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Abstract. Bilayers of a thin, nonoxidized Al film over an Ir film are pre-
pared. The bilayers are intended to enhance the reflectance of Al below
the Al plasma wavelength (lp;83 nm). Above lp the bilayers have a
high reflectance comparable to that of single Al films. Ir films were de-
posited by electron gun evaporation on a heated substrate. Al films of
various thicknesses are deposited by evaporation from a thermal source
on the Ir film once it is cooled to room temperature. The bilayers are
prepared under ultra-high-vacuum (UHV) conditions and their reflec-
tance is measured in situ. Accelerated aging processes, which are per-
formed by annealing the bilayers in UHV, show that the bilayers are
stable after 1 h annealing at temperatures up to 540625 K. The bilayers
show no observable deterioration after long-term storage under normal
atmosphere. The optical constants of Ir films are also obtained. In-orbit
coating of optical surfaces with Ir/Al bilayers is proposed for extreme UV
astronomy. © 2002 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1477438]
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1 Introduction

The spectral region below 125 nm, which is referred to h
as the extreme ultraviolet~EUV!, contains a wealth of spec
tral lines important to astrophysics, solar physics, and
mospheric physics. The low intensity of many EUV rad
tion sources in the universe requires the developmen
new coatings with higher EUV normal reflectance and
spectral selectivity than those available today. The stand
coatings for wavelengths above 85 nm, such as ion-be
deposited SiC and B4C, have moderate normal reflectan
of ;0.3. This value is low for many applications whe
either low-intensity sources and/or optical instruments w
several reflections are involved. Only nonoxidized Al film
are known to provide a high reflectance that may reach
above 90 nm. The use of nonoxidized Al coatings are c
rently a technological challenge, due to the high reactiv
of Al in presence of oxygen and water vapor. As a con
quence, an aluminum oxide layer immediately grows on
Al film, resulting in a dramatic decay of the Al reflectanc
for wavelengths below 200 nm.

An ancient proposal by Hass and Hunter1 suggested a
procedure to take advantage of the high reflectance o
films for astronomical observations in the EUV: the ove
coating of the optics with Al would be performed once t
instrument would be placed in a high enough orbit. Th
the natural vacuum present in the orbit would preserve
Al films from oxidation during a time compatible with th
mission. In this way, the reflectance of conventional co
ings could be exceeded by a factor of 3 at every reflect
1418 Opt. Eng. 41(6) 1418–1424 (June 2002) 0091-3286/2002/$15
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Below the Al plasma wavelength~lp;83 nm!, the re-
flectance of Al films abruptly decreases to very low valu
in a transition where Al turns into a low absorbing materi
However, there are spectral lines belowlp that are impor-
tant for astrophysics, of species such as H2, HeI, OII to
OV, CII, NII to NIV, NeI, MgII, SiII, SII to SV, FeIII, etc.
Hass and Hunter1 proposed a way to extend the high refle
tance of Al toward shorter wavelengths by overcoating
Ir film with a thin Al film. Such Ir/Al bilayers would com-
bine the high reflectance of Al above;83 nm with the
moderate reflectance of the underlying Ir film, taking a
vantage of the low absorption of Al belowlp . Calculations
of the bilayer reflectance were presented in Ref. 1, altho
no experimental work was performed.

The in-orbit Al coating application has fascinated t
scientific community for decades but it is still a technolog
cal challenge. Some advances have been performed to
the development of this technology. The European Sp
Agency’s project EDMO~Experiment for the Deposition o
Materials in Orbit! tested the space performance of therm
evaporation sources by the deposition of thin films of
and other materials under microgravity.2 Also, an extensive
laboratory research has been performed3–8 at the Spanish
Consejo Superior de Investigaciones Cientı´ficas on nonoxi-
dized Al coatings for the EUV. However, more advanc
are still necessary in several fields before the in-orbit co
ing application can be implemented, such as in-orbit s
strate cleaning, masking of the sensitive optical surfa
~such as cameras! to prevent Al condensation in these area
and the design of space multiple evaporation sources
.00 © 2002 Society of Photo-Optical Instrumentation Engineers
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Fig. 1 Schematic view of the experimental equipment: C, capillary; L, lamp; M, monochromator; G,
diffraction grating; ENS, entrance slit; EXS, exit slit; MC, modulation chamber; CB, chopper blade; S,
aperture; RC, reflectance chamber; C1 , C2 , and C3 , channel electron multipliers; MP, MP2, and MP3,
sample manipulators; SH, sample holder; P1 , P2 , and P3 , small conductance pipes; DC, deposition
chamber; STC, sample transfer chamber; and GV, gate valve.
h a
c-
the
pe-

