Array (MSSTA)6 is a sounding rocket
payload consisting of 19 telescopes designed to produce images of the sun at thirteen
different spectral lines. This payload was successfully launched from White Sands
Missile Range on 3 November, 1994. Seventeen of these telescopes employed reflecting
soft x-ray multilayer optics imaging radiation between 4.4 and 30.4 nm.? Visible and
higher-order light rejection was accomplished via thin film filters placed approximately
8 cm from the focus of the telescopes. The proximity of these filters to the focal plane
exposed them to focussed solar radiation. A few filters failed because of excessive
heating. In addition, such close proximity to the focal plane would allow any breach
to transmit a large amount of undesired solar flux to the image plane.

The design of these thin film filters makes tailoring their bandpasses difficult.
The short wavelength cut-off is due to inelastic scattering, and the long wavelength
cut-off is a function of the conduction frequency of the material. Shifting the wave-

length of peak transmission or narrowing the bandpass is a matter of searching for
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materials with the correct properties.® Tailoring the optical characteristics of such a
filter is non-trivial.

Currently, multilayer stacks are being used to make narrow band filters at
infrared, visible, and near-ultraviolet wavelengths. Indeed, many of these are Fabry-
Perot etalons and are commercially available with peak transmissivities from 180 nm
through 1000 nm (—A}‘A a~ 0.017 in the visible, 0.04 with 420 nm > A > 250 nm,
and 0.18 with 248 nm > A >180 nm). Fully metallic Fabry-Perot etalons can be
analogously constructed to selectively filter radiation at shorter wavelengths. Barbee
and Underwood have designed, constructed, and tested a tungsten/carbon multilayer
Fabry-Perot filter to be used in reflection for the Cu Kq line (0.154 nm),? and Fernan-
dez et al. have designed, constructed, and tested a molybdenum/silicon multilayer
Fabry-Perot filter to be used in reflection at 12.5-nm wavelengths.10

These filters are necessarily thin in order to minimize absorption effects in
the system. Récently, multilayers have been deposited onto windows constructed
of silicon nitride, boron nitride, or silicon carbide to divide the tasks of mechanical
‘st.rength from those of optical quality in the production of soft x-ray beam-splitters.?
This may also prove to be useful in making larger filters, suitable for placement at the
entrance of a telescopic system, where lower thermal loads would be placed on the
filter and breaches in the filter would have a lessened impact on the imaging system.

The creation of a multilayer Fabry-Perot etalon filter for operation in the
extreme ultraviolet (EUV) requires investigation into the MSSTA payload, optical
and materials design considerations, fabrication technologies, and methods of testing

the final filter. The MSSTA payload optics are designed to image solar radiation at
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many wavelengths. Two of these wavelengths, Fe XV at 28.4 nm and He II at 30.4
nm, are very close to each other. It would be worthwhile to create the filter such that
the center of the bandpass encompassed one of these two spectral lines and blocked
the other. It was chosen to create the filter with a bandpass centered near 28.4 nm.

Both optical design and materials choices will determine the final performance
of the filter. Determining the major contribution to the optical constants is important
in choosing the correct indices of refraction to use during modeling. Those indices of
refraction will be complex and indicate the presence of absorption. Absorption not
only attenuates radiation traversing the system, but also induces an arbitrary phase
change upon reflection from an interface. These two effects must be considered in
the design of the filter. In addition, the interface between materials may no longer
be abrupt at the dimensions of a tenth of a wavelength of the radiation of interest.
These “rough” interfaces must be included in the model filter to better understand
their role in the degradation of the filters performance. The materials themselves
must be chosen with care. Even if the proper interface is created between a pair
of materials, those materials must not change rapidly over time. If they should
incorporate ambient materials (by oxidation, for example), the optical constants will
change. If the two materials mix at their common boundary, they will induce rough
interfaces.

Given the short wavelength of interest and the knowledge that a large amount
of absorption will be present in the system, the layers set down to create the filter must
necessa.;ily be thin. These layers will be on the order of one-quarter the wavelength

of light in thickness. To set down layers 10 nm thick, a system capable of extremely
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slow rates of deposition must be found. The method of fabrication chosen was radio
frequency triode sputtering. In addition, if the filter is to be transmissive, it must be
set on a substrate that will pass 28.4-nm wavelengths. Silicon wet-etch techniques are
suitable for creation of a thin support structure of silicon nitride spanning a window
in a silicon wafer.

Testing the fabricated multilayer will need to elucidate both final materials
content and structure. Auger spectroscopy is well suited to the task of determin-
ing the presence of impurities in the fabricated filter. The filter structure may be
determined via three tests: x-ray diffractometry, transmission electron microscopy,
and reflectometry at the wavelength of interest at a synchrotron beam-line source.
X-ray diffractometry yields a rapid determination of gross structure and interfacial
roughness. Transmission electron microscopy will reveal structures as small as 0.3
nm, which is necessary to determine the presence of defects in the filter. Finally, syn-
chrotron beam-line testing yields information at the wavelength of interest and will
reveal the presence of interfacial roughness, adsorbed atmospheric element layers, and

oxidized materials.
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OVERVIEW OF THE MULTI-SPECTRAL SOLAR TELESCOPE ARRAY

The MSSTAS is a rocket-borne observatory designed to image the sun in se-
lected soft x-ray (4.41-9.39 nm), extreme ultraviolet (EUV) [15.0-33.5 nm], and far
ultraviolet (FUV) [121.56 and 155.0 nm] wavelengths. The MSSTA is a joint project
of Stanford University, NASA/MSFC, and the Lawrence Livermore National Labo-
ratory. Its first flight, on May 13, 1991, brought back many solar images, some with
sub-arc second resolution.!! Telescopes on the MSSTA use multilayer-coated normal
incidence optics in order to obtain greater collecting area and diffraction-limited res-
olution not offered by grazing incidence systems. These telescopes were tested with
standard interferometric and resolution target tests to determine optical performance.
For the longer wavelengths, the MSSTA employs doubly reflecting Ritchey-Chrétien
and Cassegrain telescopes. Detailed specifications are listed in Table 1. At soft x-ray
wavelengths, the MSSTA utilizes single reflection Herschelian optics. Data for these
telescopes® are listed in Table 2. The second flight of the MSSTA, on November 3,
1994, carried six Ritchey-Chrétien, two Cassegrain, and eleven Herschelian telescopes.

The Ritchey-Chrétien telescopes are two-mirrored telescopes with hyperboloid
optical elements. These mirrors are held in place in their cells with a vacuum com-
patible Dow Corning Silastic RT'V which also allows for slight motion during vibra-
tional loading. To minimize changes in mirror separation, the optical benches were
constructed of graphite fiber in an epoxy resin matrix.3 Earlier theoretical studies re-

vealed that the Ritchey-Chrétien telescopes could obtain spatial resolutions of better
6
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7
than 0.3 arc s over a 48 arc min field of view at 121.6 nm (with the best possible reso-
lution of 0.03 arc s occurring near the optical axis at a wavelength of 17.3 nm).12 This
second flight carried five Ritchey-Chrétien telescopes with mirrors coated to image
wavelengths of 15.0, 19.3, 28.4, 30.4, and 155.0 nm. A Short Ritchey-Chrétien tele-
scope was constructed, capable of obtaining resolutions of 0.22 arc s at its operating
wavelength of 121.6 nm.13

The two Cassegrain telescopes are not true Cassegrains—the optical elements
were fabricated as spheres. Conical elements of the smoothness required for the
multilayer coatings were unavailable at the time the Cassegrain optics were made. The
telescopes were found to be diffraction limited in visible wavelengths. The maximum

resolution, however, is limited to 0.5 arc s due to aberration.14

Table 1. MSSTA two-mirror telescope design specifications.

Ritchey-Chrétien Short Ritchey-Chrétien Cassegrain

Focal length {cm) 350 230 200
Mirror separation (cm) 80 55 42.3
. Primary diameter (cm) 12.7 12.7 6.4
Secondary diameter (cm) 4.9 5.7 2.5
Total field of view (arc min) 48 73 48

The eleven Herschelian telescopes flown were of five different types and de-
signed to operate at 4.42, 5.47 (2), 9.39, 14.3, 15.0 (2), 18.0, 19.3, 21.1, and 28.4 nm.
All were off-axis paraboloids except for the 18.0-nm telescope which was a General

Optics 1.5-inch concave sphere with a 2-meter radius of curvature. The multilayer
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coating for this optic was deposited at MSFC by Palmer Peters a few weeks before

launch.1®

Table 2. MSSTA Herschelian specifications.

Wavelength Diameter Focal Length
4.4, 14.3 nm 4.0 cm 14m
5.47,15.0,28.4 nm 4.0 cm 1.0m
9.39 nm 5.0 in 1.0m
18.0 nm 1.5 in 10m
19.3, 21.1 nm 4.0 in 14m

Pre-Flight Focussing

The two Cassegrain telescopes and three of the six Ritchey-Chrétien telescopes
were tested interferometrically for position of best focus at MSFC. (The 28.4- and
121.6-nm telescopes were unavailable for testing, and the 155.0-nm telescope required
special handling, described later in this section.) A Zygo PTI Fizeau interferometer,
using a Helium-Neon laser (632.8 nimn) as its coherent light source, produced interfer-
‘ograms which were captured with a frame grabber (installed in an IBM-AT equipped
with an Intel Inboard 386 processor and an EGA monitor and video card). These
interferograms were then analyzed using MicroFringe 3.1 code. Because of the exis-
tence of the central obscuration, spider mount and multilayer sector boundaries on
these telescopes, the interferogram contained many artifacts that the code was unable
to recognize. The interference patterns were digitized by hand. The entire set-up was

laid out on a 5’ x 9’ Microflat granite table as shown in Figure 1.
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With a precision (1/20 wave) flat reference mirror reflecting the beam back
through the optical system under test, each fringe in the interferogram represents 1/2
wave of wavefront deformation. After the flat mirror was moved to the point where
MicroFringe 3.1 reported the flattest wave front, that position was then used as the
position of best focus and, therefore, the camera film plane. The position of best focus
for any telescope was found repeatedly to within 0.001 inch. The modulation transfer
function of the two Cassegrain telescopes, as calculated from the interferograms, is
shown in Figures 2 and 3, where a normalized spatial frequency of unity represents
a diffraction-limited resolution of 2.5 arc s (at 632.8 nm). Based on these results,
the telescopes are expected to have achieved the sub-arc second resolution desired at

their respective operational wavelengths.

