Removal of a protective coating on Al by ion etching
for high reflectance in the far ultraviolet
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The effect of ion etching on the reflectance of Al coatings in the far ultraviolet is investigated. Ion etching
of an overlayer grown on Al was performed by applying 100-300 eV Ar" ions using an ion gun. Ion etching
was employed to remove the oxide naturally grown on an Al film that had been in contact with atmo-
sphere. Ion etching was also used to remove part or all of the protective MgF, film on Al. The reflectance
at 121.6 nm, H Lyman « line of the overlayer-removed Al surface was monitored after protecting it with a
MgF, layer. Ion etching on both types of coatings resulted in an excellent reflectance value at 121.6 nm,

whereas a reflectance loss was observed at longer wavelengths.

OCIS codes:

1. Introduction

Al coatings have an unparalleled normal incidence
reflectance in the far ultraviolet (FUV, 1 < 200 nm)
spectral region above the Al plasma wavelength
(4, = 83nm). However, in presence of oxygen and/
or water vapor, a thin oxide film readily grows on
the Al surface that strongly absorbs FUV radiation
and renders the oxidized Al coating useless. The
use of protective coatings of MgFy and LiF extends
the use of Al coatings down to 115nm and 105 nm,
respectively. Below these cutoff wavelengths, no
transparent material has been found in nature for
the protection of Al.

Since the propagation of FUV radiation requires
vacuum due to the absorption of air, unprotected
Al coatings could be maintained free from oxidation
for some time if the application environment were
under ultrahigh vacuum (UHV) conditions. There
are various UHV environments in which the use of
unprotected Al coatings might be practical for a cer-
tain time, such as optics placed in a synchrotron
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beamline or in an on-orbit operating optical instru-
ment for FUV astronomy.

In order to benefit from the high reflectance of un-
protected Al films, a practical method that provides a
pristine Al coating in the application environment
must be developed. Several methods have been sug-
gested to move toward the use of unprotected Al coat-
ings in space astronomy, including on-orbit Al film
deposition [1], and the use of a removable, volatile,
aluminum protection (REVAP) [2].

Hass and Hunter [1] proposed the coating of tele-
scope mirrors with Al once the instrument is placed
in a high Earth orbit. This procedure would take ad-
vantage of the natural vacuum on the orbit in order to
maintain the films free from oxidation. Such an appli-
cation is a challenge, and it requires both laboratory
research and coating demonstration in space. One is-
sue is how to ensure a long enough operating time for
a coating to accomplish the desired goals before the
progressive Al oxidation reduces the performance.
If the operating time of the Al coating is not long en-
ough, a method to restore the reflectance of unoxi-
dized Al would be required. The reflectance and the
optical constants of unoxidized Al films in the FUV
[3,4], the degradation of the FUV reflectance of Al
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films exposed to controlled doses of molecular and
atomic oxygen [5-7] (the latter being the most abun-
dant oxidizing species in an Earth orbit of ~200—
700 km altitude), and the effect of periodic recoatings
with fresh Al over the partially oxidized surfaces [8]
have been investigated. A few experiments have been
performed on the deposition of Al coatings on-orbit
[9,10], and this looks feasible, although challenging.
In situ deposition of Al coatings in other environ-
ments, such as a synchrotron beamline, would be ea-
sier to implement.

The REVAP technique [2] proposes the use of a re-
movable, volatile, protective coating to cover the Al
surface during the time from the initial evaporation
in the laboratory to the final protective coating re-
moval by heating the coating in the application en-
vironment, such as outer space. This technique has
not been demonstrated experimentally, and the
available data [11,12] suggest that Al film reflec-
tance may be degraded after the heating necessary
to remove the protective coating if a temperature
of ~500-520K is achieved. A few other suggestions
for the use of high FUV reflectance Al coatings have
been mentioned [13], although these authors do not
have information of any research along these lines.

A new technique able to provide with unoxidized
Al coatings is proposed in the current paper; it is
based on the capability of energetic ions to remove
either a naturally grown oxide film or part or all
the protective coating deposited on an Al film.

