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X-ray reflectometry in the hard X-ray region (A = 0.154 nm) was used to investigate
the barrier properties of carbon layers 0.2—-1.3 nm thick in Sc/Si multilayer X-ray mirrors
(MXMs) deposited by DC magnetron sputtering. Precise measurement of the MXM period
makes it possible to record volumetric changes in the Sc/C/Si MXM with an accuracy
better than 0.01 nm, thus the interaction of the carbon layers with the material of the
matrix layers was revealed. The formation of carbide (Si-on-S¢ interface) and carbide-
silicide (Sc-on-Si nterface) layers was found. The reflectivity of the Sc/C/Si mirrors at the
wavelength of ~ 46.9 nm was estimated.

Keywords: multilayer X-ray mirror, carbon barrier layer, layer interaction, EUV re-
gion, reflectivity.

MeTogaMm PpeHTTeHOBCKOH peIeKTOMETPUMN y JKeCTKON peHTTeHOBCcKoi obmactu (A =
0.154 mM) mccreqoBaHBI 0aphepHEBIe CBOICTBA YIrJIePOAHBIX cjoeB Toamimuoit 0,2-1,3 HM B
MHOT'OCJOMHEIX pPeHTreHoBcKUX sepkagax (MP3) Sc/Si, mosydYeHHBIX IPAMOTOYHLIM MAarHe-
TPOHHELIM pacIblieHreM. IIpeln3noHHOe M3MepeHHne Ieproja II03BOJUI0 (PUKCUPOBATL O0HEM-
moie usmeneHns y MP3 Sc/C/Si ¢ TounocTeio ayume, wem 0,01 HM, 3a cueT 4ero yCTAHOBJIEHO
B3aMMOJEHCTBIE YIVIEPOLHBIX CIIOEB C MATEPUAJOM MATPUYHBIX caoeB. O0HAPYKeHO (opMUPOBa-
Hue KapOugHblX (rpanuna Si-Ha-SC) u kapbugHo-cuannuaubix (rpanuna Sc-ua-Si) caoes. Cuena-
Ha OIIeHKA OTPAaKaTeJbHOIl crocobmocTy sepran Sc/C/Si Ha navae BoHBI A ~ 46.9 HM.

Bukopucranusa Byriemio sik 6ap’€pHoro mapy y 6aratomapoBUX PEHTTeHiBCbKHUX A3ep-
kaxax Sc/Si. FO.I1.ITepuwun, I.FO.Jesusenrxo, B.C.Hymax, O.FO./[esusernko, B.B.Kondpamen-
Ko.

MeTomaMu peHTTeHiBChbKOI pediekToMeTpii B KOpCTKil peHTremiBebkiii obmacti (A =
0.154 um) gocaimseHno Gap’epHi BiacTtuBocTi ByrieneBmx mapiB rosimuuow 0,2—-1,3 HM y
faraTomapoBux peHTreHiBebKux Aseprajgax (BPI) Sc/Si, orpuManux TpSAMOTOUHUM MArHe-
TPOHHUM posnuieHHAM. [Ipenusitine BuMipioBanHa nepioxy mossosiuiao 3adirkcysatu 06’ emHi
aminm B BPI[ Sc/C/Si 8 roumicrio kpame, uizk 0,01 M, 3a paxyHOK UYOT0 BCTAHOBJIEHO
B3a€MOJIiI0 ByIJIelleBUX IIapiB i3 marepiasmom martpuuHux miapiB. BusBieHo dopmyBanusa
kapGigaux (mexi Si-Ha-Sc) i kapbizao-cuninuguux (Mmexi Sc-ua-Si) mapis. IIposeneHo ouin-
Ky Bimb6uBHOi 3maTHOCTi msepran Sc/C/Si ma moBxwuHi xBHIb A ~ 46,9 HM.
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1. Introduction range (A = 35—50 nm) [1], but the presence

Scandium-silicon multilayer X-ray mir-
rors (MXMs) have high theoretical reflec-
tance (0.3 < R < 0.6) at normal incidence in
the extreme ultraviolet (EUV) wavelength
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of mixed interlayers on interfaces reduces
these values at least by 80 % . The suppres-
sion of interlayer interaction would increase
their reflectance and enhance device effi-
ciency on their base.
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Barrier layers effectively prevent inter-
layer interaction and increase the efficiency
and stability of mirrors as it was shown
earlier [2, 8]. Various materials of the bar-
rier layers were used to improve the ther-
mal stability of the Sc/Si MXMs:Cr [4], B4,C
[6], ScN [5]. The insertion of these layers
increased the stability of the MXM, but at
the same time led to a slight decrease in
their reflectivity in the EUV region. How-
ever, in such studies the measurement of
the mirrors reflectivity was the main tool
for evaluating barrier properties, but the
structure of the barrier layers, their "trans-
parency”, the critical thickness of the bar-
rier completely isolating the matrix layers,
were either not considered at all or evalu-
ated indirectly.