Table 3. Visible-light resolutions of the two mirrored telescopes.

Telescope Resolution
150 nm 7.1 arcs
193nm 7.1 arcs
304nm 7.1 arcs
173 nm 83 arcs
21.1nm 6.7 arcs

The approximate visible-light resolutions of the telescopes are listed in Table 3.
These calculations serve as a base-line for the photographic tests performed at the

launch site and described later in this chapter. The resolutions are calculated for a
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modulation transfer function of 0.4 as the detector (photographic film) requires this
level of contrast to faithfully record an image.

The 155.0-nm Ritchey-Chrétien telescope was coated by Acton Research Cor-
poration with a dielectric layer stack that has such a low reflectivity at the red He-Ne
laser line that the multi-pass interferometer was unable to record an interference
pattern. The conventional knife-edge test was performed instead. This test has a
somewhat lower accuracy in determining the position of best focus; however, the
155.0-nm Ritchey-Chrétien telescope operates at such a long wavelength that the

depth of focus of the system is significantly greater than for the EUV instruments.3

In-Field Focussing

The telescopes were transported to White Sands Missile Range, placed into
the MSSTA 1II payload, and mated with their cameras. To aid in focusing, a 16-inch
Schmidt-Cassegrain collimator with a 180-inch focal length was used to illuminate
the payload. This collimator was aligned and focussed using a 6-inch cube’s corner
retro-reflector while a 10 arc s pinhole was placed in its object plane.

To perform “in-the-field” focusing, a Standard 1951 Air Force High Resolution
test target was placed in the object plane of the collimator. As shown in Figure 4, a
Gaertner traveling microscope, fitted with a razor blade in its object plane obscuring
part of its field of view, was then used to view the image of the resolution test target
produced by each telescope.

The position of best focus was chosen to be the location of the razor biade

where the microscope showed the sharpest image. This position was reproducible to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



14

Razor Blade

Figure 4. Locating back focus position with a Gaertner travelling microscope.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



15

within 0.04 inches. After the cameras were mounted with their film planes in the
correct position, photographs were taken of the resolution test target. A summary of
the data is presented in Table 4.

Originally, due to the lower accuracy of this test, this method of focusing was
only to be performed on the 13 telescopes that were not or could not be interferomet-
rically tested at MSFC. After the payload had been vibration tested, it was found
that three of the secondary mirrors of the Ritchey-Chrétiens had moved (those of
the 19.3, 28.4, and 30.4 nm telescopes). The mirrors were repositioned within their
cells and held in place with vacuum-compatible Dow Corning Silastic RTV. The back
focus position was then re-determined with the traveling microscope.

In the case of the Ritchey-Chrétiens, all telescopes performed within approxi-
mately a factor of two of the diffraction limit. The Herschelian telescopes’ resolutions
varied widely due to some being used further off axis than originally designed. This
can be seen in Table 4 where one value of resolution is quite different than the value in
the orthogonal direction. The 18.0-nm Herschelian, being a spherical optic, performs

worse for off-axis input field angles than the paraboloids.

Summary of Visible Light Testing
The MSSTA II payload with its complement of 19 telescopes was assembled
and optically tested at White Sands Missle Range in the visible wavelengths be-
fore flight. Five of the two-mirrored systems were focussed interferometrically. The
modulation transfer functions elucidated by the analysis of the telescopes’ interfero-

grams at the position of best focus indicated the ability of those telescopes to attain
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Table 4. Visible light resolution test results.

Telescope Horizontal (arc s) Vertical (arc s)

Ritchey-Chrétien (D.L. = 1.2 arc s)

15.0 nm 1.2 1.4
19.3 nm 2.8 1.4
28.4 nm 1.3 3.2
121.6 nm 4.5 2.0
155.0 nm 1.3 3.6
Cassegrain (D.L. = 2.4 arc s)
17.3 nm 8.0 6.3
4.0 cm Herschelians (D.L. = 3.8 arc s)
4.4 nm 4.0 5.6
5.47 nm (0) 41.0 35.8
5.47 nm (n) 3.2 4.0
14.3 nm 4.5 8.0
15.0 nm (6) 5.6 4.0
15.0 nm (¢€) 18.0 6.3
28.4 nm 4.5 8.0
4.0 in Herschelians (D.L. = 1.5 arc s)
19.3 nm 2.0 5.0
21.1 nm 2.0 3.6

5.0 in Herschelian (D.L. = 1.2 arc s)

9.39 nm

12.7

3.6

1.5 in Herschelian (D.L. = 4.0 arc s)
18.0 nm 25.3 25.3
(D.L. = Diffraction limit at 632.8 nm. Horizontal and
vertical resolutions are arbitrary, orthogenal directions
in the image plane. Greek letters denote different tele-
scopes coated for the same wavelength.)

roughly half of their diffraction-limited resolutions. The 155.0-nm Ritchey-Chrétien
was focussed using a conventional knife edge test because of the low reflectivity of

the coating at 632.8 nm.
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All telescopes were then aligned and checked for focus in situ using a Diffrac-
tion Limited 16-inch collimator which projected either a pinhole for alignment or a
Standard 1951 Air Force High Resolution test target. All of the Ritchey-Chrétien
telescopes performed admirably, as did a number of the Herschelian telescopes. The
difference in calculated resolution versus observed resolution at visible wavelengths
may stem from the fact that the film used for the tests (SO-253) was able to record
images at lower contrasts levels than expected. With these performances, it is not
unreasonable to expect that many of the telescopes attained the sub arc-second res-
olution for which they were designed.

Images taken on this flight are still being analyzed, but it appears that the
155.0-nm Ritchey-Chrétien did yield sub-arc second resolution of structures in the
chromosphere.10 The resolution test target images were recently digitized by Dr. Den-

nis Martinez-Galarce, and the revised resolution results are to be published shortly.1?

Filters
The filters currently used in the MSSTA payload are thin films of various ele-
ments deposited on a support structure of 83% transmissive nickel mesh.!8 These fil-
ters function by attenuating and reflecting radiation below the conduction frequency.
At the short-wavelength cut-off, the process of inelastic scattering with an inner shell
electron is used to absorb unwanted radiation.
The materials used for filters on the last flight of the MSSTA were chosen to
meet the requirements of rejecting radiation outside of the desired passband. Where

possible, the passband of the filters were made narrower by taking advantage of
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a material’s absorption edge. The filters were tested at the Stanford Synchrotron
Radiation Laboratory (SSRL), and the datal? for the five filters flown are given in

Table 5 and Figures 5-9.

Table 5. Thin film filters for MSSTA II.

Filter Peak A Max T. FWHM Composition Telescopes

94-1 172 11.4% 2.6 170 Al, 110 Y, 45 C 17.3, 19.3, 21.1
94-2 16.8 9.6% 2.3 160 Al, 150 Y, 45 C 21.1

94-3 16.9 32.9% 5.0 200 Al, 40 C 18.0, 28.4, 30.4
94-4 8.1 4.4% 2.6 300 Y, 150 Nb, 20 C  9.39, 12.8, 14.3, 15.0
94-5 53 13.2% 0.19 100 Al, 250 C, 250 Phth 5.47

Wavelengths and thicknesses are in (nm). Phth is phthalocyanine.

The method by which these thin film filters operate makes it difficult to opti-
mize them for a specific wavelength and to reduce their full width at half maximum.
Fabry-Perot interferometers are much better adapted to tuning both peak wavelength
and full width at half maximum.

A Fabry-Perot filter utilizes a resonant cavity that reinforces radiation at inte-
ger multiples of a fundamental frequency and uses destructive interference to suppress
other frequencies. If the resonance cavity is constructed of a single slab of material, it
is called an “etalon.” The primary characteristic of a Fabry-Perot filter is its etalon
thickness.

A Fabry-Perot’s band-pass can be significantly reduced by using the proper-

ties of interference. An etalon of thickness, d, combines wavefronts from multiple
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reflections at its surfaces. Using the matrix formalism outlined in the next chapter,
the transmission of a Fabry-Perot filter is

T?
(1 — R;)? + 4R; sin? (g)

(1)

where T; and R; are the transmissivity and reflectivity at the surfaces of the spacer
layer, n is the index of refraction of the spacer layer, and y is twice the phase thickness

of the spacer (y = 4—"’\@-) The maximum and minimum transmission through the filter

are
T? 2nd
Tmaa: = H:—LR—,-)? when A= —; (2)
Toni ———T'?——- when /\—M (3)
min = (1 +Ri)2 = m
where m is a positive integer greater than zero.
The transmission can be re-written as
Tmaz
= — .. 4
1 + Fsin? (g) “)
This is known as the Airy Formula where
4R;
F=c0—r—rs.
- R’ ©®)

As long as A is within +0.1 of its value at Tynqgz, g can be considered a small
angle. The full width at half maxium in y is then 74F- Converting the domain from
y to A, the full width at half maximum is

dndnVF

FWHM ~ — oo (6)

From equations (2) and (6) it can be seen that the full width at half maxiumum is,

roughly, inversely proportional to m, and can be reduced by adding thickness to the
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spacer. However, in an absorptive medium, this needs to be balanced against the
exponential loss of flux with increasing thickness.

In addition to the issue of absorption, many other optical design criteria must
be considered. The most important of these include increasing the reflectivity of the
optic, determining the optical constants of materials, understanding the effect optical
interfaccs have on the efficiency of the optic, and choosing the materials to be used

in the construction of the filter.
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DESIGN

As wavelengths decrease, optical constants approach unity. Because reflectiv-
ity at an interface depends on the ratio of optical constants on either side, reflectivity
decreases with wavelength. One popular method of overcoming this deficiency is to
increase the number of interfaces and space them such that reflected radiation from
one interface adds in phase with radiation reflected from interfaces deeper in the
stack. Optics utilizing this method to increase reflectivity are called “multilayers.”