The evolution of surface morphology during ion
sputtering is a complex phenomenon that may in-
volve roughening or smoothening processes, and
the resulting morphology is determined by a balance
between them [14]. Processes involving ions have
been used to enhance the reflectance of multilayer
coatings in the extreme ultraviolet and soft x-rays.
They include surface roughness smoothening and
partial layer etching.

Surface roughness smoothening can be understood
as a process of moving surface atoms located on a hill
into the next valley, due to the smaller binding en-
ergy of the atoms at the former position. An impor-
tant reflectance increase in the soft x-rays, based on a
roughness decrease, was obtained for multilayers by
ion polishing C-spacer layers and sometimes also me-
tal scattering layers [15-17]; a roughness reduction
through ion polishing was also obtained with metal/
metal multilayers [18]. In these experiments, ion en-
ergies in the range 100—-600 eV and grazing angles
between ~10° and 45° were used, and a low depen-
dence on these two parameters was reported. Puik
et al. [19] reported an important roughness reduc-
tion, which resulted in a large soft x-ray reflectance
increase, when etching 1.5 nm out of a total of 2.8 nm
thick W layer in each W layer of a W/C multilayer.
Voorma et al. [20] had a similar result by etching
3.8nm out of a total of 8.5 nm thick Si layer in each
Si layer of a Mo/Si multilayer in the extreme ultra-
violet; the observed smoothening effect was attribu-
ted to relaxation through the viscous flow. Ion
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energies and grazing angles used were 200eV and
45° [19], and 2000eV and 50° [20], respectively.

Low energy ion beam erosion of solid surfaces has
proved a useful technique also for the generation of
self-organized nanostructures. The ion beam para-
meters have been optimized to make ripple patterns
on some materials, with selectable periodicity and
amplitude [21]. The process involves sputtering
and diffusion of surface defects based on thermally
activated hopping [22].

A new application for ion techniques is proposed
here, which consists of removing a protective over-
coating to leave a high FUV reflectance Al coating.
The experimental techniques used in this research
are described in Section 2. Experimental demonstra-
tion ofhighly reflective Al coatings after removing the
natural oxide film and part or all the MgF, protective
film is given in Subsections 3.A and 3.B, respectively.

2. Experimental Techniques

A deposition chamber pumped with a cryopump was
used to deposit both unprotected Al films and MgFs-
protected Al films by resistance heating evaporation;
Al and MgF, films were deposited using W filaments
and Mo boxes, respectively. A separate sputter deposi-
tion system pumped with a cryopump was used for
MgF, deposition and for ion etching. The latter sys-
tem was equipped with two 3 cm, Kauffman ion guns.
One gun was used for deposition by ion beam sputter-
ing (IBS), and it was directed to a water-cooled target
placed at about 45° from the ion beam. The ion beam
current and the ion energy could be controlled inde-
pendently. The ions sputtered target atoms that im-
pinged perpendicularly onto a water-cooled float
glass substrate placed 10 cm away from the target.
A 101.6 mm diameter, 99.997% purity, MgF, target
was used. The Ar flow for IBS was 7.0 SCCM. The sys-
tem was equipped with a second ion gun directed to
the growing film for ion-assisted deposition or ion
etching. In this gun an unfocused ion beam could
be accelerated to energies in the 50-300eV range.
The ion-etching gun was operated with a 5.0-SCCM
flow of Ar. For some experiments, when Al had to
be protected immediately after the overcoating re-
moval, Ar was set to flow simultaneously through
the two guns in order to quickly overcoat the resultant
film with a protective MgFy coating as soon as the
etching process was finished. The ions impinged on
the sample at a grazing angle of ~35°.

The base pressures in the sputtering and in the
evaporation chambers were 4 x 107 Pa and 107% Pa,
respectively. Typical total pressure in the sputtering
chamber both during deposition and during ion etch-
ing was 4 x 1072 and 6 x 1072 Pa, respectively, and it
was 107 Pa during deposition in the evaporation
chamber. The deposition rates of evaporation depos-
ited (ED) materials were ~20nm/s for Al and
2-3nm/s for MgF,, and it was ~0.15nm/s for IBS
deposited MgF,. The layer thickness was measured
with a quartz crystal thickness monitor that was
calibrated through a Topo-3D noncontact surface



profiler. All films investigated in this paper were de-
posited and their reflectance was measured at room
temperature.

