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The chemical reaction of a sample with atmospheric gases causes a significant error in the determinantion of
the complex refractive index n 5 1 2 d 1 ib in the extreme-ultraviolet region. The protection of samples
removes this effect but hampers the interpretation of measurements. To overcome this difficulty, we derive
the exact dependences on film thickness of the reflectivity and transmissivity of a protected film. These de-
pendences greatly simplify the determination of d and b when the spectra of several films with different thick-
ness and identical protection are measured. They also allow the verification of the d (v) obtained from the
Kramers–Kronig relation and even make the Kramers–Kronig method unnecessary in many cases. As a
practical application, the optical constants of Sc and Ti are determined at \v 5 18–70 eV and 18–99 eV, re-
spectively. The essential feature of our experimental technique is deposition of a film sample directly on a
silicon photodiode that allows easy operation with both thin (;10-nm) and thick (;100-nm) films. The com-
parison of calculated reflectivities of Si–Sc multilayers with the measured values shows the high accuracy of
the determined d (v) and b(v). © 2004 Optical Society of America

OCIS codes: 160.3900, 260.7200, 300.6560, 340.6720, 340.7480.
1. INTRODUCTION
Intensive studies of the optical constants d (v) and b(v) in
the extreme-ultraviolet (EUV) region are motivated by
numerous applications: EUV lithography, x-ray astro-
physics, EUV lasers, attosecond metrology, etc. Despite
the existence of various methods (reflectometry, ellipsom-
etry, interferometry, transmission, and photoelectric yield
measurements), accurate determination of d (v) and b(v),
especially at long EUV wavelengths, still has significant
difficulties. They are caused by the strong EUV absorp-
tion of C, N, and O atoms and the high sensitivity of d (v)
and b(v) to the reaction of samples with atmospheric
gases. These difficulties grow manyfold and become of
principal importance when reactive or getter materials
such as alkalis, rare-earth elements, actinide metals, or
most of the transition metals are investigated.

To exclude the effect of atmospheric gases, researchers
have successfully performed the deposition and measure-
ment of film samples under vacuum, without exposure to
the atmosphere.1 But this method requires an expensive
setup and therefore is not often applied. In consideration
of this problem, the EUV probe of a sample purity and the
1084-7529/2004/020298-08$15.00 ©
correction of optical constants to take into account a thin
oxide layer were suggested.2,3 The other approach to the
problem is connected with the use of protected samples.
The measurement and interpretation of angle-dependent
reflectivity R(u) isolate the contribution from a studied
material and provide its d and b.4,5 This procedure re-
quires a simultaneous determination of the parameters of
the capping and buffer layers as well as of the interfaces.
For this reason, the accuracy of d and b depends essen-
tially on knowledge of the structure and composition of
these layers and interfaces. The measurement and inter-
pretation are rather laborious, as repetition at all v of in-
terest is necessary.

An alternative approach, which is based on transmis-
sion measurements of identically protected free-standing
films of different thickness, was used by several
authors.6,7 By use of the principle that identical protec-
tion does not affect the ratio of the transmissivities of the
films, b(v) was found from the measured spectra. The
determination of d (v) implied the use of the Kramers–
Kronig relation, that is, knowledge of b(v) in a wide fre-
quency region. Problems arise in high-absorption inter-
2004 Optical Society of America
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vals, in which difficult fabrications of free-standing films
of ;10 nm or thinner are required.

The present paper also utilizes the measurements of
identically protected films of different thickness, but
places them on silicon photodiodes. This modification
makes possible the study of both thin and thick films, so
that the determination of b(v) in high- and low-
absorption ranges can be done with equal ease. To lay
the theoretical foundation to this method, we derive equa-
tions for the reflectivity and transmissivity of a protected
film as functions of its thickness. The equations allow
the determination of both d (v) and b(v) from the mea-
sured ratios of the reflectivities and transmissivities of
identically protected films even without the Kramers–
Kronig relation.