The optical constants of the materials composing the layers are a functi;)n
of wavelength and, as wavelength decreases, the index of refraction is affected more
by the number density of particular elements than by the presence of particular
compounds. The dominant optical property of the elements stems from treating the
associated electrons as a collisionless plasma. The correct optical constants are then
derived by determining a complex number representing the number of “free” electrons
per atom. This approximation becomes better as frequencies increase (wavelengths
decrease).

Even though the optical constants may be known, the morphology of the
interface becomes important if the change in of)tical constants occurs over a distance
greater than an appreciable fraction of the wavelength of radiation. Interfaces which
do not occur within a negligible fraction of the wavelength of radiation are considered
“rough” and decrease the reflectivity of the interface. Interdiffusion between layers

can easily form rough interfaces, and such roughness must be taken into account.

26
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Also important is the choice of materials. A Fabry-Perot’s pass-band becomes
narrower with increasing etalon thickness; however, absorption of radiation also in-
creases with thickness. The material chosen for the etalon must be low in absorption,
and the complement material must not only form an interface with a relatively high
reflectivity, but must also aid in rejection of wavelengths outside of the desired pass-
band. In addition, the two materials should not readily intermix, nor should they be

susceptible to oxidation.

Multilayers

A simple dielectric multilayer stack consists of two media of differing indices
of refraction, n, alternating with layer number, {. Figure 10 is a schematic of three
layers inside such a stack.

At each interface there is reflection and transmission of radiation. The ma-
terials are chosen such that, at each interface, the Fresnel coefficients predict high
reflectivities. Reflection may be weak at the interface between a single layer pair, but
many such interfaces raise the total reflection of the stack appreciably if the reflected
wavefronts interfere constructively. Layer thicknesses, dj, are therefore chosen such
that reflected light adds in phase at each interface. This requires, for radiation of

vacuum wavelength A in non-absorptive media, that

271—2
d) = (2m + 1)4—’\n—l [1 ~ (ﬂ:l sin0) ] (1)

ny
where m is an integer representing the order of reflection and 6 is the incident angle

of the incoming light. This equation was derived by requiring that the phase of two
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Figure 10. Schematic of three layers inside a multilayer optical stack.
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rays differ by a factor of 2mm. The first ray is reflected from the forward interface of
one layer. The second ray traverses that layer, reflects off of the following interface,
re-traverses the layer, and exits the original interface.

If the approximation is made such that the indices of refraction are that of vac-
uum (unity) and the normal incidence angle, 8, is replaced with the grazing incidence

angle, © = 90 — 0, equation (7) reduces to Bragg’s law for x-ray crystals:
2Dsin® = N (8)

where D is the layer period and N is an integer called the “Bragg Order.” This is
useful in x-ray diffractometry of periodic structures where the indices of refraction
are close enough to unity to utilize this law for determination of layer pair thickness
from plots of reflectivity versus grazing incidence angle.

The properties of a stack consisting of | layers can be quickly calculated nu-
merically via a matrix formalism20 where the (possibly complex) index of refraction
of the medium, thickness of the medium, and incident angle of radiation are the only
independent variables.

For a simple, three-layer stack (as depicted in Figure 10), calculating the

transmission through layer 2 can be done via matrix mechanics:
k) = Sk3 (9)

where E’l = ( (2 ) represents the leftward and rightward propagating electric field at
the right-hand side of layer 1 and Ej3 = ( gl?; ) represents the leftward and rightward
T

propagating electric fields at the left-hand side of layer 3. S is the 2x2 stack matrix
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which yields the transformation. Because %53 represents the transmitted electric field

rl

and -f—jil the reflected field,
rl
Tstack = 5521 and  pgpack = 512 5521 (10)

where Tggcr and pgqer are the Fresnel transmission and reflection coeflicients, re-
spectively, for the stack. The stack matrix itself represents the combined effect of all
the optics as radiation impinges on the multilayer stack. In the case of this simple,

three layer stack, it can be factored into

S = 712?2723 (11)
where
7 1 (1 pi
o= 12
Iz] Tij (sz 1 ) ( )

and describes the physics at the interface of layers i and j where 7;; and p;; are the
Fresnel coefficients of transmission and reflection at the interface.

Propagation of a ray through a layer, j, is described by the matrix

= —ig; 27
P; = (e 0 J e'%j) , ¢J = Tn"d]cosgj (13)

where 0; is the angle the ray makes with the surface normal. Carrying out the

multiplication,

g=_1t (1 p12) e"i%2 g (1 P21)
T1979; \P12 1 0 eib2 p1 1

1 €72 + p19p21€*92  py1e2 4 praeitz
126792 + pg1ei¥2  prgpoieTié2 + €2 )
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thus,
Tstack = T12T21 :
p1apa1e~ 2 + if2
(14)
pa1e™%2 + p1oeit?
Pstack =

p12p21e—92 + eit2

Such methods are easily formatted into computer executable code and can be
used to optimize multilayer stacks with tailored pass-bands. Recently, work has been
done to create multilayer filters with pass-bands showing Chebychev features (as has

been done with electronics filters) in the infrared with non-absorbing materials.?]

Optical Constants
When absorption is present in materials, they must be described by complex
indices of refraction, 7i. Calculating these indices properly is important if an accurate
model is to be made. According to Henke et al,22 the complex index of refraction of

a material may be represented by
i=n—itk=1-6—-if (15)

where

T
§= __§e' -’\2 Zpafl,a
8réey - G (16)
Te 2
= A .
B Snleq ;Pafza
The material, composed of atoms with number density pq, is considered a

collisionless plasma with f = fi + ifo “free” electrons (of radius r¢) per atom. A is

the wavelength of incident radiation.
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Theoretically determining 7 for a metal is done by calculating its “dielectric
constant,” €. The equation of motion of a free electron in a metal is governed by the

driving force created by the oscillating electric field and local damping effects:

d%7 dF o it
m—g + my o = qEpe 17

where m is the mass of the electron, g its charge, 7 is its displacement, - is a damping
constant, and E’oei“’t is the electric field of the incoming electro-magnetic wave.

Choosing a harmonic solution for 7,

— - " q m - ;
’l‘(t) = roe""t = ‘i'yu)/——u)onezwt (18)

which has a dipole moment of
2/m o
qro = .q—/-Eo (19)
yields a polarization in the material of
2
5 _ Pgi/m =
P =
Frw—wE 0 (20)
where p is the density of free electrons.

From the wave equation,

ue
n= . 21
HO€o ( )

Assuming non-magnetic, linear media, this may be re-written

A2 =1+ |13|~
eolE|
(22)
()
w2+72 w w2+72
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2
where wp is the plasma frequency, r%%.

Given that 72 = (n— ik)?,

2
“p

2_j2_1__% _
n w2+’72

(23)
2

(1 _“p__
2nk = (w) w4+ 42°

Approximation to a collisionless plasma is equivalent to zetting v = 0. This

yields

n2=1-2 (24)

At extreme ultraviolet wavelengths, w? >> wg. Setting n = 1 — 4, an approximation

may be made:

w?
n?~1- 26 5=%€5. (25)
And 4 can be expressed as
—_Te 2
6= Grtg™ P 29)

where r¢ is the classical electron radius (Fq:,.?)

Henke et al.22 state that any element can be treated in this fashion by choosing
p correctly. Henke defines a constant f to be the fraction of “free” electrons per atom.
To account for absorption, f is complex (f = fi + ¢ f2). Therefore, for any particular

species of atom in a compound,
Te 2 ~,
ba = A 27
a m Pafa (27)

where pq is the density of the given atom, a, in the compound.
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Furthermore, Henke states that the d, are superimposable:

re 2 ~
= . 2
é 81!'260/\ Za:Pafa ( 8)

Much of the modeling that follows utilizes index of refraction information extrapolated
from Henke’s experimental values of f.

Materials where 3 # 0 induce two effects on the reflection of radiation. First,
power is lost in traversing the system. Power loss in absorptive materials defines
a maximum number of periods viable for a reflector. As one goes deeper into the
optical stack, less radiation is available because of dissipation in earlier layers; thus,
deeper layers contribute less reflected energy. In a mirror, additional layers may
not contribute, but they are not detrimental to the performance of the optic. For
a transmission filter, however, additional layers reduce throughput. The number of
layers to be included in the filter was settled based on computational modeling. In
addition, reflection at interfaces no longer results in phase changes of 0 or w. This
requires a different optimization for multilayer structures than the i\[ layers described
for non-absorbing media. Vinogradov and Zeldovich?3 derived the following equation
for the optimum ratio, Yopt, of the thickness of high-absorption material to the total

thickness of a high-absorption/low-absorption pair:

- __mk ) _
t"fl'n("""?'opt) T (’Yopt + npkp — nlkl) =0 (29)

where ny, k, n;, and k) are the real index of refraction and absorption for the high-

absorption and low-absorption materials, respectively.
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Interfacial Roughness

Because multilayer optics depend on reflection and transmission at interfaces
between materials, it is important to consider the geometry of those interfaces. In
particular, we are interested in the optical effects of a particular dielectric function,
e(Z).

If the dielectric constant of the material changes from its initial value, €g, to its
final value, ¢/, within a distance smaller than the wavelength of radiation considered,
the interface may be approximated as a step function, and reflection and transmission
at an interface may be calculated from the boundary conditions at the interface.
This approximation is certainly viable for optics to be used at visible and longer
wavelengths. However, as wavelengths decrease, tolerances on “perfect” interfaces
also decrease to the point where even minor interdiffusion between materials forces
one to inquire about the optical effects of an arbitrarily wide interface. The formalism

24

to follow is adapted from Stearns<*.