The samples were exposed to atmosphere for a few
minutes before they were transferred to the reflect-
ometer. Reflectance measurements were performed
using a reflectometer—-monochromator system de-
scribed elsewhere [23].

3. Experimental Results and Discussion

A. Removal of the Natural Oxide Film Grown on Al by lon
Etching

Al films deposited by evaporation were exposed to
normal atmosphere for about five minutes before
being transferred to the sputtering/ion-etching
chamber. Madden et al. [24] investigated the FUV re-
flectance of Al films aged under vacuum and in nor-
mal atmosphere. For a sample maintained under
vacuum at a pressure of 5 x 1075 Pa for 40 minutes,
the reflectance at 121.6nm H Lyman « line de-
creased from 0.85 to 0.66. Upon first contact to
normal atmosphere, the reflectance of a freshly de-
posited Al film dramatically dropped below 0.50;
the further reflectance decrease rate slowed down,
and after ~2 hours it reached a value of ~0.40, with
a minimum reflectance decrease after that. The self-
protective oxide film that grows on the Al outer sur-
face after a prolonged contact to atmosphere has
been reported to reach a final thickness of ~5nm.
In the present case, the oxide film that may have
grown after the 5-minute exposure to atmosphere
is estimated to range roughly between 1 and 3 nm.

Table 1.

The oxidized Al sample was ion etched in order to
remove all the Al oxide film. Since an in situ reflec-
tance capability was not available in the etching
chamber, we decided to protect the resultant Al film
in situ with a MgF, film, so that the sample could be
transferred in air to the reflectometer; in this way
the reflectance of Al after oxide etching could be mea-
sured at wavelengths longer than 115nm, the MgF,
cutoff. The protection of an Al coating has to be per-
formed in situ immediately after deposition in order
to avoid Al surface oxidation. A facility for MgF, de-
position by evaporation was not available in the etch-
ing chamber; instead, IBS was available in this
chamber, so that after oxide removal through etch-
ing, the resultant Al film was protected in situ with
a ~24nm thick film of IBS MgFs; the latter is the
optimum thickness to obtain the highest possible re-
flectance at the wavelength of 121.6 nm.

Several Al samples were prepared and subjected to
ion etching. The quality of a sample after the oxide
removal was measured through the reflectance at
121.6nm once protected with MgF,. The etching
time was optimized by trial and error; the ion energy
and the total beam current were set at 100eV and
15 mA, respectively. Table 1 summarizes the relevant
parameters of sample preparation. Figure 1 shows
the dependence of the reflectance at 121.6 nm on
the etching time for several samples prepared with
an ion grazing angle of ~35°. In the present condi-
tions, the optimum etching time was determined
to be ~800s. A reflectance decrease was observed
for 1200s etching time, which may be caused by
an increase in roughness due to prolonged etching.

Main Parameters of the Different Etched Samples

Removal of Natural Oxide Grown on Al

Ton Ton
Sample Time Exposure to Energy Current Etching Thickness of Final
Name Initial Coating Air (min) (eV) (mA) Time (s)  MgF; Coating (nm)
S1 ~65nm Al ~5 100 15 150 ~24
S2 ~65nm Al ~5 100 15 300 ~24
S3 ~65nm Al ~5 100 15 500 ~24
S4 ~65nm Al ~5 100 15 600 ~24
S5 ~65nm Al ~5 100 15 800 ~24
S6 ~65nm Al ~5 100 15 1200 ~24
Total Removal of the MgF, Protective Coating on Al
Ton Ton
Sample Time Exposure to Energy Current Etching Thickness of Final
Name Initial Coating Dry Air (days) (eV) (mA) Time (s)  MgF; Coating (nm)
S7 ~65nm Al + ~7.5nm ED MgF, 1 300 15 80 ~24
S8 ~65nm Al + ~7.5nm ED MgF, 6 300 15 52 ~24
Partial Removal of the MgF, Protective Coating on Al
Ton Ton
Sample Time Exposure to Energy Current Etching Thickness of Final
Name Initial Coating Dry Air (days) (eV) (mA) Time (s) MgF2 Coating (nm)
HS1 ~65nmAl+ ~10nm EDMgF,; + ~28 nm IBS MgF, 0 N/A N/A N/A ~38
S9 ~65nmAl+ ~10nm ED MgF, + ~28 nm IBS MgF, 5 300 15 42 ~34
S10 ~65nmAl + ~10nm ED MgF; 4+ ~28 nm IBS MgF, 5 300 15 142 ~23
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Fig. 1. Reflectance at 121.6 nm for samples S1 to S6 versus etch-