In this paper we investigated the effect
of carbon barrier layers on the mixing of Sc
and Si matrix layers with a successive
change in the thickness of the barrier layers
(tc), as well as their effect on the reflectiv-
ity of the Sc/Si MXM in the soft X-ray
region near A~ 47 nm. A capillary dis-
charge laser operates at this wavelength [6],
which is currently one of the brightest
sources of EUV [7]. We are going to opti-
mize the X-ray optical properties of the
Sc/Si MXMs with carbon, which is a new
material for this material pair. It has the
highest melting point (3823 K) as compared
with barrier materials mentioned above,
that facilitates decreasing in the diffusion
processes activity at the interlayers. Pre-
viously, carbon barriers have been used to
prevent interlayer interaction in the Mo/Si
MXMs [8-11], where the interaction scales
are at least 3 times smaller than in the
Sc/Si system. Therefore, we expect here a
decrease in the thickness of the mixed lay-
ers. Besides, as it is shown earlier [8], carb-
on barriers significantly increase the MXM
stability, so this work is the first step in
the creation of the stable Sc and Si based
MXMs.

2. Experimental

Samples of the Sc/Si multilayers were
prapared by direct-current magnetron sput-
tering. The targets were scandium, silicon
and carbon plates with a diameter of
~100 mm and a purity of 99.3 %, 99.99 %
and 99.9 % respectively. The silicon target
was a (111)Si single crystal wafer. During
each experiment, the currents on all magne-
trons and the argon pressure (2.4 mTorr)
were kept constant to ensure a constant rate
of deposition. The deposition rates for scan-
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dium, silicon and carbon were ~ 0.38 nm/s,
~0.52 nm/s and ~ 0.13 nm/s, respectively.
Mirrors were deposited onto silicon or float
glass substrates with surface roughness of
0.3-0.5 nm.

The samples were measured at X-ray dif-
fractometer DRON-3M equipped with a pri-
mary crystal-monochromator (110)Si to ex-
tract CuKa,; radiation (A = 0.154 nm) only
from the X-ray spectrum created by a cop-
per tube. The use of such a scheme ensures
the formation of an X-ray beam with a di-
vergence of ~ 0.15° and the intensity of
~106 ¢ps, which allows recording reflected
radiation in a dynamic range of intensities
covering 6 orders of magnitude. The phase
composition of the samples was estimated at
another diffractometer with a graphite ana-
lyzer that provided the emission of CuKa
radiation without separation of the Ko-dou-
blet (A= 0.1542 nm) with a divergence of
~ 0.5° and the intensity of ~ 107 cps.

The periods of the produced MXMs were
calculated by the Bragg formula taking into
account the refractive index and with in-
volvement of the least squares method for
all small-angle diffraction maxima.

Reflectivity of mirrors was estimated
using the IMD program [12], which uses the
Fresnel formulas and the optical constants
of individual layers. Optical constants for
Sc were taken in [13, 14], and those for
layers of complex composition were calcu-
lated on the basis of known optical con-
stants of pure components.

3. Results and discussion

We fabricated a series of samples in
which the carbon layers thickness succes-
sively varied from 0.2 nm to 1.8 nm for
both interlayers in turn.

In order to trace the influence of the
carbon barrier layers on the interlayer in-
teraction only, we deposited a test multi-
layer and a reference multilayer simultane-
ously on the same substrate. The test multi-
layer was always deposited on top. The
reference multilayer was a Sc/Si multilayer
without barriers, and the test multilayer
was the same Sc/Si multilayer but with bar-
rier layers. This was done to exclude the
effect of a small drift in the Sc and Si
deposition rates for different experiments.
Deposition times of the main components
exceeded 10 seconds. If we assume that in
different experiments there will be change
in deposition rates of 0.01 nm/s only it can
lead to a period change of more than
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Fig. 1. X-ray diffraction pattern from a mul-
tilayer sample consisting of two multilayer
stacks: Sc/Si/20 (d = 26.861 nm, the number
of periods is 20); and Sc/Si/C/156 (d =
27.156 nm, the number of periods is 15) with
the carbon layers ~ 0.836 nm thick. The inset
shows an enlarged part of the diffractogram
in the range of angles 26 = 1-2.5° demon-
strating the separation of peaks with the nar-
row slit.

10.2 nm, which is comparable to either a
thickness or an increment for carbon layers.
Differences (Ad) in the periods between the
test and reference multilayers should reveal
the degree of interaction between the origi-
nal components, and the accuracy of its
measuring-in is defined by the accuracy of
measuring the period values and the accu-
racy of reproduction of barrier deposition
rates.