ers
ir

n-
nde
os-
ate

V
fo

d
n-
ua
ber
two
fo

ns-
am
m-
ar/
e
er

mb
nts
tes

or

in

nd
um

ec-

orat-
om
osi-
ith

and
the

tes
s
ent

es
l-
ted
g-

1.0

3
-
ng

on
ea-
h

Ir
ec-
k

tes
in-orbit coating of large surfaces. The benefits of suc
technology would not be limited to the much higher refle
tance of the optical coatings, but would also reduce
problem of coating aging during optics storage in the
riod from deposition to in-orbit operation.

In this paper, we present experimental work on bilay
composed of a thin Al film over an Ir film and analyze the
enhanced EUV reflectance at wavelengths belowlp of Al.
The stability of the bilayers was investigated through a
nealing processes in vacuum and long-term storage u
normal atmosphere. The optical constants of Ir films dep
ited both at room temperature as well as on hot substr
are also shown.

2 Experimental Techniques

The preparation of the multilayer coatings and the EU
reflectance measurements were performed in a system
thin film deposition and reflectometry describe
elsewhere.9,10 The system consists of several interco
nected stainless steel chambers provided with individ
pumping systems. Figure 1 shows a sketch of the cham
and main instruments. The system can be divided into
sections: one for the radiation propagation and the other
thin film deposition and treatments and in/out sample tra
fer. A new substrate is loaded in the sample transfer ch
ber ~STC! and then it is transferred to the deposition cha
ber ~DC! for substrate coating by means of a long line
rotary feedthrough~MP3!. Two evaporation systems wer
implemented in the DC to deposit multilayers. Anoth
long linear/rotary feedthrough~MP2! transfers the freshly
coated substrate to the reflectance measurement cha
~RC! for reflectance and/or transmittance measureme
without exposing it to atmosphere. Radiation propaga
from the lamp~L! to the RC, through the monochromat
~M! and the modulation chamber~MC!. Reflectance can be
measured from near normal to near grazing incidence
Downloaded from SPIE Digital Library on 25 Feb 2010
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two perpendicular planes of incidence: the horizontal a
the vertical plane. DC and RC are under ultrahigh vacu
~UHV!.

We evaporated 99.9% pure Ir by means of a 6-kW el
tron gun. Ir was deposited at a rate of;0.01 nm/s on both
unheated and heated float glass substrates. When evap
ing at larger deposition rates Ir particles were ejected fr
the melted Ir mass. For that reason, the preceding dep
tion rate was not exceeded. A heating device provided w
a thermocouple placed in contact with the substrate
with a tungsten filament placed between the sample and
electron gun was used to heat the substrate at 540625 K
during Ir deposition. Ir films deposited on hot substra
resulted in higher EUV reflectance compared with film
deposited on room temperature substrates, in agreem
with the literature.11 Ir films deposited on heated substrat
were later overcoated with an Al film. The Ir film was a
lowed to cool to room temperature before being overcoa
with Al. The 99.999% pure Al was evaporated using a tun
sten filament. The Al deposition rate ranged from 0.5 to
nm/s.

The base pressure after bakeout at 470 K was
3 1028 Pa in the DC and 1028 Pa in the RC. The deposi
tion of Al and Ir films was performed at a pressure rangi
from 1026 to 1025 Pa and 1 to 53 1025 Pa, respectively.
Reflectance measurements were always performed
samples at room temperature. The film thickness was m
suredin situ by means of a quartz crystal monitor, whic
was calibrated through Tolanski interferometry.