ing time. The samples were Al films that had been exposed to at-
mosphere prior to ion etching in vacuum. The samples were
protected immediately after the ion etching with a ~24 nm thick,
IBS MgF, film.

The preparation of an ED Al film immediately pro-
tected with an IBS MgFy film would be suitable for
comparison purposes with the above etched samples;
however, the vacuum chambers used in this research
did not house both evaporation and IBS systems in a
single chamber. Instead, the following comparison
samples were prepared. A 7-to-10 nm thick ED MgF,
film was deposited on an opaque Al film in the eva-
poration chamber. This film provided a temporary
protection for the Al film in the transfer from the eva-
poration to the sputtering chamber. The sample was
removed from the evaporation chamber to atmo-
sphere and transferred quickly to the sputtering
chamber where a thin film of MgF, was deposited
by IBS on top of the Al/MgF, bilayer in order to com-
plete a total protective coating thickness of ~24 nm.
These samples will be referred to as hybrid samples.
More details on the hybrid samples can be found
in Ref. [25].

The reflectance at 121.6 nm obtained for the sam-
ple etched for 800 s was 0.837, which is a remarkably
high value, very close to the optimum reflectance
measured for Al films that had not been exposed
to air before protecting them with MgF, (hybrid sam-
ples), which averaged ~0.85 [25]. Hence the oxide
film and any contaminants were practically 100% re-
moved. Figure 2 shows the reflectance as a function
of wavelength for a sample that was ion etched for
600s with the aforementioned ion parameters. In
the figure we also show the reflectance of a hybrid
sample and of an ED MgF,-protected Al film.

Two interesting features are observed in Fig. 2. At
121.6nm and below, the reflectance of the etched
sample is similar to, and even higher than, the
one of the nonetched sample. This proves that the full
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Fig. 2. (Color online) Reflectance as a function of wavelength for

sample S4 with an Al film that was exposed to atmosphere prior to
undergoing ion etching in vacuum, and it was protected immedi-
ately after the ion etching with a ~24nm thick, IBS MgF, film.
The reflectance of nonetched Al samples protected with ED
MgF; as well as with hybrid MgFs is also shown for comparison.

oxide film and any contaminants on the Al surface
were removed by ion etching. However, the reflec-
tance at 125.4 nm and above was lower for the etched
than for the nonetched samples. The reflectance for
hybrid samples is also somewhat lower than for the
ED samples at 143.6 nm and above, which was ex-
plained through higher losses at these wavelengths
in the IBS MgF, [25]. Since the etched samples were
protected with a ~24nm thick IBS MgF,, versus
~14-17nm thick IBS MgFy for the hybrid samples
(the rest of the protective layer was ED MgFs), the
former samples are expected to undergo larger losses
at longer wavelengths. However, this cannot solely
explain the large reflectance loss of Fig. 2, which
is peaked between 143.6 and 160.8 nm for the differ-
ent samples prepared.

The extra reflectance loss can be explained by
means of surface plasmon excitation in the Al film.
The etching process is suggested to enhance short-
range surface roughness; this etching-enhanced
roughness would help surface plasmons to couple
to the electromagnetic waves, resulting in a reflec-
tance loss. The surface roughness is described by
its power spectral density (PSD) [26]; only PSD
roughness components with frequency % > w/c (or
equivalently, only surface roughness of spatial range
shorter than the wavelength) are actually involved in
the excitation of surface plasmons. In contrast, the
roughness spectral components with 2 > w/c are in-
volved in roughness-induced light scattering [27]. A
parameter called the surface plasma wavelength A,
is defined as the wavelength around or above which
surface plasmons can be excited with light impinging
on a rough surface. 4, is given by



Ay = VI T e, (1)

where /, is the Al volume plasma wavelength, and &
is the dielectric constant of the MgF, coating that
protects the Al film. By applying Eq. (1) and using
a value of ~2.19 for ¢ [28], 15, amounts to
~148 nm. The wavelength at the peaf{ of reflectance
loss depends on the surface PSD, as well as on the
metal optical constants. For Al, the wavelength at
the reflectance loss peak may be at or somewhat
above Ay, [29], which is consistent with the reflec-
tance dip in Fig. 2.