3.1. Sc/Si multilayers with barrier layers

An X-ray diffraction pattern (A=
0.154 nm) from a multilayer sample con-
taining both the test and reference multi-
layer stacks is shown in Fig. 1. The periods
of deposited stacks were ~ 27 nm, and the
difference is ~ 0.2 nm, so at small angles
the diffraction maxima from different
stacks cannot be separated with a standard
slit. As can be seen from Fig. 1 this hap-
pens for the first five maxima (20 < 2°),
then the maxima for different stacks can be
divided. The accuracy of the MXM period
determination depends on the number of
maxima, so we slightly improved the meas-
urement conditions of multilayer samples to
separate the maxima at angles 20 < 2°. To
do this, we reduced the slit to 0.05 mm
instead of the standard 0.25 mm slit right
before the detector. The results of this
measurement are shown in an inset to Fig. 1.
It can be seen that the narrower slit made it
possible to divide maxima and determine
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Fig. 2. Experimental dependence of the pe-
riod increment, Ad, (triangles and squares) of
the Sc/Si MXM on the deposition time of the
carbon layer. The solid line indicates the ex-
pected values of Ad in the absence of any
interaction in the multilayer system.

the angular positions of three additional
diffraction maxima (dashed line) as com-
pared to the standard slit (solid line). As a
result, the accuracy of the period determi-
nation increased by a factor of ~ 8 (at least
for the lower stack) and was +0.005 nm.
We found the difference in the periods
(Ad) between the test multilayer (d) and the
reference one (djy) and plotted its depend-
ence on the deposition time (1¢) of the carb-
on layer in Fig. 2 for the interfaces of Sc-
on-Si (squares) and Si-on-Sc (triangles). As
can be seen from the figure, the deposition
of carbon layers leads to the period increase
for the studied samples, and this increase is
larger when the barrier layers are deposited
on the scandium layers compared to the sili-
con layers. The straight Ilines drawn
through the experimental points reveal jogs
on both relationships. Slope ratios for them
give the rate of this change. Thus for carb-
on deposited on scandium, the growth of the
period in the first region (tc < 5 s) occurs
with a deposition rate of 0.2083+0.001 nm/s,

and for carbon deposited onto silicon (1¢ <
3.1 s) the deposition rate is
0.1530.01 nm/s. A more active period
growth with increasing carbon thickness at
the Si-on-Sc¢ interfaces probably indicates a
better ability of carbon layer to block the Si
and Sc layers at these interlayers. In the
second regions the similar rates of the pe-
riod growth are observed for both depend-
ences: ~ 0.11 nm/s.

The expected values of Ad for the case
when the interaction between the main com-
ponents and the material of the barrier
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Fig. 8. The period of the Si/C multilayer sys-
tem versus the deposition time of the carbon
layer at a fixed thickness of silicon layers (tg;
~ 15 nm).

layer is absent were drawn in the form of a
solid line in Fig. 1. These values were calcu-
lated on the basis of the absence of mixed
ScSi interlayers 8 nm thick and the deposi-
tion rate of carbon layers. Although it is
known that in the Sc/Si multilayer mixed
interlayers can reach a thickness of ~ 5 nm
[15], we started plotting with a minimum
thickness. Since the nominal thicknesses of
Sc and Si are the same for all samples, and
only the thickness of the carbon layer
changes, the slope ratio should correspond
to the deposition rate of carbon
(0.13 nm/s). In this connection we rescaled
the top axis of abscissa in thickness of carb-
on layer. Fig. 2 shows that the difference in
Ad in the absence of any interaction (solid
line) and the experimental Ad for the second
region (Tc > 3.1 s) is at least 0.5 nm. Sig-
nificant difference between the expected
values and the experimental indicates that
either the carbon layer does not prevent the
interaction of Sc and Si completely for the
thicknesses under study, or it reacts with
the main components.

3.2. Si/C multilayers

In order to figure out the possible inter-
action between the layers of carbon and sili-
con, we conducted a similar study for a
multilayer system in which the components
were only Si and C. In the first experimen-
tal series the silicon thickness remained
fixed (fg;j~ 15 nm), and the carbon thick-
ness changed only. Results of the measure-
ments for the period, d, of the Si/C multi-
layers versus the carbon layer deposition
time are shown in Fig. 3. At the initial
stage (T < 4.1 s) the period is stable near
15.1 nm, and then it begins growing at 7o >
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Fig. 4. Increment 3 of the refractive index (n
=1 -0 (left axis) and density p (right axis)
for Si/C multilayer systems in the X-ray re-
gion (A =0.154 nm) against carbon layer
thickness. The periods of Si/C multilayer sys-
tems varied from 1.3 to 17.4 nm.

4.1 s. A straight line drawn through the
last 4 points allows determining its growth
rate which is ~ 0.183 nm/s in exact corre-
spondence with the previously measured
carbon deposition rate. This coinecidence in-
dicates that pure carbon layers appear in
the SiI/C multilayers after ~ 4 seconds of
deposition. This makes it possible to change
the temporal scale to a thickness one, which
is shown on the top axis of abscissa. Taking
into account the scatter of the periods at
the initial stage (Tc < 4.1 s) we can esti-
mate that the pure carbon appears in Sc/C
multilayers when carbon layer thickness
reach 0.5310.05 nm. This value is somewhat
larger than our preliminary estimated one
(~ 0.86 nm), obtained above in Fig. 2. How-
ever, if we take into account that it can be
two carbide interlayers in Si/C multilayers,
this discrepancy can only indicate that an-
other SiC interlayer is being formed. Judg-
ing from the obtained thicknesses of carbon,
it may be of a different thickness.