An electric field

Eo(i:', )= E’oeiEO’fei“’t (30)

impinging on an arbitrary interface satisfies the homogeneous wave equation
(V2 + K2)EY3) = 0. (31)

The displacement field in a linear, non-magnetic medium obeys the relation

(V2 + B)D(2) = =V x V x (D(Z) — e E(7)). (32)
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The displacement field may be considered a superposition of the field scattered by

the change in € and the field not scattered
D= D%+ DY (33)
The non-scattered case implies D? = ¢ E; hence, (62 + l-c‘2)§0 =0 and

(V2 + B2)D%(3) = =V x V x (D(%) — E())

==V x V x (e() E(Z) — e E(Z)) (34)

= -V x V x a(Z)(E%(3) + E*°(2))

where

a(Z) = €(Z) — € (35)

and the electric field has been divided into scattered and non-scattered terms. This

can be further simplified by noting that

€

VE-HBLZ B = = P. (36)

In linear media, P=D- eOE. Thus, the non-scattered electric field satisfies the
homogeneous version of equation (36). The polarization is non-vanishing only for
ES¢ where P = a(Z)E.

Because a(Z) << 1 in the extreme ultraviolet, the right-hand side of equation
(36) may be taken as small. In the Born approximation, this is taken to be small

enough, in fact, to make the approximation £%¢ ~ 0. Thus

- —

(V2 + B2 D% (3) = -V x V x ofZ)E'(Z). (37)
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Stearns prefers to solve equation (37) in Fourier space, with the result

—4 - 1 P A A ~ [ g 32 35T
| D*¢(F) = (2—"")—3--/'//[(5 x Eg) x 3)&(3 — kO)sz——ki e d3s, (38)
Defining A = € — ¢,
«~_ [0 2z 39
o(Z) = A z——-o00" (39)

The normalized derivative of a(Z) in the Z direction can also be used as a description

of the interface:

1 0a(Z) _ 1 8¢(3)

9(2) = A 9z A 0z (40)
The z = 0 plane is defined by requiring
/ 29(&) d3z = 0. (41)
Notice. for some region —-)g{- <z < -)2(-, —-}2,- <y< -}2’-,
Y X
T [T [T v
[_%L%/oo 9(Z)dzdydz = XY = A. (42)

Over a small enough region (Az,Ay < A), the specular field only depends on the
average variation of the dielectric function. Thus, we may introduce an average

profile function

o LI Jle@) — ¢ldody
M) = A [ dndy (43)

- XIA‘ [ [1e@ ~ ¢1dwdy.

The derivative of the average profile function is simply defined as

dp(z) (44)

w(z) = 7,
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By separating k into a magnitude, k, and unit vector, #, Stearns solves equation (32)

for both reflection and transmission of a given polarization, E. For reflection,

Eo) [ IE—R) ¥ 4o, g, (45)

nz(ng — no)

E* E"®)=

For transmission,

A =4, Ak’ k "‘k k.3
B B#) =~ gg (B Eo) [ 9((k, _12)) &% dny dny. (46)

It is important that these results reduce to known reflectivities and transmis-
sivities at perfect interfaces, i.e. where g(Z) = §(2). Indeed, substituting the Fourier

transform of 8(z) for the reflection integral yields

B (B Bo)FF (47)

E* . E"(z) =
@) 4¢gn?

where

ky=k3, ky=£kJ, and kj=—k..

By defining § = k— I:O to be the momentum transfer vector for reflection
qd= K — Eo for transmission), we find that the specular field requires g; = ¢y = 0.
q Y

The Fourier transform of g(Z) then has the form

9(9) = 6(qz)d(ay)9(qz) (48)

and

9(g:) = Ad(g:) (49)

which reduces the integrals (39) and (40) to analytic functions:

E*. ET(3) = roiv(qz) e F (50)
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and
B BY(®) = toi(a;) ™' 2 (51)
where rg and ¢p are the Fresnel reflection and transmission coeflicients, respectively.
Both reflection and transmission are reduced by the factor w(g;). For trans-

mission,

A
(gr) = wk! — ) ~w | — ~1
(gz) = w(k; — k3) ( 2€0n22)

to first order in A. Thus, transmission is unaffected by interfacial roughness to first
order in A. Knowing that g = —2kn?, the reduction in reflection at an interface
with a particular interface profile, p(z), may be estimated. The standard model for

classical interdiffusion of two materials yields an error function for the interface profile

1 gz 2
p(z) = - e 202 dt. (52)
-0
This results in a derivative of
1 2
w(z) = e 2o 53
#)= oot (53)
which has the Fourier transform
0232
w(s)=¢e" 2 . (54)
Substituting s = g, = —2kn9,
2
d(gs) = e~ 207K, (55)
This is the famous Debye-Waller factor2?
_2(211'0 cosa )2
R = Rpe A (56)

which can be incorporated into stack reflectivity calculations to model the reduction

in reflectivity that results from interfacial roughness.
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Computational Modeling

The code used for the initial computational modeling was written in FOR-
TRAN 77 on a UNIX platform (Silicon Graphics IRIX 5.3 IP7). It uses the ma-
trix formalism developed earlier2? and outputs plots of either transmission or reflec-
tion versus wavelength (for bandwidth plots) or angle of incidence (for rocking-curve
plots). The wavelength-dependent, complex indices of refraction are given by equa-
tion (16) where the f values are the atomic complex scattering factors published by
Henke et al.22 The front end is written in TCL/TK to allow a simple, graphical user
interface, and results are automatically plotted with Gnuplot. This code reproduces
results obtained by XMC commercial code which runs in the MS DOS environment
and, as a test case, reproduces the theoretical results calculated for Barbee’s FPE.26

Toward the end of the modeling process, the personally developed code was
relinquished in favor of IMD,27 software developed by Windt at Bell Laboratories.
IMD is written in and runs under RSI’s interactive data language (IDL) environment
and is preferable due to its ability to model rough and diffuse boundaries between
layers by using the formalism presented earlier and attempt to fit model parameters
(such as interfacial roughness, layer thicknesses errors, v values, etc.) to measured

data.

Materials Search
The materials for the prospective filter need to satisfy five requirements. First,
they must be available as sputtering targets. Second, the material used for the etalon

must have as low a coefficient of absorption as possible at the wavelength of interest.
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Third, the materials chosen must not combine with atmospheric elements, thereby
inducing a change of index of refraction. Fourth, the complement material of the pair
must create an optical interface with the first material in such a manner to suppress
wavelengths significantly outside of the band of interest. Fifth, the various materials
chosen must not mix at the boundary, which can introduce scattering losses caused
by the rough interface.

There exist algorithmic searches for layer materials.2® However, these searches
base their merit function almost entirely on maximizing reflectivity at the wavelength
of interest. Suppression of wavelengths outside this region and interdiffusion issues
are not discussed. Genetic algorithms have recently been proposed,29 however, which
use departures from the desired spectra as their merit function.

The materials available as sputtering targets were as follows: Ag, Al, Au, Bi,
C, Co, Cr, Cu, Fe, Ge, Li, Mg, Mo, Nb, Ni, Ru, Si, Sn, Ta, Ti, U, V, W, AlxO3,
BaTiOg, BN, B4C, LaBg, LiO9g, SigNy4, SiOg, and TiOs. Figures 11 through 18 plot
the coefficient of absorption with respect to wavelength for all these materials. They
are grouped by similar characteristic shapes.

Group I materials (Figure 11) represent the lowest coefficient of absorption
in the wavelength range 25-35 nm. Satisfying condition two, these are the etalon
materials of choice. Of these, rapid oxidation of lithium and magnesium leaves only
silicon and aluminum as viable options.

The choice of the complement material must be made carefully. Even though
molybdenum (second highest peak in group Vb, Figure 17) is a standard multilayer

material, its optical constants are not suited for use in a Fabry-Perot filter,! as the
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Figure 11. Coeflicients of absorption: Group I.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0.2

0.15

0.05

L] Ll L} L L) L] L l'
Boron Nitride —
Carbon ---
Boron Carbide --3/-
4
Il
l'
,I
Il
'l
ll L
l’ “
’l
s K
’ll 'c' -
l’ o
I/ ."
I' ."
, 'l . o
’I R »*
4 *
s’
4 o
"" , °*
, ‘l . 0
L, "' . ‘u' g
- ’a’ __»"
g3 wmmTEo X . , ) R
] 10 15 20 25 30 35 40
Wavelength (nm)

Figure 12. Coeflicients of absorption: Group Ila.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

43



0.5 1 1 L] L) ¥ L] L
Silveé — 7]
0.45 Titanium Dioxide --:£5
Zinc

0.4
0.35
0.3
ost¢ S e
0.2
0.15 -

0.1

0.05

o
o

-’
P

20
Wavelength (nm)

Figure 13. Coefficients of absorption: Group IIb.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

44



0.3 T T !

0.25

01 F

0.05 |

Figure 14. Coefficient

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



03 T T T 1} T T T

0.25

0.2

01 |

0.05 |

20
Wavelength (nm)

Figure 15. Coefficients of absorption: Group IV.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

46



0.3 T T T T T T

0.25

0.2

0.1

0.05

|

Ruthenium
Vanadium
Chromium

(o} ] 10 15 20 25
Wavelength (nm)

Figure 16. Coeflicients of absorption: Group Va.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

47



0.4

0.35

0.3

0.25

0.15

0.1

0.05

20
Wavelength (nm)

Figure 17. Coefficients of absorption: Group Vb.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

48

25 30 35 40



0.25 T T T T T T

0.2 F

0.15

0.05 |

20
Wavelength (nm)

Figure 18. Coefficients of absorption: Group VI.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

49




50

theoretical transmissivity plotted in Figure 19 depicts. This filter is a 27.5-nm thick
silicon etalon between multilayer mirrors, each constructed of seven pairs of silicon
and molybdenum layers. Each silicon/molybdenum layer pair has a thickness of
15.0 nm and a gamma of 0.2. The quick drop-off in index of absorption on both
the high and low wavelength sides of molybdenum allows off-peak radiation to pass
through the filter, causing the high “wings.” Hence, materials from groups IV, Va,
and Vb (Figures 15, 16, and 17) do not satisfy the fourth condition and are not useful.
Materials from group Ila and VI (Figures 12 and 18) have coefficients of absorption
that drop off too steeply on the short wavelength side.