The ions impinging on the Al film in the process of
removing the oxide seem to have caused a short-
range structural change, thus enhancing the surface
plasmon excitation, which results in the large reflec-
tance loss in Fig. 2 centered between 143.6 and
160.8nm. This structural change may consist of
some Al crystallization. The long-range roughness
did not increase, since the reflectance at 121.6 nm
and at shorter wavelengths is comparable to the case
of nonetched samples. Therefore the Al surface
roughening after oxide etching will not result in
the degradation of the point spread function, and
of an Al/MgF5 mirror, but it will reduce the efficiency
around Agp,.

A similar reflectance dependence on wavelength
was obtained for Al coatings deposited by IBS and
later protected with MgF, [30]. In that case, a reflec-
tance dip obtained for IBS Al coatings was attributed
to an increase of the short-range roughness, which
was responsible for surface plasmon excitation. In
[30], Al surface roughening effect may have been
due to the higher average energy of the Al atoms im-
pinging on the growing film for IBS versus ED coat-
ings; in the present case, the roughening effect may
have been due to energy supplied by the ions imping-
ing on the growing film in the etching process.

Further research may lead to minimizing this sur-
face roughening in order to obtain the highest possi-
ble FUV reflectance. The process could be optimized
with respect to the different etching parameters: ion
energy, ion fluence, ion impingement rate, ion impin-
gement angle, and ion species.

The technique of oxide removal with ions may find
applications in the field of FUV optics, and, more spe-
cifically, for the use of unprotected Al-coated optical
elements, such as mirrors and perhaps gratings, to
be used in synchrotron environments or in space op-
erating astronomical instruments. This technique
may have some advantages over in situ Al deposition
scheme. Thus, Al deposition by evaporation in space
over a substrate that had been cleaned in the lab
months or even years before launch would probably
require some in situ ion cleaning technique to obtain
a high quality coating. Therefore, oxide removal in
space, involving only an ion technique, may be con-
sidered a simpler method than Al deposition in space
for the development of nonprotected Al coatings for
the FUV. The oxide removal may be thought of as
a technique used periodically to restore a high reflec-

tance on Al films that became oxidized or contami-
nated after a certain time. An Al film should allow
periodical oxide-etching processes; the Al film must
be thick enough because every oxidation/etching pro-
cess will result in a certain Al mass loss. Research
would be required to investigate whether a repeated
etching process might cause a higher damage in
the film.

Another possibility would be to protect the Al film
with a certain protective coating that would be
etched off with an ion technique once the optical in-
strument is placed on a high orbit. MgF, might be
such a protective coating. This possibility is analyzed
in Subsection 3.B. Further applications in FUV op-
tics can be envisioned for the ion-etching technique
on other materials that undergo limited surface oxi-
dation which results in performance reduction, such
as IBS SiC or B4C coatings used for FUV optics. They
might also benefit from oxide removal by ion etching.

B. lon Etching on a MgF, Protective Layer

The ion-etching technique may be used to remove all
or part of a protective coating. Such a technique
would be useful in the case when a protective film
has to be removed, or when the protective film thick-
ness is too thick for a desired application. In this sub-
section we report experiments to remove a MgF,
protective layer on Al both partly and completely
by means of an ion beam.

Let us start with the complete removal of a MgF,
protective layer. Two samples consisting of an ED Al
film and a protective ~7.5nm thick ED MgF, film
were deposited in a single run. The two samples were
etched for different times with 300eV Ar ions and a
total ion current of 15 mA. One sample was etched for
80s; the dose was calculated to approximately re-
move the whole MgF, layer. The other sample was
etched for 52s; the dose was calculated to remove
most of the MgFy layer, leaving a ~2.5nm thick
MgFy film over Al In both samples, the resultant
Al layer was immediately protected with IBS
MgF, to complete a ~24nm thick MgF, layer. The
relevant parameters of sample preparation are also
given in Table 1.