Thin carbon layers can react with silicon
layers and according to the literature [16]
form silicon carbide. The formation of car-
bide is indicated by the critical angle in-
crease with the period decrease for another
series of SiI/C multilayer samples (Fig. 4).
Here the multilayer period varied from 1.3
to 17.4 nm while the nominal thickness
ratio of the layers was kept constant. When
plotting the graph in Fig. 4 we followed the
practice to build every possible parameter in
a functional dependence on the thickness (or
the deposition time) of the carbon layers,
although in this series the thickness of the
silicon layers certainly changed. The total

Functional materials, 25, 3, 2018
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increase in coating density, which was esti-
mated from the critical angle, exceeded
20 % with respect to pure components. It is
possible to estimate the density of a mate-
rial or a coating from the critical angle
using the following formulas [17]:

6 = e2cr/2, (1)

_ (2
§=2.701- 106 & £,32,

or

8= 6.405 - 1078 £ f,(for & = 0.154 nm), (3)

where 8 is the real part of the refractive
index increment (1 — n) of the substance in
the X-ray region (n = 1 — 9); 0, is the criti-
cal angle in the total external region for
X-rays (in radians); p is the matter density
(g/cm?d); A is atomic weight; f1 is the atomic
factor of X-ray scattering by atoms of a
given type; A — the wavelength of X-ray
radiation (nm).

The atomic scattering factors of light
atoms (the first 3 periods of the Periodic
Table of the Elements) in the hard X-ray
region (A= 0.154 nm) roughly correspond
to the number of electrons in the atom or,
simply, to the atomic number Z: for exam-
ple, ,C = 6.01917 (Z = 6), ;5= 14.2969 (Z
= 14). The ratios f;/A [in formulas (2) and
(3)] for silicon and carbon are close to 0.5
and differ from each other just by 0.4 %:
0.5011 (C) and 0.5090 (Si). Based on this
fact, we rewrote equation (3) as:

8=38.285-106p, (4)
or
p = 1.546 . 105 . 62cr. (5)

We calculated the densities of the Si/C
multilayer systems for & shown in Fig. 4
using formula (5). We found that & for Si/C
samples increase at least by 24 %. As fol-
lows from the formula (4), the density, p, is
related to d linearly, so we added one more
ordinate axis (on the right) to the same
graph, graduated on the density scale. Fig-
ure 4 shows that the densities of multilayer
coatings exceed the Table densities of pure
components for both Si (2.832 g/cm3) and C
(2.266 g/cm3) (shown by horizontal lines)
over the entire range of the studied periods.
For small periods (d < 2.5 nm, the first
three values), the density of multilayer
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samples approaches the tabular density of
SiC (3.22 g/cm3). The interaction of carbon
and silicon layers is also evident from the
fact that the peaks for Si/C multilayer with
the smallest period (d ~ 1.8 nm) disappear,
since there should be practically no pure
carbon or pure silicon in the samples. For
the observed level of interlayer roughness
(0 < 0.45 nm), the estimated reflectivity of
the Si/C samples should be at least 51076,
and it can be easily observed at the X-ray
diffractometer, not speaking of the case
that SiC/Si or SiC/C multilayers should have
a reflectivity of R > 2:107% even with a dis-
tortion in the SiC fraction in the period up
to B~ 0.9.

Both series of produced samples have an
amorphous structure throughout the stud-
ied range of thicknesses, in other words,
both the layers of carbon and silicon them-
selves and also the product of their reaction
at interlayers, i.e. silicon carbide are amor-
phous. The maximum density of multilayer
samples is less than the tabulated SiC den-
sity by only ~ 6 %. We suggest that amor-
phousness also contributes to a decrease in
the density of reaction products.

Thus, it can be concluded that carbon
interacts with the silicon layer even during
the deposition process; its interaction thick-
ness is ~ 0.53 nm; the composition of the
interacted zones is silicon carbide with a
density close to the table one; the total car-
bide thickness should be 1.2440.12 nm.

3.3. Sc¢/C multilayers

We made a Sc/C sample with two multi-
layer stacks differing in the carbon layer
only to study the interaction of scandium
and carbon layers. The nominal scandium
thickness in both stacks was constant ~
2.8 nm. The nominal carbon thicknesses
were ~ 4.4 nm and ~ 5.9 nm. An X-ray dif-
fraction pattern from this sample is shown
as small circles in Fig. 5. The solid and dot-
ted lines show the calculated curves, which
were fitted to the experiment one using the
thickness, composition, density and rough-
ness of the layers as fitting parameters.
These curves represent the extreme variants
describing the structure of the produced
sample, namely: Sc/C and ScC/C. In the
first case, the thickness of the scandium
layers was ~ 2.8 nm, which corresponds to
the nominal value. In the second case, we
assumed that the scandium layers react
with carbon, forming secandium carbide ScC
with a thickness of ~ 2.9 nm. We also tried
to fit the experimental curves with other
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carbides (Scy5C4g) in accordance with the
Sc-C state diagram, including the case in
which the scandium layers react with carb-
on ones partially, i.e. with the involvement
of a four-layer model for the multilayer
construction, for example ScC/Sc/ScC/C,
but all of them, depending on the propor-
tion of pure scandium in the period, enter
into these variants as intermediate.