To test this method, we applied it to the determination
of the EUV optical constants of Sc and Ti. Both metals
are of practical interest for EUV optics. Scandium has
been used successfully for fabrication of high-quality
multilayer mirrors at the wavelengths 40–50 nm.8–10

Despite this fact, the d (v) and b(v) of Sc remain practi-
cally unknown, excluding the information obtained from
first-principle calculations.11 It is expected that the opti-
cal constants of Ti are similar to those of Sc but are
shifted to higher photon energies. This means that Ti
can become a promising candidate for fabrication of
multilayer mirrors working at higher EUV frequencies, if
the determination of the optical constants supports this
expectation.

2. DERIVATION OF THE BASIC FORMULAS

The layered structure considered here consists of a cap-
ping structure C, a homogeneous layer of material being
studied M, and a buffer structure B deposited on a sub-
strate S. Its refraction-index profile, which is
diagrammed in Fig. 1, includes a vacuum region with
n(z) 5 1 at z , z1 , the M layer with a complex refraction
index n(z) 5 n at z2 , z , z3 (z3 2 z2 5 d), and the
substrate region with n(z) 5 nS at z . z4 . To derive the
formulas for the reflection and transmission of the total
structure, we find it convenient to decompose it into two
parts: (1) the C structure sandwiched between the
vacuum and M regions and (2) the B structure placed be-
tween the M and substrate regions. In the first part, two
independent solutions for the electric field are

U 1 ~z !

5 5
exp@ik0~z 2 z1!pV# 1 r1 exp@2ik0~z 2 z1!pV#,

z , z1

t1 exp@ik0~z 2 z2!p#,

z . z2

,

(1)

U2~z !

5 5
t2 exp@2ik0~z 2 z1!pV#,

z , z1

exp@2ik0~z 2 z2!p# 1 r2 exp@ik0~z 2 z2!p#,

z . z2

(2)
with k0 5 v/c 5 2p/l, pV 5 cos u0 , p 5 p8 1 ip9 5 (n2

2 sin2 u0)
1/2, and u0 is the angle of incidence from

vacuum. Here r6 are the complex reflection amplitudes
from the C structure deposited on M for radiation going
from vacuum to M or back. The quantities t6 are the re-
spective transmission amplitudes.

In the second part, corresponding solutions are

V1~z !

5 5
exp@ik0~z 2 z3!p# 1 r1 exp@2ik0~z 2 z3!p#,

z , z3

t1 exp@ik0~z 2 z4!pS#,

z . z4

,

(3)

V2~z !

5 H t2 exp@2ik0~z 2 z3!p#, z , z3

exp@2ik0~z 2 z4!pS# 1 r2 exp@ik0~z 2 z4!pS#,

z . z4

(4)

with ps 5 (ns
2 2 sin2 u0)

1/2. In these equations, the com-
plex amplitudes of reflection (transmission) from
(through) B deposited on S for radiation going from M or
back are denoted as r6 and t6 .

For the total structure, an electric field is tried in the
form

E~z !

5 5
A1U1~z ! 1 A2U2~z !, z , z1

A1U1~z ! 1 A2U2~z ! 5 B1V1~z ! 1 B2V2~z !,

z2 , z , z3

B1V1~z ! 1 B2V2~z !, z . z4

(5)

After the substitution of expressions for U6(z) and V6(z),
Eq. (5) becomes

E~z !

5 5
exp@ik0~z 2 z1!pV#A1

1 exp@2ik0~z 2 z1!pV#~r1A1 1 t2A2!,

z , z1

exp@ik0~z 2 z2!p#W1 1 exp@2ik0~z 2 z2!p#W2 ,

z2 , z , z3

exp@ik0~z 2 z4!pS#~B1t1 1 B2r2!

1 exp@2ik0~z 2 z4!pS#B2 , z . z4

(6)
with

W1 5 A1t1 1 A2r2 5 B1 exp~2ik0pd !,

W2 5 A2 5 ~B1r1 1 B2t2!exp~ik0pd !. (7)

The solution of interest to us is proportional to exp@ik0(z
2 z4)pS# at z . z4 , that is, has B2 5 0. With this con-

dition, it is easy to find from Eqs. (7)
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A2 /A1 5
t1r1 exp~2iD !

1 2 r2r1 exp~2iD !
,

B1 /A1 5
t1 exp~iD !