Materials from group IIb (Figure 13) appeared to have the best chance of
creating a filter with a narrow peak surrounded by areas of low transmission. Paired
with possible materials from Group I, the first candidates were Zn/Al, Zn/Si, and
Ag/Si. These candidates are plotted in Figure 20. Of these three candidates, the
interdiffusion condition remains to be addressed. One means of doing so is to examine
the phase diagram of the two materials such as are listed in Hansens’ binary alloys
tables30 or Massalski’s binary alloy phase diagra.ms.?‘1

Carbon and tungsten are well known and often used multilayer materials.
However, the diagram in Figure 21 shows a very complicated system indicating that,
below 1250 C, the two materials may possess solid solubility with two phases present:
a solid consisting of pure tungsten, and a solid containing tungsten carbide. Indeed,
x-ray diffractometry revealed that a multilayer constructed of carbon and tungsten
had characteristics that were far from ideal immediately following sputter deposition.

The multilayer was designed to be a reproduction of the mirror created by Barbee
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et al.9 for their Fabry-Perot etalon: fifteen pairs of tungsten and carbon with a pair
thickness of 2.76 nm and a gamma of 0.308. Figure 22 is the reflectivity of the
sample two days after fabrication. Figure 23 is the reflectivity of the same multilayer
after two years plotted against theory (solid line). The theoretical carbon-tungsten
multilayer in the plot replaces the first tungsten layer with tungsten oxide (WQO3),
and the interfacial roughness between layers is approximately 1.3 nm. Thus, both
oxidation of the top layer and interfacial roughness induced serious degradation in
the reflectivity of this multilayer.

Figure 24 is the binary alloy phase diagram for aluminum and zinc. Although
solid solubility does not appear very great at temperatures below 50°C, the pairs
silicon and zinc, and silicon and silver (plotted in Figures 25 and 26) appear to have
a much lower solid solubility. Based on information from these diagrams, the decision
was made to create the Fabry-Perot filter using silicon as the etalon and silver as the
high-index compliment.

The final parameters for this multilayer, listed in Table 6, were determined
mostly via computational modeling. A pair thickness of 15.0 nm was used for initial
modeling of the system and yields a peak reflectivity at 28.0 nm. Vinogradov’s
parameter (equation (29)) was plotted and a root found at Yopt =~ 0.190. This
requires the silver layer thickness to be 2.85 nm in each pair. This Fabry-Perot
interferometer has a peak transmission of 1.55% at 20.04 nm with a full width at half

maximum of 2.0 nm. Its transmissivity is plotted in Figure 27.
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Table 6. Silicon/Silver Fabry-Perot design specifications.

Layer Thickness
7x Silicon/Silver multilayer 12.15 nm/2.85 nm
1 Silicon etalon 26.0 nm
7x Silver/Silicon multilayer 2.85 nm/12.15 nm
1 Silicon substrate N/A
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FABRICATION AND TESTING

Once the parameters for the desired Fabry-Perot interferometer have been
determined, it is necessary to consider the methods by which it will be fabricated
and tested. There are many different methods for depositing thin films. Sputter
deposition, having deposition rates from 1-50 nm/min, is slow enough to be relatively
well controlled. Because the filter is designed to be used in transmission, the substrate
upon which the multilayer is deposited should ideally be transmissive.

After the filter has been constructed, it is necessary to determine the actual
parameters of the fabricated optic. Contamination during deposition will affect the
materials composition. Inaccuracies in determining sputter deposition rates will af-
fect layer thicknesses. Finally, material properties may affect composition and sharp-
ness of optical interfaces. To elucidate the final structure of the multilayer, Auger
spectroscopy, x-ray diffractometry, transmission electron microscopy, and extreme

ultraviolet reflectivity measurements were made.

Radio Frequency Triode Sputtering
Sputtering is the process by which atoms from a target are knocked off via
collision by another species—typically ionized noble gases such as argon. Those atoms
then drift toward and adhere to the substrate material. There are many configurations

of sputtering devices, including D.C. diode, magnetron, and ion beam sputtering. The
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system available at MSFC for fabricating multilayer structures involved R.F. triode
sputtering. Figure 28 depicts the set-up at MSFC’s Space Science Laboratory.!?

A vacuumn chamber is pumped down to ~ 1 x 10~ torr. High purity argon
is then introduced into the evacuated sputtering chamber to a pressure of 1 x 10~3
torr. A forward power of 200 watts at 13.56 MHz is applied while a small filament
ejects free electrons into the chamber. These electrons, having high mobility, oscillate
within the RF field and collide with the argon gas to produce argon anions with
much lower mobility. During the production of the argon plasma, the water-cooled
anode—upon which the substrate to be coated is placed—floats to a DC potential
~1 KV higher than the cathode containing the target. —These argon anions drift
toward the cathode, dislodging atoms from the target upon collision.

Deposition rates can be determined by depositing a material onto a substrate
(silicon wafer sections, in this case) and using a stylus profilometer to determine the
thickness of a film deposited for a known time. It has been found that only the
central 5 cm of the 15.2-cm target produces a fairly uniform deposition rate. The

rates determined by this process are listed in Table 7.

Table 7. Sputter deposition rates determined by stylus profilometry.

Target  Sputter rate (nm/s)
Carbon 0.015 +0.002

Silicon 0.052 3-0.006
Tungsten 0.155 £0.005
Silver 0.525 +0.041
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One difficulty encountered with the system is that any sputter deposition
performed must be of a duration that is an integer multiple of 1 s. Thus, deposited
layer thickness must necessarily be slightly different from design thicknesses because
of the inability to sputter for fractions of a second. The final sputter deposition rates
given in the transmission electron microscopy section are 0.759 nm/s for silver and
0.126 nm/s for silicon. For the design specifications listed in Table 6, this requires a
3.75-s sputter for silver and a 96.43-s sputter for silicon. Because this is not possible,
the deposition times were rounded to the nearest second. This yields the specifications
given in Table 8 and v = 0.20. Because the filter has a slightly larger period thickness,
its peak transmission will be pushed forward slightly, to 28.2 nm. The filter is also
not as thoroughly optimized, so the peak transmissivity will be slightly degraded:

1.23%. This degradation in performance is plotted in Figure 29.

Table 8. Silicon/Silver Fabry-Perot as deposited.

Layer Thickness
7x Silicon/Silver multilayer 12.10 nm/3.04 nm
1 Silicon etalon 25.96 nm
7x Silver/Silicon multilayer 3.04 nm/12.10 nm
1 Silicon substrate N/A
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Figure 29. Fabry-Perot filter transmissivity as designed for deposition.
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Substrate Preparation

Given the success of creating thin, silicon nitride windows as support structures
for thin, multilayer optics,32 an attempt was made to produce 30-nm thick windows
on a standard silicon wafer (diameter 76.2 mm; thickness 381 um; crystallographic
orientation, < 100 >; phosphorus doped; single-side polish). Because silicon nitride
was available as a sputtering target, these layers were formed via sputter deposition.

If the windows are to be flat (indeed, if they are to exist at all), the silicon must
be removed from beneath an existing silicon nitride layer. This is done by chemically
etching the silicon in the desired locations from the reverse side. Crystalline silicon
may be etched either isotropically or anisotropically. An isotropic etchant (such as
hydrofiuoric acid) removes silicon at equal rates in all directions. This chemical will
continue to etch until it is either exhausted or chemically arrested. An anisotropic
etchant (such as potassium hydroxide) removes silicon only from preferred crystallo-
graphic planes. When the required symmetry no longer exists, the etching process
halts.

Given the autonomous nature of these anisotropic etchants, and the ability
to form square windows, it was decided to use potassium hydroxide as the etchant.
No special handling is required because silicon nitride is not attacked by potassium
hydroxide. To limit the activity of the etchant to only the spots where the windows
were to be placed, a coating of silicon nitride needed to be placed over the back
side of the silicon wafer with the proper holes. This was done via photolithography

techniques performed at the U.S. Army Weapons Directorate.
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Because potassium hydroxide creates a pyramidal pit with an apex angle of
54.7°, the final window size will be 0.54 mm smaller than the window created on the
reverse side after etching through the 381-um thick wafer. A mask with properly
sized windows was designed in a computer CAD program. The mask chosen had
approximately 315 rectangular holes with dimensions of one side ranging from 0.6
mm to 4.4 mm. This design was then imaged onto a photographic plate. The plate
was developed, washed, and used as the photolithographic mask.

After the silicon nitride layer was sputter deposited on the polished surface of
the wafer, the reverse was coated with Shipley STR1045 photoresist and the wafer
was spun at 3500 rpm for 60 s to thin the photoresist to an even coating of 5 um. The
coating was hardened by heating the wafer to 110°C for 2 min. The photoresist, being
relatively insensitive to visible light, was then vacuum sealed to the emulsion side of
the mask and exposed to ultraviolet light. The mask was then removed from the
wafer and the photoresist was developed in sodium metasilicate and washed, leaving
photoresist squares in the places where windows were desired. The reverse surface
was then coated with 100 nm of silicon nitride.

Because parts of the silicon nitride are supported by the photoresist, it was
removed when the photoresist is removed with acetone. This is called a “lift-off”
procedure. Following the removal of silicon nitride from the etch regions, the wafer
was immersed in potassium hydroxide to begin the etching process. Unfortunately,
during the 6-h etch, the potassium hydroxide was able to undercut the silicon nitride
mask and begin etching in unwanted areas. It is highly possible that the rough surface

of the reverse side of a singly polished silicon wafer kept the silicon nitride mask from
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bonding well to the silicon. A doubly polished wafer may very well have provided a
substrate capable of surviving the etching procedure. As a result of not being able
to constrain the etching procedure before the assigned SSRL beam-line time, it was

decided to abandon this process and test the optic only in reflectivity.