As can be seen from Fig. 5, both models
give close curves in the range of angles 20
> 1.5° while fitting. However, according to
the first model (the Sc/C system), it is not
possible to fit the first maxima from both
stacks in the range of angles 20~ 1.3°:
these maxima are always lower than the ex-
perimental ones for any fitting parameters.
This is clearly seen in an inset to Fig. 5.
When fitting according to the second model
(ScC/C), these maxima fit easily. The main
reason for this behavior in the fitting
curves is a noticeable difference in the den-

- experiment
1079---- sciC
ScC/C

0 1 2

Fig. 5. X-ray diffraction pattern (A=
0.154 nm) for Sc/C multilayer sample con-
sisting of two stacks (d; = 6.5310.01 nm, d,
= 7.9910.01 nm) differing in the thickness of
the carbon layer only. Numbers indicate the
order of reflection; subscript indices refer to
the number of a multilayer stack. The insert
shows an enlarged image of the same diffrac-
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Fig. 6. The experimental dependence of the period contraction, Ad, on the thickness of the carbon
layer, ¢, for the interlayers (a) Si-on-Sc (triangles) and (b) Sc-on-Si (squares). Thick solid lines
show the calculated data for the case of absence of any interaction between the components.

of Sc (~8 g/em3 and ScC (~
8.6 g/cm?). A higher density of ScC causes
a higher reflection coefficient in the hard

sities

X-ray region (A = 0.154 nm).

The fact that the sample under study has
an amorphous structure also indicates the
interaction of the layers. According to our
data,
should already be crystalline. The absence

scandium thicker than ~ 1.8 nm
of diffraction lines for crystalline scandium
layers ~ 2.8 nm thick indicates that scan-
dium should interact with carbon at least

partially.
Thus, the tendency of carbon interaction

with scandium layers is revealed, and the
carbide layer thickness can reach ~ 2.9 nm.
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3.4. Estimation of the composition and
thickness of the mixed zones

Now, knowing that carbides can be
formed in the Sc/C/Si multilayer system, we
estimate the thickness and composition of
the mixed zones. To start with, we rebuild
the experimental data in Fig. 2 in the coor-
dinates Ad = f(tc). In Fig. 6 triangles are
the experimental data for the Si-on-Sc¢ in-
terfaces (Fig. 6a) and squares are for the
Sc-on-Si interfaces (Fig. 6b). The experi-
mental dependences in Fig. 6 have two re-
gions with different slope ratio for the ex-
perimental points: ~ 1.6 and ~ 0.87 (Fig.
6a); ~ 1.2 and ~ 0.88 (Fig. 6b). The bounda-
ries of these regions are marked with verti-
cal dashed lines.

Functional materials, 25, 3, 2018
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Table 1. Molar volumes of various substances, calculated on the basis of tabulated data

No. Materials Density, (p), g/cm3 Molar mass, g Molar volume, (V), cm3

1 Sc 3.02 44.9559 14.88606
2 Si 2.332 28.0855 12.04352
3 C 2.266 12.011 5.30053
4 SiC 3.22 40.0965 12.45233
5 ScC 3.6 56.9669 15.82414
6 5¢15Cqg 3.606 902.548 250.29

7 Sc5Sig 3.299 309.036 93.67566
8 ScSi 3.363 73.0414 21.71912
9 Sc,Sig 3.393 275.2952 81.13622

Table 2. The molar volumes of various reactions possible in the S¢-Si interlayers with the