1 2 r2r1 exp~2iD !
, (8)

where D 5 D8 1 iD9 5 k0pd. The complex reflection
and transmission amplitudes of the total structure r and t
may be calculated from Eq. (6) as r 5 r1 1 t2A2 /A1 and
t 5 t1B1 /A1 . Using Eqs. (8), we arrive at the final ex-
pressions:

r 5 r1 1
t1t2 exp~2iD !r1

1 2 r2r1 exp~2iD !
, (9)

t 5
t1t1 exp~iD !

1 2 r2r1 exp~2iD !
. (10)

It should be noted that structures C and B may be arbi-
trarly complicated. Hence Eqs. (9) and (10) describe the
transmission and reflection of a general layered structure
with a homogeneous layer of thickness d inside. The pre-
sented equations are physically transparent. They coin-
cide with the analogous equations for one unprotected M
layer deposited on S if the Fresnel reflection and trans-
mission amplitudes of the interfaces are replaced by r6 ,
r6 , t6 , and t6 . In the particular case of a three-layer
structure, equations of this type have been derived in Ref.
12. We also note a resemblance between Eqs. (9) and
(10) and expressions describing the reflection and trans-
mission of a Fabry–Perot cavity.

With Eqs. (9) and (10), the reflectivity R and transmis-
sivity T of the structure under study may be written as

R 5 Rcu1 1 jf exp~2iD !u2, (11)

T 5 TcTbu f exp~iD !u2, (12)

where Rc 5 ur1u2, Tc 5 ut1u2u p/pVu, Tb 5 ut1u2upS /pu,
and j 5 t1t2r1 /r1 . The factor f 5 @1
2 r2r1 exp(2iD)#21 arises from the multiple reflection of
radiation inside the M layer. In the EUV region, this re-
flection is small, at a level of 1% or less, so generally f
' 1. The only exceptions are special structures de-

Fig. 1. Schematic representation of the refractive-index profile
n(z) in the protected layered structure under consideration.
Vacuum and substrate regions are labeled V and S, a material
under study is marked as M, and capping and buffer structures
are symbolized by C and B.
signed for maximal reflection. This simplification gives
approximate formulas for the reflectivity and transmis-
sivity of protected films,

R 5 Rc@1 1 2 cos~2D8 1 x!ujuexp~22D9!

1 uju2 exp~24D9!#, (13)

T 5 TcTb exp~22D9!, (14)

which describe the effects of the capping and buffer layers
with a minimal set of parameters: Rc , Tcb 5 TcTb , and
j 5 ujuexp(ix). It should be stressed that all complica-
tions in the C and B structures (oxided layers, barrier lay-
ers, mixed interfaces, etc.) manifest themselves only
through changes in these parameters. This allows us to
avoid a detailed study of the C and B structures if the pa-
rameters Rc , Tcb , and j are fitted.

The effect of roughness is not reduced entirely to
changes in Rc , Tcb , and j. Though complete analysis of
the rough C/M/B structure is rather complicated,13 this
statement can be simply explained in the case of normal
incidence. In this case, the oblique propagation of radia-
tion arises only from scattering on roughness. It is con-
venient to divide the scattering processes into two groups.
The first group includes the processes with the normal
propagation inside the M layer. Oblique propagation
takes place inside only the C or B region. The second
group corresponds to the processes with oblique propaga-
tion inside the M region. It is evident that the processes
of the first group change only parameters Rc , Tcb , and j
while retaining the same exponential factor exp(iD) (D
5 k0dn). That is, in this case Eqs. (13) and (14) are un-
touched. The processes of the second group change the
exponential factor to exp(iD1) with D1 5 k0d(n2

2 sin2 u1)
1/2, where u1 is the angle of oblique propagation

inside the M region. In this (second) case, the effects of
roughness change the dependences of R and T on d given
by Eqs. (13) and (14). At long EUV wavelengths, where l
is much larger than the height of roughness, these correc-
tions are small. But at short wavelengths, where rough-
ness essentially affects R and T, the check of accuracy of
Eqs. (13) and (14) is desirable.