The reflectance measured for these samples is
plotted in Fig. 3. A high FUV reflectance is obtained
for both samples. At 121.6 nm, somewhat higher re-
flectance is obtained for the sample that underwent
lower ion fluence; the reflectance difference between
the two samples increased somewhat with wave-
length. The sample exposed to 80 s ion fluence shows
a reflectance decrease at 143.6 nm, almost as high as
the sample for which oxide was removed (Fig. 2).
Hence, when all MgF, layer is etched, Al seems to
roughen in a way similar to the one described in Sub-
section 3.A, and the reflectance loss is attributed
again to surface plasmon excitation through short-
range roughening. The sample exposed to 52s ion
fluence displays a smaller reflectance loss at long
wavelengths, which is explained in that the
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Fig. 3. (Color online) Reflectance as a function of wavelength for

samples S7 and S8 consisting of an Al film protected with a 7.5 nm
thick, MgF, film that was etched away with Ar ions. S7 was ex-
posed to ions over 80 s in order to remove all the MgF,, whereas
S8 was exposed over 52 s to remove all but ~2.5nm MgF,. Both
samples were protected immediately after the ion etching with
a ~24nm thick, IBS MgF, film.

~2.5nm thick film of MgF, remaining on the Al film
reduced the Al roughening effect produced by ions.

As an application, the ion-etching technique could
be used to completely remove a protective coating
once the optics is placed in its final environment,
such as for in space FUV astronomy with pure Al
coatings. If a MgFy protective coating is deposited
immediately after Al deposition on Earth, the protec-
tive coating could be etched away with an ion-etching
technique once the instrument is in space. This pro-
cedure resembles the REVAP process, described in
Section 1, but now the removal of the protective film
would not be performed through heating, but
through ion etching.

Let us now address the removal of part of the MgF,
protective coating on Al by ion etching. Figure 4
shows the reflectance of an Al film that was first
overcoated with a 10nm thick ED MgF, film and
overcoated with a ~28nm thick IBS MgF, film.
The 38 nm thick hybrid protective coating was too
thick for the purpose of providing the highest reflec-
tance at 121.6nm, far from the ~24nm optimum
thickness. In order to reduce the protective film
thickness, the ion-etching technique was used. The
sample was exposed to two successive ion-etching
doses maintaining the ion energy and the total beam
current constant at 300eV and 15 mA, respectively.
The sample was first ion etched for 425, its reflec-
tance was remeasured, and it was placed back in
the sputter-etching chamber and further ion-etched
for another 100 s. The relevant parameters of sample
preparation are also given in Table 1. The reflectance

5258 APPLIED OPTICS / Vol. 47, No. 29 / 10 October 2008

1.00 —_—
0.80 — L
8 060 -
c
8
5 4
Q
© 040 , -
- l '
I ®--o-0HS1
0.20 — i +--—+--+ 42-s jon dose |
i 4 4 -4 142-s jon dose
. + —=—m HS2
000 T I T I T | T I T
80 100 120 140 160 180
wavelength (nm)
Fig. 4. (Color online) Reflectance as a function of wavelength of

an Al film protected with a ~38 nm thick hybrid MgF, film (HS1),
and for the same sample after exposure to two ion-etching doses:
425 (S9) and 142 s (S10). The reflectance of a hybrid sample of Al
protected with a total ~24 nm thick MgF, film (HS2) that was not
etched is also shown for comparison.