introduction of carbon layers

No. Chemical reactions Molar volumes of components, cm3 AV/V 1-
AV/V,
1 Si+ C =SiC 12.044 + 5.301 — 12.452 (4.893) -0.282 | 0.077
2 Sc+ C = ScC 14.886 + 5.301 — 15.824 (4.363) -0.216 | 0.177
3 15Sc + 19C = Sc,5C g 228.291 + 100.71 — 250.291 (78.711) —0.228 | 0.268
4 258i+Sc+ C = ScSi+SiC | 24.09 + 14.89 + 5.3 — 21.72 + 12.45 (10.1) | —0.228 | —0.905
5 6Si+3Sc+ C = 72.26 + 44.66 + 5.3 — 81.14 + 12.45 (28.64) | —0.234 | —4.403
Sc,Sig + SiC
6 4Si + 5S¢+ C = ScgSiz + | 48.18 + 74.48 + 5.8 — 93.68 + 12.45 (21.78) | —0.170 | —3.109
SiC
Ta | 2Sc+ Si+ C= ScSi+ ScC| 29.77 + 12.04 + 5.8 — 21.72 + 15.82 (9.57) | —0.203 |-0.806
7b 16Sc + Si + 19C = 238.2 + 12.04 + 100.7 — 21.72 + 250.8 (78.93)| —0.225 | 0.216
8cSi + Sc5Cqg
8a 4Sc + 5Si+ C = 59.54 + 60.22 + 5.8 — 81.14 + 15.82 (28.11) | —0.225 | —4.302
S¢;Sig + ScC
8b 18Sc + 5Si + 19C = 268 + 60.22 + 100.7 — 544 d 4[B81.14 + | —0.227 | 0.03
Sc,Sis + Scq5Cqg 250.3 (97.46)
9a 6Sc + 8Si+ C = 89.32 + 36.13 + 5.3 — 93.68 + 15.82 (21.25) | —0.163 | -3.009
ScgSi;y + ScC
9b 208c + 8Si + 19C = 297.7 + 86.18 + 100.7 — B44 ® 4[B93.68 + | —0.208 | 0.100
Sc5Siy + S¢15C g 250.3 (90.6)

Then, on the basis of tabular densities
and atomic masses, we made preliminary
calculations for molar volumes of sub-
stances that can be formed in multilayer
samples (Table 1). Here we considered two
scandium carbides: ScC and Scy5Cig (No. 5
and No. 6), as they are presented in the
phase equilibrium diagram. The latter of
these carbides is sometimes represented in
the literature [18] as Sc3C4. We performed
calculations for both modifications of this
carbide, but since the obtained values are
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close for these modifications, we omitted
the results of calculations for Sc;Cy.

Next, we considered the various types of
reactions that can occur at interlayers from
the viewpoint of volumetric changes taking
into account the data of Table 1. The results
of calculations together with the useful ra-
tios are given in Table 2. Here the reactions
are shown in the 2%d column; the molar
volumes of the substances involved in the
reaction (volumetric contraction in absolute
units is indicated in parentheses) is in the
3rd ¢olumn; the 4th column shows volumet-
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ric changes, AV, due to the reaction in rela-
tive units in relation to the volume, V, of
the initial components; the 5-th column dis-
plays the ratio (Vo —AV)/Vo=1-AV/V,
which corresponds to the slope ratio in Fig.
6. In all the cases listed in the Table 2, we
assumed that the interaction of the matrix
Sc and Si layers is absent. We did not con-
sider the triple compounds of Sc-Si-C,
since we are not aware of the existence of
such compounds. It should be noted that in
Table 2 the reactions leading to the forma-
tion of silicides and carbides are divided
into 2 groups according to different inter-
layers. Reactions No. 4—6 correspond to the
Si-on-Sc interfaces for which silicon is de-
posited on a scandium carbide or scandium
layer coated with carbon, and reactions No.
7-9 to the Sc-on-Si interfaces where scan-
dium atoms are deposited on silicon, coated
with carbon, or on SiC. Such dividing will
facilitate further analysis.

Table 2 shows that the volumes of com-
ponents in the right and left parts of each
reaction (column 3) are not equal, i.e. all of
them react with a volume decrease which
agree with the experimental data (see Fig.
6). The magnitudes of this decrease are in-
dicated in parentheses. For example, for re-
action No. 1, the interaction of 1 mole of
silicon (~ 12 e¢m3) and 1 mole of carbon
(- 5.8 cm3) results in the production of
1 mole of silicon carbide SiC (~ 12.5 cm3)
and volume contraction of AV ~ 4.9 c¢m3,
which is ~ 0.28 of the volume of the initial
products of the reaction. The reaction of
carbide formation of scandium is accompa-
nied by less shrinkage: 0.21-0.23 (reactions
2 and 3, Table 2). We suppose that this
difference can be one of the reasons for the
smaller volume contraction found forthe
Sc/C/Si MXM with carbon deposition on the
Si-on-Sc interfaces (~ 0.5 nm) compared
with the Sc-on-Si ones (-~ 0.7 nm), which are
observed in Fig. 2.

Now, comparing the experimental data
shown in Fig. 6 with the calculations in
Table 2, we will try to restore the growth
pattern of the interlayers with carbon barri-
ers. The slope ratio for the experimental
dependences approximated by the straight
lines in Fig. 6 must correspond to (1 -
AV/Ve) of Table 2 (last column). Comparing
these data, we can make an estimation of
the barrier layer composition and its barrier
properties. Initially we consider the first
regions in Fig. 6, namely ones with ts <
0.65 nm (Fig. 6a) and ¢z < 0.4 nm (Fig.
6b). If we confine ourselves only to carbides
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(the first 3 reactions in Table 2), then it can
be seen that all the (1 — AV/V) values are
less than the experimental ones of ~ 1.6 and
~ 1.2. Considering reactions with the forma-
tion of silicides (reactions 4-12), one can
observe reactions with both positive and
negative values. The presence of negative
values of (1 — AV/V) means that the volu-
metric contraction for these reactions ex-
ceeds the thickness of the added carbon
layer, i.e. the total volume of the substance
after the reaction decreases even without
accounting for carbon. In Fig. 6 this should
appear in the form of negative slopes for
Ad(tc), i.e. Ad should decrease with #: in-
creasing. This can be observed for reactions
in which ScSi and one of the scandium car-
bides are formed, they are plotted in Fig. 6a,b
as examples. Positive values of (1 — AV/V()
for the reactions presented in the Table 2 do
not exceed the similar values for the reac-
tions of carbide formation. In other words,
according to formal characteristics, none of
the reactions is suitable in explicit form to
explain the experimental dependences
Ad(tc).