3. SAMPLE PREPARATION AND
MEASUREMENTS
The six films of Sc and the six of Ti were prepared by dc-
magnetron sputtering at 3 3 1023 Torr of Ar. All films
were deposited on silicon photodiodes from International
Radiation Detectors Inc. (of the type AXUV-SP2 for Sc
and AXUV-100 for Ti) and capped with a silicon film of 5
nm (Sc) and 8 nm (Ti). The photodiodes were fabricated
by a lithographic process and had a SiO2 dead layer of
6-nm thickness at the surface. Previous studies indi-
cated that photodiodes from the same batch have identi-
cal sensitivities within the experimental uncertainty of a
few percent. For Sc films the thickness was 7.5, 10, 12.5,
70, 100, and 130 nm, and for Ti it was 10, 14, 18, 40, 70,
and 100 nm. A classification of the films of both metals
as thin (;10 nm) and thick (;100 nm) was caused by the
existence of high- and low-absorption intervals inside the
EUV region of interest, which dictated a combined use of
thin and thick films, as discussed below. Preliminary es-
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timation of d was based on deposition time and the mea-
sured rate of deposition. Obtained quantities were sub-
sequently checked with the reflection of Cu–Ka radiation.
These measurements as well as our previous experience
showed that the accuracy of d was approximately 1%, and
its variation across the film surface was of the order of
0.5%.

The transmissivity of all Sc films and the reflectivity of
the Sc films with d 5 7.5, 10, 12.5, and 100 nm were mea-
sured in the photon-energy interval of 18–70 eV. The
transmissivity of Ti films was measured in the wider in-
terval of 18–99 eV. The measurements were performed
with the National Synchrotron Light Source beamline
X24C at Brookhaven National Laboratory. The radiation
was dispersed by a monochromator with 600 resolving
power. Thin beamline filters passed the wavelengths of
interest and attenuated the higher-harmonic radiation
from the monochromator. The part of the higher-
harmonic radiation was approximately 1%, as has been
found from the transmission grating measurements of the
spectral content of the beam. The radiation beam was 2
mm in diameter and was incident normal to the surfaces
of the photodiodes. The coated photodiodes were moved
sequentially into the radiation beam, and the incident
wavelength l was scanned under computer control. At
each wavelength step, the current resulting from the re-
flected or transmitted beam was normalized by the cur-
rent from an uncoated photodiode of the same type in-
serted in the direct beam. The respective current ratios
represented the reflectivity and transmittivity of the coat-
ing.

4. DETERMINATION OF OPTICAL
CONSTANTS AND DISCUSSION OF
RESULTS
The measured transmissivity of Sc and Ti films is shown
in Fig. 2. It can be seen that both metals have low trans-
mission in the interval of intense 3p → 3d electron tran-
sitions (the region of the M3 edge), which is placed at
28–52 eV in Sc and at 32–61 eV in Ti. In this interval a
EUV signal transmitted through thick films is so weak
that it is comparable to the small amount of higher har-
monic radiation, which is weakly attenuated in the films.
The increase of T(v) imitated by the higher harmonic ra-
diation is very significant (100% of the EUV signal), and
therefore only thin films provide the true T(v) when ab-
sorption is high. Out of this interval, the attenuation of
a EUV signal transmitted through thin samples is low
and controlled mainly by the capping layer and the detec-
tor dead layer. Variations in the thickness of these layers
strongly affect the results, so in low-absorption intervals
the most precise data are obtained with thick films.
These reasons defined our choice of the sample thick-
nesses and selection of reliable experimental data for the
determination of b(v).