3 Experimental Results and Discussion

3.1 Reflectance and Stability of Ir/Al Bilayers

Bilayer coatings with different Al film thickness on an
film were prepared. Figure 2 shows the experimental refl
tance of a 15- and a 30-nm-thick Al film on a 20-nm-thic
Ir film. The Ir films were deposited on glass substra
1419Optical Engineering, Vol. 41 No. 6, June 2002
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1420 Optical Engi
Fig. 2 Reflectance of a 15- and a 30-nm-thick Al film on a 20-nm-thick Ir film. Reflectance of a
30-nm-thick Al film on glass and of a 20-nm-thick Ir film on glass are also plotted.
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heated at 540625 K. The Ir film for the sample with a
30-nm-thick Al film did not coat the whole surface of th
glass substrate, whereas the Al film coated the whole
face. Then, the reflectance could be measured in the
different sample areas: one area with the Al film over the
film, and the other area with the Al film over the gla
substrate. Reflectance on the latter area is also represe
in Fig. 2. The reflectance on the 20-nm-thick Ir film, me
sured before overcoating it with Al, is also shown. T
reflectance of the Al film both on the Ir film and on th
glass substrate are very close at wavelengths abovelp of
Al. This is due to the increasing reflectance and absorp
of Al for wavelengths longer thanlp , which strongly re-
duce the radiation intensity reaching the underlying ma
rial. The Al-coated Ir film shows a higher reflectance tha
single Al film belowlp of Al, as desired. The Ir/Al bilayer
with a 15-nm-thick Al film exhibits a higher reflectanc
than the bilayer with a 30-nm-thick film at wavelengths
73.6 nm and below, whereas reflectance of the latter bila
is higher at 82.6 nm and above. Hence, a thinner Al film
Ir results in a higher reflectance enhancement in the s
tral region of low absorption of Al. However, it also resul
in a lower reflectance abovelp because the thin Al film is
not as efficient as an opaque film. Therefore, the optim
Al thickness will be a compromise of acceptable reflecta
at both spectral regions and will depend on the pract
application. The reflectance of the Al-coated Ir belowlp of
Al is not only higher than the reflectance of pure Al, but
is also higher than the reflectance of uncoated Ir for wa
lengths down to;55 nm ~;64 nm! for the 15-nm-~30-
nm!-thick Al-overcoated Ir. Summarizing, Al-overcoated
is a highly efficient coating that combines both the hi
reflectance of Al abovelp with the moderate reflectance o
Ir below lp .
neering, Vol. 41 No. 6, June 2002
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A reflectance dip centered at 120.0 to 132.0 nm is
served in Fig. 2. The dip is attributed to surface plasm
excitation in the Al film. Surface plasmons are excited
interaction of the radiation impinging on the film with su
face roughness components that have spatial wavelen
~the inverse of spatial frequencies! of the order of or shorter
than the radiation wavelength. Since the reflectance di
identical both for Al on Ir and for Al on glass, the dip i
independent of the underlying Ir film. The use of superp
ished substrates might result in a reflectance dip reduct

A study by Herzig and Spencer12 showed that Ir/Al bi-
layers were unstable over time. To analyze the stability
the Ir/Al interface we carried out several aging tests. W
performed annealing processes on various samples to a
erate sample aging. The aging studies on the Ir/Al bila
reflectance cannot be performed under atmosphere bec
of the dramatic reflectance decrease caused by the Al
dation. Annealing was performed in UHV on a sample w
a 30-nm-thick Al film deposited on a glass substrate t
had been partially coated with a 20-nm-thick Ir film. The
film was deposited on the glass substrate heated at
625 K. The reflectance of the two sample areas, i
glass/Al and glass/Ir/Al, was monitored after vacuum a
nealing periods of 1 h at the increasing temperatures o
370625, 460625, and 540625 K. Figure 3 shows the re
flectance in the two sample areas after annealing at
625 K. The reflectance in the two sample areas decrea
after annealing at 540625 K at wavelengths of 73.6 nm
and above. This decrease is attributed to a limited oxida
of Al in the UHV residual atmosphere of the reflectome
in the period from the deposition to the end of the anne
ing processes, totaling 7 days. The reflectance of the I
bilayer remained mostly unchanged below 73.6 nm. To
termine whether a hypothetical roughening process of th
 to 161.111.180.191. Terms of Use:  http://spiedl.org/terms
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Fig. 3 Reflectance as a function of wavelength for a sample of 30-nm-thick Al film on glass in one area
and on a 20-nm-thick Ir film in another area. Reflectance is plotted for the as-deposited sample and for
the sample annealed in UHV at 540625 K for 1 h. The sample had been previously annealed at
370625 and 460625 K for periods of 1 h.
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or Al films may be observed through specular reflecta
measurements, we now estimate the fraction of the ra
tion scattered by the bilayers that was collected by the
tector. The detector, which was placed 200 mm away fr
the sample, had an entrance diameter of 8 mm. With
geometry the detector collected only the radiation scatte
by roughness structures with spatial wavelengths lon
than 5mm for a radiation wavelength of 100 nm. Henc
any roughening of the Al/vacuum or the Ir/Al interface wi
a structure of spatial range shorter than 5mm would scatter
radiation away from the detector, resulting in a reduction
the measured reflectance. The initial stages of a hypoth
cal reaction/interdiffusion process would be most proba
limited to a range shorter than 5mm, and the resulting
scattered radiation would be placed outside the detec
But even at later stages of the hypothetical reaction th
must be short-range roughness components that would
ter radiation outside the detector. Since the reflectanc
the annealed Ir/Al bilayer remained mostly unchanged
short wavelengths this shows that the interface Ir/Al w
stable upon annealing up to 540625 K.