In Fig. 6a, we also plotted the expected
dependences Ad(¢c) for the case when carbon
carbide layer (ScC or Scy5Cg) is formed in
the scandium layers and blocks the interac-
tion of the Si and Sc¢ matrix layers com-
pletely (dashed lines). The graphs have a
positive slope and cross the experimental
dependence in the region of the jog. The jog
on the dependences Ad = f(ts), i.e. the
boundaries of adjacent regions (Fig. 6a),
must correspond to the moment of complete
isolation of the matrix layers. The use of
this fact allows us to conclude that the for-
mation of scandium carbide occurs in the
first section of the Si-on-Sc interface (Fig.
6a), which blocks the interaction of the Sc
and Si matrix layers below ¢ ~ 0.65 nm
partially. As a result the Ad values grow
according to a law different from the ex-
pected one for reactions No. 2—3 (Table 2).
The linear dependence in this section indi-
cates that: 1) either the permeability of the
carbide layer for silicon decreases with
thickness increasing; 2) or the carbide layer
is discontinuous and became solid with the
appearance of an additional amount of carb-
on. In the second case, this should be seen
in an increased interfacial roughness: in the
absence of the carbide layer, silicon can
penetrate into the scandium to a depth of
3 nm. The roughness should lead to the dis-
appearance of diffraction maxima for a
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Table 3. Formation enthalpy of various compounds, reduced to one mole of scandium (silicon)

No. Chemical reaction AH (25°C), | No. Chemical reaction AHE \MHB
kJ /(mol-K) (25°0),
kJ/(mol-K)
1 Si+ C =SiC -66.1 Sc + 0.5SiC = 0.55¢Si + 0.55cC -125.2
2 Sc+ C =ScC -151.8 Sc + 0.36SiC = 0.36ScSi + -126.4
0.645c¢C) 55
Sc + 0.56C = ScC) 54 -142.1 9 Si+ ScC =8cSi+C -12.8
Sc + Si = ScSi -164.6 10 Si + ScC = SiC + Sc 85.7
Sc+ SiC=8cSi+C -98.5 11 Si + 0.55¢C = 0.55¢Si + 0.5SiC -39.5

Sc/C/Si multilayer sample at angles 20 > 2°,
which is not observed in Fig. 1. Most likely,
the carbide layer is continuocus and up to
~1.9 nm (~ 0.65 nm of carbon) is "semi-
transparent” for silicon atoms. In this case,
the interfacial roughness can be kept low.

The expected dependence Ad(t;) for the
case when carbon is deposited on silicon lay-
ers and forms SiC is plotted as a dashed line
in Fig. 6b. It has a positive slope ratio and
crosses the experimental dependence in the
region of carbon thickness of {z ~ 0.86 nm,
which is far beyond the jog ({c ~ 0.4 nm).
The intersection occurs in the second re-
gion, where full isolation of the matrix lay-
ers is already expected, and there are no
specific features in the plot. However, if we
consider the dependence Ad(¢c) for the case
of the silicide-carbide formation (reaction
No. 7a), i.e. when scandium reacts with
both components of SiC (in Fig. 6b a dotted
line with a negative slope ratio), it can be
seen that there is also an intersection with
the experimental dependences at the bound-
ary of the two regions. Contraction in reac-
tion No. 7a at ¢z~ 0.4 nm is ~ 0.3 nm,
which is noticeably less than the possible
increase (~ 0.73 nm) in the Sc¢/Si multilayer
period due to exclusion of interaction at one
of the interlayers. Therefore, despite the
expected contraction in the carbide-silicide
reaction, an increase in volume can still be
observed in the experimental dependence. A
large number of diffraction maxima for
samples with a carbon layer at the Sc-on-Si
interlayer, as in the case of Si-on-Sc¢ inter-
faces, indicates that the carbide-silicide in-
terlayers are solid but "semitransparent™ up
to tc ~ 0.4 nm.