As follows from Eq. (14), the ratio of transmissivities of
two films with identical C and B structures directly deter-
mines b(v) when radiation propagates normal to the sur-
face ( p9 5 b):
b~v! 5
1

2k0~dj 2 di!
ln@Ti~v!/Tj~v!#, (15)

where di , dj are the thicknesses of the films and Ti(v),
Tj(v) are their respective transmissivities. To minimize
the errors arising from higher harmonic radiation and
small variations in the C and B structures, which have
been discussed above, we made a special selection of film
pairs for the determination of b(v). That is, we assumed
that a transmitted signal should be three times larger
than a signal from the higher harmonic radiation, which
produced di , dj , 0.2l/b(v). Since the relative varia-
tions of thickness in the C and B structures are of the or-
der of 10%, we estimated that the difference udi 2 dju
should be larger than 0.1l/b(v). These empirical criteria
were used to select film pairs (different along the studied
wavelength interval) for the calculation of b from Eq. (15).
The resulting b(v) of Sc is presented in Fig. 3. The inset
demonstrates good agreement between b’s found from
several pairs of Sc films in high- and low-absorption in-
tervals. This agreement shows that the protection of
samples is practically identical, and the corrections to Eq.
(15) caused by multiple reflection and roughness, which
were discussed in Section 2, are small.

Our measurements of b(v) were performed in a wide
energy range, which included the interval of highest EUV
absorption. In view of this, the use of the Kramers–
Kronig method for the determination of d (v) was quite

Fig. 2. Transmissivity spectra of Sc and Ti (a) for Sc films with
thickness d 5 7.5, 10, 12.5, 70, 100, and 130 nm (going from the
top down) and (b) for Ti films with d 5 10, 14, 18, 40, 70, and 100
nm.
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justified. To apply this method, we supplemented the
measured b(v) by the calculated results of Ref. 11 at \v
, 18 eV and the data of the atomic tables14 at \v
. 70 eV (Sc) or 99 eV (Ti). The discontinuity of b(v),
which was caused by imperfect consistency of data from
different origins, was removed by a smooth interpolation
of the supplementary b(v)’s to our results in the intervals
of 2 eV at \v , 18 eV and of 20 eV at \v . 70 or 99 eV.
The d (v) obtained with the Kramers–Kronig method, as
well as b(v), were then refined by an iterative procedure
in which the multiple-reflection factor f(v) [see Eq. (12)]
was included.

Since the Kramers–Kronig calculation invoked the
data of other studies, a question of its accuracy arises.
As will be seen later, the analysis of reflectivity spectra

Fig. 3. Net b(v) of Sc found from Eq. (15). Insert (a) shows
agreement between this b(v) (solid curve) and the values ob-
tained from the films pairs of 7.5–130, 10–100, and 12.5–100 nm
(symbols) in the low-absorption region of 18–24 eV. Insert (b)
demonstrates the agreement of the b(v) with the results found
for the film pairs 7.5–10, 7.5–12.5, and 10–12.5 nm in the high-
absorption region of 35–45 eV.

Fig. 4. Reflectivity spectra for Sc films of different thickness.
provides a good check of these results. Figure 4 shows
the measured reflectivity of Sc films with d 5 7.5, 10,
12.5, and 100 nm. The reflectivities of thin films are
rather smooth and similar in appearance, whereas the
R(v) of the thick film (d 5 100 nm) has oscillations in
the high-transparency intervals. These oscillations arise
from the interference of EUV waves reflected from the C
and B structures and are described by the term propor-
tional to cos(2D8 1 x) $D8 5 d@1 2 d (v)#v/c% in Eq. (13).
That is, the period of these oscillations depends directly
on d (v) and d. This fact may be used to check d (v) or
even to determine it if R(v) is measured on a series of
films with varied thicknesses.

According to Eq. (13), the ratio of the normal incidence
reflectivities of two films with identical C and B struc-
tures is

Ri~v!/Rj~v!

5
1 1 2 cos~2Di8 1 x!ujuexp~22Di9! 1 uju2 exp~24Di9!

1 1 2 cos~2Dj8 1 x!ujuexp~22Dj9! 1 uju2 exp~24Dj9!
,

(16)

where j 5 j(v) 5 ujuexp(ix), Di 5 Di8 1 iDi9 5 k0di@1
2 d (v) 1 ib(v)#, and di and dj are the film thicknesses.
The right-hand side of Eq. (16) depends on three param-
eters: d, uju, and x (di , dj , and b are assumed to be
known). These parameters may be found at each v by
fitting to experimental values Ri(v)/Rj(v), if the reflec-
tivity of five or more films (four or more thick films among
them) was measured. Our simulation supported this
idea and showed that this procedure is stable to experi-
mental errors. A limit of time at the synchrotron beam-
line did not allow the realization of this program at full
length. Nevertheless, with the measurements of R(v)
for the three thin films and one thick film of Sc, we were
able to check the d (v) of Sc found from the Kramers–
Kronig method and even correct it somewhat.