To test the stability of the Ir/Al interface in more deta
a sample with a 135-nm-thick Al film on a 15-nm-thick
film was prepared. The Ir film was deposited onto a gl
substrate at 540625 K. Al is a low absorbing material a
58.4 nm and the Ir/Al bilayer presents interference effe
in the reflectance-incidence angle plot. Figure 4 shows
reflectance as a function of the angle of incidence meas
for the as-deposited bilayer at 58.4 nm. Hunter et al.13 per-
formed a similar work on bilayers of Al on Au to monito
the progress of the intermetallic diffusion zone. In Fig.
several maxima and minima due to interference effects
be observed. If some interdiffusion of Al and Ir would tak
place on aging, a change in the low absorbing Al film thic
ness would result in a different interference pattern. T
measured reflectance was modeled as follows. In a
Downloaded from SPIE Digital Library on 25 Feb 2010
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step, the reflectance was calculated assuming smooth i
faces, using the optical constants of Al that are available
the literature14 and the optical constants of Ir given in Se
3.2. Even though the correct angular positions for
maxima and minima were obtained, the fitting was n
quantitatively accurate. By allowing the optical constants
Al to differ from the literature data and by assigning
surface roughness the fitting was improved. In a first

Fig. 4 Reflectance as a function of the incidence angle measured
for a 135-nm-thick Al film on a 15-nm-thick Ir film. Reflectance is
plotted for the as-deposited sample and for the sample annealed at
540625 K for 1 h. The sample had been previously annealed at
370625 and 460625 K for periods of 1 h. The modeled reflectance
is also shown. The angle of incidence is referred to the normal.
1421Optical Engineering, Vol. 41 No. 6, June 2002
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proach, the surface roughness was made equal to the
strate roughness. The glass surface roughness had
characterized to have a root mean square~rms! roughness
s54.9 nm and an autocorrelation lengthT5470 nm, as
obtained from angle-resolved scattering on glass substr
coated with an Al film.15 The effect of roughness on th
specular EUV reflectance was calculated using the ve
scattering theory of Croce.16 By varying the rms roughnes
values of the interfaces the fitting was improved. The b
results were obtained by assumingn~Al !50.717, k~Al !
50.103, ands54.5 nm for both the Al/vacuum and Ir/A
interfaces. The autocorrelation length was maintained
470 nm. Figure 4 shows the modeled reflectance. The
cessity to use the modified optical constants for Al at 5
nm may be understood either because the optical cons
of the current films were actually different from the liter
ture data and/or because the simple model used here o
homogeneous films with a roughness described by just
parameters may not be exact.

The sample was successively annealed in vacuum a
increasing temperatures of 370625, 460625, and 540
625 K for periods of 1 h and the reflectance of the roo
temperature sample was measured after every anne
process. The reflectance after the final annealing at
625 K is shown in Fig. 4. The reflectance at 58.4 n
remained mostly unchanged after the three annealing
cesses, with no change in the interference pattern. A cha
in the Al film thickness, which would have been caused
the hypothetical diffusion or reaction between Al and
was simulated through reflectance calculations similar
the preceding. The position of the first minimum at;21
deg is very sensitive to the Al thickness. Figure 5 show
calculation of the dependence of the angle at the first m
mum with the Al film thickness. A shift of;1 deg per 2-nm
thickness change was obtained. No shift of the minim
was observed for the annealed samples, which dem

Fig. 5 Calculation of the angle at the first reflectance minimum at
58.4 nm as a function of thickness of an Al film on a 15-nm-thick Ir
film.
1422 Optical Engineering, Vol. 41 No. 6, June 2002
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strates that the Ir/ Al interface is stable after annealing p
cesses in UHV up to 540625 K.