Structure Testing

Once the filter is fabricated, there are a number of ways to determine the
resulting structure. The quantities of the greatest importance are layer periodicity
and thickness, interface quality, and composition. The four methods used to elucidate
these quantities were Auger spectroscopy, x-ray diffractometry, transmission electron
microscopy, and reflectometry at extreme ultraviolet wavelengths.

The composition of the multilayer certainly will have an effect on its perfor-
mance. Because the optical constants are more affected by elemental content than
anything else at these wavelengths, it is important to determine the presence of impu-
rities. Auger spectroscopy was utilized to determine materials composition because
it is relatively straight forward and capable of detecting small amounts of elements
heavier than lithium.

Of the four methods utilized in testing the fabricated multilayer structures,
x-ray diffractometry was the least time consuming. Because optical constants rapidly
approach unity as wavelengths decrease, the reflectivity of Cu-K, radiation at 0.154
nm off a sample may be modeled by the approximation given in equation (8). This
simplifies analysis of pair thicknesses greatly and was used frequently to determine

sputter deposition rates. Because the wavelength is so short, it is also greatly affected
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by interfacial roughness and can be used to monitor this quantity as well. This method
is also non-destructive; thus, it is possible to re-test a sample at a later time to observe
time dependent effects such as interdiffusion.

X-ray diffractometry alone is not enough to determine the ratio, v, because it
can determine only the pair thickness. To actually measure layers nanometers thick,
a cross section of the multilayers was made and subjected to transmission electron
microscopy. High energy electrons (20-200 keV) possess a DeBroglie wavelength of
8.6-2.5 pm—smaller than visible light photon wavelengths by roughly a factor of
100,000. This allows one to visually inspect structures many orders of magnitude
smaller than is possible via visible light microscopy. To study layers nanometers
thick, this becomes a necessity.

Finally, a test of reflectivity at the wavelength of interest must be performed.
Whereas x-ray diffractometry is not sensitive to oxidized layers or adsorbed mois-

_ture, extreme ultraviolet reflectivity is. This information can be checked with data
retrieved from Auger spectroscopy. The reduction in reflectivity resulting from inter-

facial roughness can be double checked against that inferred from x-ray diffractometry.

Auger Spectroscopy
It is desirable to determine the species of atom present in the fabricated mul-
tilayer. Even though the sputtering process will create a multilayer with a given
materials content, such things as the purity of the sputtering targets, presence of
a leak in the vacuum system, and pressure of sputtering ion species may affect the

actual material content. Auger spectroscopy was utilized to detect impurities.
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Auger spectroscopy involves the collection of emitted electrons from the sam-
ple and the measurement of their respective kinetic energies. This requires a fairly
high vacuum and was performed at 3.6 x 10~8 Pa at the University of Alabama
at Birmingham’s Materials and Mechanical Engineering department. To eject these
electrons, electrons of an energy high enough to ionize inner shell electrons (10 keV
at 300 nA in this case) is sent toward the sample. An incident electron creates a hole
in the K shell of an unknown atom in the sample. An electron in the L shell of that
atom drops into the K shell and fills the hole. The surplus energy either is emitted as
a photon or ejects an electron in a higher shell. The process which ejects the electron
is the one of interest. The energy with which the electron leaves is characteristic of
the species of atom from which it came. This is the Auger electron. What remains is
an atom doubly ionized in the L shell.

Figure 30 is a surface scan of Sample 25—fifteen pairs of silver on silicon.
The horizontal axis represents the energy of electrons collected. The vertical axis is
the derivative of the number of electrons collected at a given energy. Plotting the
derivative shows sharper features and is easier to interpret.

The Auger process is non-destructive. However, to determine impurities in-
corporated into the multilayer, a destructive mode is available. First, a surface scan
is taken, then the sample is bombarded with argon ions in a low grade vacuum
(7Tx 10“‘3Pa.) to remove some sample. Another scan is taken in the pit created by the
argon ion beam.

Figures 31 and 32 show scans taken after 120 and 300 s of bombardment

have taken place. Although one would expect to see only silver or only silicon, this
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Figure 30. Auger surface scan of Sample 25.
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particular data set was collected while the region of interest was set larger than the
argon ion beam width. Hence, more than one layer was scanned. This was corrected
during the depth scans.

These scans show no serious impurities incorporated in the multilayer struc-
ture. Silicon and silver are certainly expected. Argon is a residual signal from sputter
ablation of the sample because it is absent from the surface scan. Except for the sur-
face scan, the oxygen and nitrogen signals occur due to a leak in the vacuum system.
At the surface, the very prominent oxygen signal is due to oxidation of the silver
surface. This is better determined from the depth scans to follow.

Figure 33 is a micrograph of the region tested. Note the alternating bands of
light and dark surrounding the pit. These are cross sections of the silver (light) and
silicon (dark) layers as the pit was created.

During an automated depth scan, the spectrometer records relative numbers
of electrons in a number of energy “windows,” performs a timed sputter removal of
sample, and then records electrons captured at the new depth. Figures 34 and 35
show the relative numbers of electrons collected in four energy windows, shown in
Tables 9 and 10, as a function of sputter time. Each sputter cycle lasted 3 s. X-ray
diffractometry measurements place pair thicknesses in this sample near 21 nm. This

yields an ion removal rate of approximately 0.4 nm/s.
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Figure 33. Scan of Sample 25.
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Table 9. Energy windows for Figure 34.

Element Energy range (eV)

Silver 341-366
Nitrogen 371-396
Oxygen 500-525

Silicon 1602-1634

Table 10. Energy windows for Figure 35.

Element Energy range (eV)

Silicon 82-100
Silver 341-366
Nitrogen 371-396
Oxygen 495-520

Given a periodic structure of silver and silicon, one would expect to see the
silver and silicon signals oscillate 180° out of phase. This is not seen in Figure 34
because the sensitivity of the spectrometer at 1620 eV seems to .be too low. When
the lower energy silicon line was chosen, the desired periodicity emerges as shown in
Figure 35. The wild features in the silicon signal in peaks 10 and 11 are noise related
and not data.

Structures of note in the depth scan include a constant nitrogen and oxygen
signal. It would appear that a small leak had developed in the system. Note the
correlation between the two signals, especially just after sputter cycle 160 and just
before cycle 180. However, two oxygen structures make themselves apparent: at the
surface of the multilayer, where oxidation has taken place; and at the substrate, where

oxidation took place before the multilayer was deposited.
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Although the Auger spectroscopy depth scans imply a proper, alternating
structure of relatively pure silicon and silver, it does not do so with much accuracy.
Because sputter removal rates differ between silicon and silver, the actual thickness of
the layers is unknown. The question of interfacial roughness is also left unaddressed.
X-ray diffractometry, transmission electron microscopy, and extreme ultraviolet re-

flectivity are better suited for such inquiries.

X-ray Diffractometry
X-ray diffractometry consists of shining a narrow beam of x-rays from a Cu-
Ko source onto the sample to be tested. The specularly reflected beam impinges
on a cesium iodide crystal, and the intensity is measured in counts. Because the
wavelength is so short, one can model the multilayer as a crystal and use Bragg
relation

NA=2Dsin® (57)

where N is the order of the reflection, A the vacuum wavelength of the incident
radiation, D the pair thickness and © the grazing angle of incidence (@ = 90 is
normal incidence). A plot of reflectivity versus grazing incidence angle shows peaks
at integer /V values and may be used to determine D.

During fabrication of the Fabry-Perot filter, many samples were created and
tested via x-ray diffractometry to determine multilayer pair thicknesses. Two such
plots are shown in Figures 36 and 37. The sample in each case is fifteen pairs of

silicon and silver. In conjunction with transmission electron microscopy, sputter de-
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position rates may be determined much more accurately than measurement via stylus
profilometry of a single coating deposited upon a substrate.

According to Spiller,33 interfacial roughness and thickness errors will strongly
affect the x-ray reflectivity of an imperfect multilayer. This can be seen in Figure 37
as a result of the reduction of layer thicknesses by 67%. It is better seen, however, in
the rocking curve of the fabricated Fabry-Perot filter in Figure 38. Three parameters
must be changed to better fit the model to the data: pair thickness, thickness error,
and interfacial roughness.

Easiest of the three parameters is the pair thickness, D. The model is based on
a perfect reproduction of the desired optic—a pair thickness of 15 nm. The spacing
between peaks in the data, however, is best modeled by a pair thickness of 14.25 nm.

Thickness errors produce two effects: they reduce reflectivity in the main peaks
and increase reflectivity between peaks. Both of these effects are easily seen in the
figure. Computational modeling suggests a thickness error of approximately 0.5 nm.

Interfacial roughness also reduces the reflectivity in the peaks but also causes
the reflectivity to drop more steeply at larger grazing angles. The data imply an inter-
facial roughness of approximately 0.5 nm. Fernandez et al.1% measured the interfacial
roughness of their molybdenum/silicon optic via x-ray diffractometry and reported
a value of 0.6 nm. Figure 39 shows the data plotted against a model incorporating
these three effects. This model also includes an adsorbed water layer 7.0 nm thick, a
fully oxidized top silicon layer (SiO3), and an eighth silver layer added between the
substrate and the multilayer. X-ray reflectivity is relatively insensitive to the first two

effects; however, motivation for their inclusion is presented with the EUV reflectivity
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data below. Inclusion of an additional silver layer is done on evidence provided in the

transmission electron microscopy section.

Transmission Electron Microscopy

Electrons are easily scattered within materials. Therefore, transmission elec-
tron microscopy samples must be extremely thin before information can be gathered.
Preparation of the sample requires approximately one week, and although this test
can yield useful results, it is very time intensive.

The process for creating the sample requires sawing the sample in half with
a diamond saw and creating a “sandwich” with the multilayer structure between
substrates. This sandwich is sliced into sections which are then epoxied into an
aluminum tube 2.5 mm in diameter. Once the epoxy dries, the tube is sliced to
produce a disk 0.75 mm thick. This disk becomes the sample. However, the thickness
is too great for the disk to be of use. The disk is placed onto a grinding and polishing
machine where the bottom surface of the disk is ground and polished until 20-50
pm of material is removed. The disk is then flipped, and the top surface is ground
and polished until approximately 100-120 gm of material is removed. Finally, the
top surface is dimpled until the center of the disk is no thicker than 20-30 pm. The
final stage involves perforating the center of the disk with an argon ion beam of
approximately 5 keV. The edges of the perforation are the regions of interest. The
typical length of ion milling can range from 10 to 30 h.