To find this correction, we denote the difference be-
tween the true and our supplementary b(v) as Db(v).
Using the Kramers–Kronig relation, we can easily obtain
correction to d (v):

Dd ~v! 5 E
0

vmin 2v8Db~v8!

v82 2 v2
dv8 1 E

vmax

` 2v8Db~v8!

v82 2 v2
dv8

' 2
1

v2
E

0

vmin

2v8Db~v8!dv8

1 E
vmin

`

2Db~v8!/v8dv8

[ 2df/v2 1 D, (17)

where v is assumed to be in the interval of measurements
vmin , v , vmax and the approximations v @ v8 and v
! v8 were used to estimate, respectively, the first and
the second integrals. Both constants df and D, which de-
termine Dd (v), can be obtained by fitting the calculated
ratios Ri(v)/Rj(v) to experimental quantities. To do this
calculation, we modeled all samples by the layered struc-
ture of SiO2 (2 nm), Si (3 nm), Sc (d), SiO2 (6 nm), and Si
with a varied thickness d and the ideal interfaces. The
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resulting df was 2.5 eV2, which corresponds to a missing
oscillator strength 0.1 at \v , 18 eV, and D was negligi-
bly small. These corrections were included in d (v),
which is shown in Fig. 5. As reflectivity measurements
were not performed for Ti, the same values of df and D
were used for this metal. The fit of the calculated ratio
Ri(v)/Rj(v) (di 5 100 nm, dj 5 7.5 nm) for Sc to the ex-
perimental one is shown in Fig. 6. It can be seen that
both calculated and experimental values identically oscil-
late with v, indicating the high accuracy of the deter-
mined d (v). The amplitudes of oscillations are slightly
different. This difference arises from the existence of a
mixed Si–Sc region of 3-nm width9 and other features of
the capping and buffer layers and the interfaces that were
not accounted for in the calculation. These features are
perfectly canceled out from Eq. (15) but remain in Eq. (16)
owing to j(v). Our computational experience shows,
however, that the existence of a mixed region as well as
many other (often uncontrollable) details of actual inter-
face structures do not practically affect the period of os-
cillations of Ri(v)/Rj(v). This allows us to fit d (v) by
using a rather simple interface model, as was done above
for the Sc samples. Moreover, in the case of sufficient ex-
perimental data for reflectivity ratios, the complex value
j(v) can be fitted in a way that fully excludes the need for
detailed information on interface structure.

It is of interest to compare our results with optical con-
stants from the atomic tables,14 which are also presented
in Fig. 5. For Sc, the data agree well at low and high en-

Fig. 5. Calculated optical constants d (v) and b(v) (curves) in
comparison with the atomic tables data (symbols): (a) Sc and (b)
Ti.
ergies, whereas for Ti a close agreement is observed only
at high energies. In the vicinity of the M edge, our con-
stants are rather different from those of Ref. 14, espe-
cially for Ti. Similar disagreement takes place for Ti at
low energies. It looks probable that the maximum of
b(v) in Ti at 23 eV and too-high values of this quantity
below 32 eV, which were cited in the atomic tables, have
actually arisen from the contamination of samples by N
and O atoms having the highest EUV absorption at \v
' 20 eV.14

Our optical constants of Sc were also verified by the cal-
culation of reflectivity spectra for several Si–Sc multilay-
ers experimentally studied in Refs. 9, 10, and 15. In all
multilayers the number of layers was 10 and the rough-
ness s 5 0.3 nm was assumed. Figure 7 compares the
calculated angle-dependent reflectivity R(u) of a Si (15-
nm)/Sc (12-nm) multilayer at \v 5 26.4 eV with the ex-
perimental result of Ref. 15. Figure 8 demonstrates
agreement between the calculated and the measured9 re-
flectivities for two multilayers: (1) Si (10.9 nm) and Sc
(8.6 nm) and (2) Si (14.8 nm) and Sc (11.6 nm). For the
former multilayer, the result of calculation with the opti-
cal constants of Sc obtained from the atomic tables14 is
also shown for comparison. Last, Fig. 9 shows the calcu-

Fig. 6. Calculated and experimental reflectivity ratios
Ri(v)/Rj(v) for di 5 100 nm and dj 5 7.5 nm.