The preceding results contrast with the study perform
by Herzig and Spencer,12 in which an Ir film deposited on a
room-temperature substrate was coated with an Al film
undetermined thickness for Ir film thickness calibratio
Within 6 weeks of the overcoating process they obser
an important degradation of the coatings that was attribu
to the interdiffusion of the metals. There are various imp
tant differences in the coating preparation and storage
tween the work of Herzig and Spencer and ours. Nam
our samples were annealed under UHV with no prior ex
sure to atmosphere, and our Ir film was deposited o
high-temperature substrate.

We also performed aging tests in atmosphere. The m
important aging test for the bilayers would have been
maintain them under UHV for a long enough time comp
ible with a certain mission, i.e., for years, and then rem
sure the reflectance and observe the coatings. That test
not possible in our system. Instead, we stored two sam
under normal atmosphere for 5 yr and observed them p
odically with a microscope: no signs of degradation we
observed for the 5-yr-old samples. Obviously, no EUV
flectance measurements are meaningful for samples
have been stored in atmosphere because of Al oxidat
This is in disagreement with the result of Herzig a
Spencer.12 We suggest that this disagreement may be du
the hot temperature of our substrates when Ir was depos
versus the room temperature in their study. The Ir film d
posited on a hot substrate results in well-developed crys
lites with a minimum of imperfection11 and in a more dense
material that is expected to be more stable and less pron
interact with other materials such as with Al.

3.2 Optical Constants of Ir

The reflectance of Ir as a function of the incidence an
was also measured. These measurements were used t
culate the optical constants of Ir films deposited both
unheated glass substrates as well as on heated glass
strates at 540625 K. The search for the optical constants
films was made by the minimization of the following mer
function:

s25 (
i 51,...,m

$R exp@u~ i !#2R@u~ i !,n,k,p#%2, ~1!

whereR exp@u(i)# is the reflectance measured at the an
of incidenceu( i ), andR@u( i ),n,k,p# is the calculated re-
flectance for the trial set of optical constantsn andk and for
the degree of polarization of the beamp that is defined as

p5
I p2I s

I p1I s
, ~2!

whereI p andI s represent the fraction of the incident inte
sity with the electric vector parallel and perpendicular,
spectively, to the plane of incidence. The number of ang
of incidence wasm59, namely, 5, 15, 25, 35, 45, 55, 65
75, and 80 deg, all of them in the horizontal plane of in
dence of the reflectometer. The degree of polarizationp of
the monochromator was previously obtained from refl
 to 161.111.180.191. Terms of Use:  http://spiedl.org/terms
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tance measurements versus the angle of incidence that
performed in two perpendicular planes of incidence on d
ferent samples. The optical constants of glass, which w
previously determined from reflectance measurements
sus the angle of incidence, were used in the calculation
the optical constants of Ir since the films were not opaq
The optical constants obtained for Ir films are shown in F
6. The higher reflectance of the films that were deposited
hot substrates corresponds with a higher extinction coe
cient k, i.e., with a higher absorption.

4 Summary

Ir/Al bilayers were prepared by coating an Ir film with a
Al film. The Ir film had been evaporated on a heated gl
substrate. The bilayers were intended to enhance the re
tance of Al films below the Al plasma wavelengthlp ~;83
nm!, while the high reflectance of Al films abovelp is
preserved. Bilayers with a 15- to 30-nm-thick Al film de
posited on an Ir film resulted in a reflectance increase o
the reflectance of single Al films belowlp . A higher in-
crease belowlp was obtained with a 15-nm-thick Al film
whereas the reflectance abovelp was higher for the 30-nm
thick Al film, and the latter was similar to the reflectance
bare Al. Thus, the optimum Al thickness will be a compr
mise of acceptable reflectance at both spectral regions
will depend on the practical application. The Ir/Al interfac
was stable after in vacuum sample annealing and a
long-term storage under normal atmosphere. Therefore
conclude that these bilayers may be considered a g
choice as coatings for space operating optical instrum
applied to EUV astronomy. For this application, the Al fil
must be preparedin situ on the orbiting instrument
whereas the Ir film might have been deposited in the la
ratory.

Fig. 6 Optical constants obtained for room-temperature Ir films that
were deposited on room temperature as well as on 540625 K hot
glass substrate.
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