Imaging the sample is done in a low grade vacuum of 1 x 10~ torr. Electrons

for transmission electron microscopy are accelerated toward the sample at 200 keV
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with a beam current of 130 uA. The electrons not scattered by the sample strike a
fluorescence screen after being focused by magnetic optics. Figure 40 shows a Fabry-
Perot filter that was created to determine final sputter deposition rates.

After determining the pair thicknesses of this filter to be 20.8 nm with x-ray
diffractometry, individual layer thicknesses may be determined from the photograph.
In this case, v is determined to be 0.219 + 0.017, which represents an average silver
layer thickness of 4.56 nm and an average silicon layer 16.24 nm thick. The sputter
deposition times were 6 and 129 s for silver and silicon, respectively, which yields
final sputter deposition rates of 0.76 nm/s for silver and 0.13 nm/s for silicon. This
uniquely determines sputter deposition times to create the structure in Table 6.

Figure 41 is a transmission electron micrograph of the final Fabry-Perot filter.
The spots on the image are probably the remains of the wax used as an adhesive
during the ion milling process. This particular micrograph, however, indicates that
these data may only be used qualitatively. Even though the layers look quite uniform,
the plot of average pixel value versus depth (in pixels) in Figure 42 shows two processes
that modify the data in a way difficult to remove.

Transmission of electrons through material decreases exponentially as a func-
tion of thickness. The drop in pixel value signifies an increase in flux and can be

roughly modeled by the function

P =190 — 60.0035(2—700) (58)

which is plotted along with the data in Figure 42. This particular sample is appar-
ently linearly tapered causing the thin section at high pixel numbers to allow enough

electrons through to saturate the film.
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Figure 40. Transmission electron micrograph of Sample 26.
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Even with such a degradation in image quality, it could still be possible to
examine the interfaces of the sample and get a good feeling for 4. This is also not
possible. ‘Examining the roughly flat section at lower pixel numbers and attempting
to fit a square wave to the data, it is found that this transmission electron micrograph
suggests a gamma of 0.50. Because both the x-ray diffractometry and extreme ultra-
violet reflectivity data do not suggest this, it is highly likely that the sample is tilted
to the beam. Such tilting will cause electrons to pass through an interface obliquely
and “smear” the interface.

Finally, it appears that an additional, initial silver layer was deposited imme-
diately on top of the substrate. This will slightly modify reflectivity in both the x-ray

and extreme ultraviolet and will be added to both models.

Extreme Ultraviolet Reflectivity Testing

Extreme ultraviolet reflectivity measurements were made at the Stanford Syn-
chrotron Radiation Laboratory in Stanford, California using one of two vacuum ul-
traviolet beam lines. Beam line VIII-1 was used to test the fabricated Fabry-Perot
filter. It is similar to beam line I-2 used in February 1995 to post-flight calibrate the
mirrors and filters from the November 1994 flight of the MSSTA I1.34

Beam-line VIII-1 supplies light from visible wavelengths down to A = 5 nm
and is shown schematically in Figure 43. The beam, emergent from one of the bend
magnets in the storage ring, is sent through an entrance slit to a monochromator3®
and then out the exit slit to a selectable pre-filter stack. An aluminum pre-filter was

used to block higher order radiation when testing reflectivities below the aluminum

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



92

edge (longer than 16.5 nm). A toroidal mirror focused the beam to a point many
meters behind the set-up, roughly collimating the radiation. It was found that the
divergence of the beam was approximately 20 arc min3® in the vertical direction,
however. Fluorescent screens were available to position the beam and to confirm
presence of invisible radiation. The beam current monitors are fine gold mesh (= 90%
transmissive) which are used as photo-cathodes when placed into the beam-line to
monitor beam-current during data acquisition.

The experiment chamber used was not capable of ultra-high vacuum work,
which requires the use of sharp-edged flanges and copper gaskets. Use of rubber gasket
seals and Apiezon vacuum grease allows pressures no lower than = 5 x 10~7 torr after
several hours of pumping with a CTI Cryo-8 pump—three orders of magnitude higher
than the pressures in the storage ring (~ 5 x 10~10 torr). In order to connect to the
beam-line, a differential pumping system developed by Warburton and Pianetta3’
was used which can support pressure differences of up to four orders of magnitude at
the vacuum levels of interest.

All data is initially collected as electronic currents from both the the beam
current monitor and the photo-diode inside the experiment chamber. These.currents
are converted into usable data by, first, passing the <':un'ents into a Keithley 427
current to voltage amplifier which has a variable gain from 104 < G < 101! V/A.
This voltage is sent to a CAMAC crate where it is converted to a pulse train via
a voltage to frequency amplifier (1 or 10 V/MHz) and mixed with a real-time clock
signal (RT'C-018) before being fed into a VAXStation II GPX computer. The “counts”

received are then used as data.
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These “counts” are generated by a convolution of many processes. The data
received at the photo-diode from measuring the intensity of the beam after encoun-

tering the optic under test can be represented by
Cliode(}) = ®peam(Ast) Rmono(M)e fitter (N Tau(A) Poptic(A)ediode(N)Grv Gy g7 (59)

where @yeqm (A, 1) is the beam flux, Rmono(A) is the reflectivity of the monochromator,
®optic(A) is the throughput of optic under test, €fzer(X) is the transmissivity of the
pre-filter, T4,()) is the transmissivity of the gold mesh, €g;oq¢()) is the response of
the photo-diode, Gy is the gain of the current to voltage amplifier, Gy s is the gain
of the voltage to frequency amplifier, and 7 is the integration time.

The counts received concurrently from the I0 beam monitor can be represented

Cau(A) = Ppeam (A, t)Rmono(’\)efilter(’\)eAu(’\)G,IVG’VfT (60)

where €4,()) is the response of the mesh. The counts received at the photo-diode

from a calibration run (no optic in the path) are then calculated as

Ceatib(A) = Ppeam(A; t) Rmono(A)efitter (M) Tau(N)ediode(N) Grv Gy 5 7- (61)

Dividing both testing and calibration runs by C4,(}) yields

Caiode(N) _ Tau(M)®optic(Nediode(Y) (G1vGyy (62)
Cau(X) eau(N) G’IVGlVf
and
Ceatib(Y) _ Tau(Nediode(N) { FivGys (63)
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where the c superscript labels the data taken during the (separate) calibration run.

The throughput of the optic is then given as
Bypic(N) = (Cdiode(’\)) ( Cﬁu(/\)) GivGyy) (CivGys (Z) (9
opie Cau(A) ) \Ceatis(N)) \G1vGvy) \GR G%s ) \7°

which is a bit less cumbersome if all the Gy ¢’s are kept constant (10 V/MHz) and if

T=71%

c ! c
)= () () (&) () @

Extreme ultraviolet reflectivity testing of the Fabry-Perot filter was conducted
with the addition of a goniometer constructed by Lindblom.38 This goniometer is
a motorized stage upon which the (flat) sample to be tested can be fit and the
photodiode can also be attached. The goniometer is geared such that rotation of the
sample by an angle # rotates the photodiode by an angle 20, hence maintaining the
photodiode’s position with respect to the specularly reflected beam.

To prepare to take data, the goniometer was set to 90° from normal incidence
and the sample was placed onto the sample holder. With the sample out of the
beam path, a calibration run could be made before the sample was rotated into the
beam. The chamber was closed, sealed, and, through the use of a carbon vane pump,
sorption pump, and cryogenic pump, pumped down to 5 x 10~ 6 torr or lower. This
required approximately 9 h.

To align the optics to the synchrotron beam, the visible portion of the beam
may be selected. The beam-line optics were set to allow “zero order” light to reach
the chamber. A glass pre-filter replaces the gold mesh both protecting the gold mesh

from harm and the photodiode and optic from being struck by an uncontrolled light
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source. The goniometer was aligned to the beam via linear actuators mounted on feed-
throughs into the chamber. Beam alignment at the entrance slit was accomplished by
visual cues. Alignment of the photocathode end required positioning it such that the
Kiethly amplifiers read a maximum value. The monochromator was then set to send
the wavelength to which the photocathode is most sensitive. The desired prefilter was
then added, and the gains on the amplifiers were set. At this point, the calibration
data were taken. To take reflectivity data, the goniometer is rotated (via an electric
motor controlled by electronics outside the chamber) until the optic is situated at the
desired angle in the beam path. Integration times were 5 s at each energy step of
0.5 eV.

The motor in the goniometer outgassed, causing pressures in the experiment
chamber to periodically exceed 1.5 x 10~° torr, tripping the interlocks and closing
the valves. The eflects of this are shown in Figure 44. Because the valves are opaque
to the beam when closed, the periodic build-up of pressure causes periodic losses
in data. These losses were accounted for by collecting three sets of data. In IDL,
the “drop-outs” were removed, and the remaining data at each energy sample were
averaged together.

Figure 45 plots the result against a theoretically perfect Fabry-Perot filter
reflecting at 25° to normal incidence. The slight shift in peak reflectivity is due to
both the period of the multilayer being different than expected and systematic error
of positioning the goniometer.