Fig. 7. Calculated and experimental angle-dependent reflectiv-
ity of the Si (15-nm)/Sc (12-nm) multilayer at l 5 46.9 nm.
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lated and experimental energy-dependent reflectivities of
the thermally stable Si (7.3-nm), W (0.6-nm), Sc (10.9-
nm), and W (0.6-nm) multilayer designed for the maximal
reflection at \v 5 31 eV.10 All these examples confirm
the high accuracy of our d (v) and b(v).

A comparative analysis of the optical constants of Sc
and Ti reveals some trends in their behavior. Both met-

Fig. 8. Calculated (solid curve) and experimental (curve with
symbols) normal-incidence reflectivity spectra of (a) the Si (10.9-
nm) and Sc (8.6-nm) multilayer (the dashed curve shows the re-
sult of calculation with optical constants of Sc from Ref. 14) and
(b) the Si (14.8-nm) and Sc (11.6-nm) multilayer.

Fig. 9. Calculated (solid curve) and measured (symbols) normal-
incidence reflectivity of the Si (7.3-nm), W (0.6-nm), Sc (10.9-nm),
and W (0.6-nm) multilayer.
als have a similar distribution of 3p → 3d electron tran-
sitions with the total oscillator strength of ;4.2, which
manifests itself in analogous dependences b(v). Because
of the larger nuclear charge, Ti has a deeper 3p level than
Sc has and, respectively, a higher energy of the 3p
→ 3d transitions, which start at 32 eV compared with 28
eV in Sc. A smaller atomic volume of Ti, which is only 0.7
the volume of Sc, leads to a significantly wider 3d band of
Ti and to a larger interval of intense 3p → 3d excitations
as compared with Sc. Higher atomic density and a larger
number of valence electrons of Ti dictate its significantly
higher (1.7 times) EUV absorption below the M edge com-
pared with Sc. Analogous trends in the spectra of tran-
sition metals have been derived in Refs. 11 and 16 from
the analysis of ab initio EUV calculations for the 3d and
4d transition metals.

These trends allow a comparison of the potentials of Sc
and Ti for the fabrication of good multilayer reflectors. A
lower EUV absorption and a lower value of d (v) (the lat-
ter is caused by the lower energy of its M edge) make Sc
preferable at \v , 28 eV. This estimation correlates
well with the measured high performance of Si/Sc
multilayer mirrors reported in Refs. 8, 9, and 15. But at
\v 5 28–33 eV, these advantages accrue to Ti, which is a
good candidate for fabrication of high-reflecting
multilayer mirrors working at these energies. One more
metal that is promising for the design of EUV mirrors is
Mg.17 At long wavelengths, it has low EUV absorption
and a low value of d (v), resulting from the intense L3
edge at \v 5 49.5 eV. Recent fabrication of high-
reflective and high-polarizing multilayers that use Mg18

attracted significant attention to this element. In this
connection, it would be interesting to apply the present
method to Mg, giving special attention to the vicinity of
the L3 edge, despite the fact that several measurements
of Mg below its L edge have been made (see Ref. 6 and
references therein).

5. CONCLUSIONS
The experimental and theoretical innovations of the
present method eliminate the problems with air contami-
nation and make possible the determination of EUV opti-
cal constants of reactive and getter materials. The ex-
amples given indicate that the obtained d (v) and b(v) are
accurate within a few percent. The experimental method
is simple to use and does not require an expensive experi-
mental setup. In the intervals of high and moderate
transparency, the direct determination of the index of re-
fraction without the Kramers–Kronig relation is possible.
In this respect, the potentials of the method approach
those of the direct measurement of d (v) with a novel EUV
interferometer19 but with the additional beneficial exclu-
sion of the effects of air contamination and the require-
ment of free-standing films for experiments.
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