after the two etching processes is shown in Fig. 4. As
an effect of the ion-etching processes, the reflectance
peak shifted toward shorter wavelengths, as ex-
pected for a MgF, film that is getting thinner and
closer to the optimum thickness. After the second
etching process, the reflectance measured at
121.6 nm was 0.854, which is comparable to the re-
flectance of the hybrid samples optimized at
121.6 nm that were not ion etched, averaging 0.850
[25]. Therefore the technique of overlayer removal
by ion etching was successful in enhancing the
121.6 nm reflectance of Al mirrors protected with
MgF, when the protective coating was too thick.
The reflectance of the 142s etched sample was
even higher below 121.6 nm than that of an optimum,
nonetched hybrid sample. This is attributed to a
MgF; film somewhat thinner than 24 nm (thus en-
hancing the short wavelength reflectance) and to
the slightly lower losses for the IBS MgF, compared
to ED MgFy at or below 121.6 nm [25]. The reflec-
tance at 143.6 nm for the 142 s etched sample is lower
than for the ~24 nm thick hybrid sample. The reflec-
tance loss might be partly attributed to MgF, film
thickness deficiency, but once more, also to surface
plasmon excitation induced by short-range surface
roughening. The reflectance loss is somewhat smal-
ler than for the samples in which all the aluminum
oxide or all the MgF, overlayer was removed by ion
etching. This may be explained in terms of a different
efficiency in the surface plasmon excitation for the
two types of samples. The local damage due to ion
impingement for the partially removed MgF, over-
layers must be preferentially produced on the
MgF, film, and to a lower extent on the underlying
Al film, whereas for the oxide-etched or the all-MgF2



etched samples the damage is directly produced on
the resultant Al film.

The ion-etching technique can be useful to reduce
the thickness of a film that was grown thicker than
desired. For instance, the ED MgFy-protected Al
films with the highest reflectance at 121.6 nm are ob-
tained when the MgFy film is deposited at a high
rate, such as ~4 nm/s; this high rate complicates de-
positing a precise film thickness. In case a too thick
MgF; film had been deposited, ion etching could be
used to remove the extra thickness. The technique
can be also used with multilayers. For instance, mul-
tilayer coatings based on MgF, that were optimized
for the highest possible reflectance at 83.4 nm and si-
multaneously zero reflectance at 121.6nm [31], as
well as for the highest possible reflectance at
91.2nm regardless of the reflectance at 121.6nm
[32], have been prepared. For these multilayers,
~10nm and ~16nm thick MgF, films, respectively,
were required. The deposition of such thin films, par-
ticularly for the application of zero reflectance at
121.6 nm, was challenging, and the reflectance at
121.6 nm varied over one order of magnitude with
only minor film thickness differences. For this appli-
cation the ion-etching technique might be used after
MgF, (and perhaps other material) deposition in or-
der to set the correct film thickness. This would allow
preparing multilayer coatings close to optimum with
a high reflectance or reflection/suppression ratio.

4. Conclusions

Ion etching using an ion beam has proved to be a suc-
cessful technique to modify and enhance high reflec-
tance FUV coatings. Three particular cases were
investigated:

* Oxide removal with 100eV Ar" ions of an Al
oxide film grown on the Al film after exposure to nor-
mal atmosphere. Such a coating, once protected with
a MgF, film for FUV reflectance monitoring pur-
poses, had a reflectance at 121.6 nm, almost as high
as the standard Al protected with MgF,. A large re-
flectance loss of the etched samples in the
143.6-200 nm spectral range was attributed in part
to surface plasmon excitation in the Al film due to
short-range surface roughening induced by the ion
impingement.

e Total removal of a MgF, protective coating on
Al with 300 eV Ar" ions. After MgF's, coating removal,
this coating was also protected with a new MgF, film,
and it had a reflectance at 121.6 nm almost as high as
the standard Al protected with MgFy. A large reflec-
tance loss in the 143.6-200 nm spectral range was
also attributed to surface plasmon excitation in the
Al film due to short-range surface roughening in-
duced by the ion impingement.

¢ Partial removal of a MgF, protective coating on
Al. This method was applied to reduce the MgF, film
thickness protecting the Al coating that was thicker
than the optimum value of 24 nm required for the
highest possible reflectance at 121.6 nm. After etch-

ing with 300eV Ar* ions, the sample had a reflec-
tance at 121.6 nm as high as similar coatings with
the correct MgF, film thickness that had not been
ion etched. As in the previous application, a certain
reflectance loss at 143.6nm was attributed in part
to surface plasmon excitation in the Al film, slightly
damaged by the ion impingement on the outer
MgF, film.
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