Given the layer pair thickness of 14.25 nm determined from x-ray diffractome-

try, the peaks match a model tilted an angle of 21.5° from normal incidence. The low
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energy peak is mostly affected by oxidation of the top silicon layer, and the model’s
top layer is exclusively SiOg. Also required for a fit to the data is a 7-nm thick water
layer adsorbed to the surface of the multilayer. Thin layers of adsorbed gases are
expected unless the temperature of the sample is kept very high (about 1300 K) or
the ambient pressure is kept very low (about 10~ torr).39 The high energy peak
is more affected by interfacial roughness. A roughness of 1.2 nm has been added to
reduce reflectivities appropriately. The x-ray diffractometry data suggests a thickness
error of 0.5 nm, and the transmission electron microscopy data state the existence of
an additional silver layer at the bottom of the stack. A model taking all these effects

into account and plotted with the data is shown in Figure 46.
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DISCUSSION AND CONCLUSIONS

A Fabry-Perot filter with a bandpass near the Fe XV line at 28.4 nm was de-
signed, fabricated, and tested. This research required investigation of the theoretical
optical properties necessary for a device to operate in the extreme ultraviolet and
the experimental methods required to produce the optic within design tolerances.
Table 11 lists the properties of the multilayer desired, the multilayer able to be fabri-
cated due to sputter deposition constraints, and the multilayer actually constructed
as elucidated by both x-ray diffractometry (XRD) and extreme ultraviolet reflectivity
measurements taken at SSRL. Figure 47 shows the transmissivity of the perfect filter

and the two possible filters determined from structure testing.

Table 11. Comparison of results.

Structure Perfect As deposited XRD SSRL
Adsorbed water layer thickness (nm) 0 0 7 7
Oxidation of top silicon layer (%) 0 ] 100 100
Multilayer pair thickness (nm) 15.0 15.14 1425 14.25
Multilayer gamma 0.19 0.20 0.20 0.20
Multilayer thickness error (nm) 0 0 0.5 0.5
Interfacial roughness (nm) 0 0 0.5 1.2
Etalon thickness (nm) 26.00 25.96 25.96  25.96
Peak transmission (nm) 28.0 28.2 27.0 27.0
Peak transmissivity (%) 1.55 1.23 1.05 0.75
FWHM (nm) 2.0 1.9 2.8 3.7
101
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The decision to fabricate a Fabry-Perot filter was made in an attempt to
improve upon the thin film filters used for the 1994 MSSTA flight. The Fabry-Perot
design allows shifting the peak wavelength and narrowing of the bandpass simply
by changing the thickness of the etalon and multilayer ratio, -y, of the mirrors. The
current Fabry-Perot filter is of order two (m = 2). As designed, it could achieve a
peak transmissivity of 1.55% at 28.04 nm with a FWHM of 2.0 nm. The closest thin
film filter utilized on the MSSTA flight has a peak transmissivity of 11.4% at 17.2 nm
and a 2.6 nm FWHM.

A common Fabry-Perot filter has only four interfaces, two each of ambient
with reflective layer and reflective layer with etalon layer. This is unsuitable for use
in the extreme ultraviolet because of the low reflectivities at each interface caused by
ever decreasing differences in optical constants as wavelengths decrease. At 28.4 nm,
the silicon/silver interface has a reflectivity of only 2.4%. Therefore, adding many
such interfaces in such a way as to add reflected fields constructively is necessary.
This requii‘es the use of multilayer optics. In the fabricated filter, each “mirror”
surrounding the etalon was comprised of seven silicon/silver layer pairs, hence thirteen
silicon/silver interfaces and a reflectivity of approximately 20%.

The optical constants used to predict performance were based on the model
presented by Henke et al.2?2 This model assumes that, at extreme ultraviolet wave-
lengths, the optical constants of any material are a function only of elemental com-
position and not of the presence of any particular compound. This model predicts

performance well, as noted in Figures 39 and 46.
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At these shorter wavelengths, the interface between materials becomes im-
portant because interdiffusion can easily produce an interface with a thickness of a
sizable fraction of the wavelength of light. To model this, the theory presented by
Stearns?? was used in the computational fit. Interdiffusion is typically modeled as an
error function, and the reduction of reflectivity at this type of interface follows the
form of the Debye-Waller factor in equation (56).

Silicon and silver were chosen as the materials for this Fabry-Perot filter for a
number of reasons. First, silicon has a relatively low coefficient of absorption at 28.4
nm, making it suitable for use as an etalon material. Second, silver has a high degree
of compatibility with silicon. Not only does silver differ enough from silicon’s optical
constants to create an interface with decent reflectivity, but its coefficient of absorp-
tion is also high enough on both sides of the bandpass of interest to effectively reduce
transmissivity in these regions. This avoids Spiller’s pitfalll of creating a bandpass
filter with high “wings,” as shown in Figure 19. Third, upon inspection of tables of
binary alloys such as Hansen3? and Massalski,3! it seems that silver and silicon are
not prone to interdiffusion and should make relatively sharp interfaces. This seems to
be the case; however, x-ray diffractometry and extreme ultraviolet reflectivity seem
to differ on the value of roughness by a factor of 2.4. Finally, it was desired that the
materials chosen should not readily combine with atmospheric elements, and, even
though the top silicon layer shows signs of oxidation, the reflectivity at extreme ultra-
violet wavelengths does not imply that oxidation has traversed the entire multilayer

stack.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



105

Many of the parameters for the multilayer were decided upon by computational
modeling. Both privately written code and publicly available code were used to choose
material pairs from among the many available sputtering targets. The decision to use
only seven pairs for each mirror and an etalon thickness of 26.0 nm was based on
finding a balance between increased reflectivity and increased absorption.

Once the structure of the Fabry-Perot filter was determined (as listed in Ta-
ble 6), the layers were deposited via R.F. triode sputtering. Because of the limitations
of the system, the structure of the multilayer needed to be modified to those listed
in Table 8, causing a mild degradation in the fabricated multilayer.

Given recent success with construction of thin silicon nitride and silicon carbide
windows,? an attempt was made to fabricate a transmissive substrate composed of
a 30-nm thick layer of silicon nitride stretched across an etched opening in a silicon
wafer. This could not be accomplished before extreme ultraviolet testing was to be
performed. Transmissivity through the silicon nitride window would be approximately
36.3%. A silicon carbide window of 30 nm thickness would have almost double the
transmissivity: 60.9%. The transmissivity of these windows is shown in Figure 48.
Silicon dioxide is a poor window material because of its inability to remain flat over
large areas.40

After the multilayer was fabricated, it was imperative to determine the struc-
ture of the fabricated multilayer. Materials content, layer periodicity, layer thickness,
and interface quality are the quantities of greatest importance because they have the

largest effect on the efficiency of the optic. All tests were performed on small, random

areas of the 6.5 cm? sample. Therfore, although no direct measurement of uniformity
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Figure 48. Transmissivity of silicon nitride and silicon carbide windows 30 nm thick.
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was made, the fact that the tests are in relative agreement indicate that the multilayer
structure is adequately uniform over the full area.

In order to best determine composition, Auger spectroscopy was performed
on a sputter deposited sample similar to the final Fabry-Perot filter. No impurities
of serious consequence were found. However, oxidation was noted both for silver and
silicon layers exposed to atmospheric conditions. The final Fabry-Perot filter appears
to have suffered from oxidation of almost all of the top silicon layer. Experiments
performed with silicon wafers4! seem to indicate an expected native oxide of approx-
imately 2 nm thickness. The apparent six-fold increase in oxidation could be caused
by the non-crystalline structure of sputter deposited silicon. An argument could be
made for the presence of oxygen in the sputter deposition system; however, no such
excess oxygen is found incorporated into the multilayer in layers deposited earlier
than the final (top) silicon layer.

X-ray diffractometry is a relatively quick test that is most sensitive to layer
periodicity, interfacial roughness, and layer thickness errors. The model that best
fits the data (Figure 39) has a layer period of 14.25 nm and includes a thickness
error of 0.5 nm and an interfacial roughness of 0.5 nm. Typically, measurements
at these short wavelengths are preferred to measurements at the longer, extreme
ultraviolet wavelengths because the multilayer is less affected by absorption and the
optical constants are known more reliably.33 However, Stearns’ model?4 for interfacial
roughness is an approximation intended to be used away from normal incidence. The

true interfacial roughness characteristic is most likely somewhere between the values
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of 0.5 nm and 1.2 nm elucidated by x-ray diffractometry and extreme ultraviolet
reflectivity, respectively.

Transmission electron microscopy was the most time-intensive test performed.
However, it was necessary in order to determine information on gross structure and
layer thicknesses. During calibration of sputter deposition rates, transmission electron
microscopy data offered the ability to determine oy much better than x-ray diffrac-
tometry could alone. Unfortunately, the transmission electron micrograph of the
Fabry-Perot interferometer did not record the true structure of the optic. Both a
non-uniform thickness across the sample and a non-negligible tilt of the sample to
the electron beam caused non-uniform exposure of the film and blurring of interface
regions. The transmission electron micrograph, however, did record an additional
silver layer deposited by accident which was easily incorporated into the models pre-
dicting x-ray diffractometry results and extreme ultraviolet reflectivity.

Even though x-ray reflectivity is considered somewhat more reliable than mea-
surements at longer wavelengths, it is relatively insensitive to the presence of light
elements adsorbed onto the surface or absorbed into the bulk of the optic. Testing at
extreme ultraviolet wavelengths was the only way to test for these effects and was the
most involved of all tests because of the requirement of a relatively well collimated
beam with high enough intensity to detect reflectivity at low efficiencies. This test
revealed a thin water layer adsorbed on the surface and a completely oxidized top
layer of silicon.

The Fabry-Perot filter created for this research demonstrates the possibility

of using such a filter for the extreme ultraviolet. With a few simple changes in
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etalon thickness and the multilayer mirror ratio, -+, the passband of this filter can
be more easily tailored for a specific wavelength than the currently utilized thin film
filters. To exact better performance from this particular multilayer, it would be
necessary to obtain a deposition system capable of depositing materials to at least
an integer multiple of 0.1 s. In situ monitoring of reflectivity during deposition via
x-ray reflectivity measurements as presented by Barbee?? would also be of great help
in reducing the error caused by uncertainties in sputter deposition rates.

These filters have applications wherever imaging narrow bandpasses in the far
ultraviolet region is desired. Currently, this requires high flux sources such as the
sun because the peak transmissivity is near 1.6%. In spectral line imaging, this filter
could possibly be used to selectively filter Fe XV radiation while blocking the He II
line at 30.4 nm. The major factors to overcome are the low peak transmissivity and

the somewhat wide bandpass.
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