The appearance of the second region with
a different slope ratio (Ad/t; ~ 0.9) indi-
cates that the character of the carbon interac-
tion with matrix layers has changed. In these
regions, pure carbon could appear, but the
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slope ratio is less than one and it indicates
that carbide reactions occur partially here.
A slight discrepancy between the calcu-
lated data and the experiment may be due
to the difference in the densities of the sub-
stances formed from the tabulated, non-
stoichiometric compounds or a mixed type of
reactions. In any case, we suggest that in the
initial stage of carbon deposition (g <
0.65 nm and f{z < 0.4 nm), the basis for the
composition of the mixed zones at both inter-
faces of the Sc/C/Si multilayer system are
substances in reactions No. 2—3 and No. 7a.
These results are also supported by cal-
culations of the thermal effects accompany-
ing the reactions represented in Table 3.
Here the enthalpies of formation are re-
duced to one mole of scandium or one mole
of silicon in those reactions where scandium
is absent. The formation of carbides, as can
be seen from Table 3, is thermodynamically
preferable in Sc-C and Si-C systems. In
addition, scandium compounds: ScC,
ScCy 56 (i-e. SC45C4g) and ScSi (reactions 2-
4) are more stable than SiC carbide (reac-
tion 1). Although scandium is able to re-
place silicon or carbon in the SiC compound
(reactions 5 and 6), nevertheless, as it is
shown by reactions 7 and 8, a variant is
preferred where scandium breaks down the
SiC molecule and reacts with both compo-
nents. For the same reason, silicon is able
to replace carbon in scandium carbide (reac-
tion 9), but is unable to replace scandium
(reaction 10). However, as shown by reac-
tions 11 and 12, it is thermodynamically
more preferable for silicon to react with scan-
dium carbide, forming ScSi and SiC, com-
pared to carbon replacement (reaction 9).
The calculations given in Table 3 also
show that the reaction of the atoms depos-
ited on the already formed carbide with the
atoms of the carbide itself is energetically
preferable (reactions No. 7-8 and 11-12),
and the thermal effect of the interaction of
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—o0— Sc¢Si/Sc/ScSi/Si (3 nm)
T = =8cC+ScSi (0.2 nm)

= =C-on-Sc (0.65 nm)
= = = C-on-Sc (0.2 nm) [7]

0,5 —v— ScSi/Sc/ScSi/Si (5 nm) 0,54{— —0.437 —=—C-on-Si (0.2 nm)
- - - ScC+ScSi (0.6580.4 nm) - - -0432 —+—C-0n-Si (0.4 nm)
-
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Fig. 7. Estimated reflectance, R, for the Sc/C/Si MXM in the wavelength range A = 42-52 nm at
normal incidence. (a) Barriers are located on both interlayers: 0.2 nm thickness (dash line); thick-
ness of barrier layers 0.65 and 0.4 nm (see text) (dot line); the reference curves are Sc/Si MXMs
with silicide interlayers of 8 nm (circles) and 5 nm (triangles) without barriers. (b) Barriers are
located only at one interlayers: barrier thickness of 0.2 and 0.65 nm (Si-on-Sc¢ interfaces); barrier

thickness 0.2 and 0.4 nm (Sc-on-Si interfaces).

scandium with silicon carbide (reactions No.
7—-8) is at least twice the heat released dur-
ing the interaction of silicon with scandium
carbide (reactions No. 11-12).

From the data given in this subsection, it
can be concluded that the formation of in-
terlayer Si—Sc (Sc—Si) boundaries involving
carbon occurs in two stages. At the first
stage, the deposited carbon reacts with a
layer of scandium (silicon) and forms an
interlayer of scandium carbides (silicon car-
bides). If the deposited carbon layer is thin
({c < 0.4-0.65 nm), the subsequent layer of
silicon (scandium) can react with both the
carbide layer and the underlying scandium
(silicon) layer and form silicides. As the
thickness of the carbon layer increases, it
becomes "opaque” for silicon atoms (scan-
dium), and silicon atoms (scandium) can
only react with a layer of carbides. For
thick carbon layers (i{c > 0.4-0.65 nm),
when a layer of pure carbon appears on the
surface of the carbide layer, the deposited
silicon atoms (scandium) partially react
with it forming a layer of silicon carbide
(scandium carbide).

3.5. Estimation of reflectivity in EUV region

The minimum thickness of carbon layers
in our experiments is ~ 0.2 nm, which, as
follows from Table 2 (reactions 2—3), should
correspond to the thicknesses of scandium
carbides of ~ 0.5-0.6 nm and the thick-
nesses of carbide-silicide layers of ~ 1.4 nm
(reaction 7a). Barrier layers are semitrans-
parent at such thicknesses. By the differ-
ence between the expected value of Ad for
the barrier of established composition and
the actual value of Ad, it is possible to esti-
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mate the thickness of the ScSi silicide,
which is formed in such cases. For the mini-
mum carbon thicknesses (~ 0.2 nm) they are
~ 2.2 nm (Fig. 6a) and ~ 1.6 nm (Fig. 6b).
The boundaries of adjacent regions are at ¢¢
~0.65 nm (Fig. 6a) and ¢z ~ 0.4 nm (Fig.
6b), which corresponds to the mixed zones
of ~1.6-1.9 nm and ~ 2.6 nm. The forma-
tion of monosilicidal layers is not expected
in this case. We used these data as input
parameters to calculate the reflectivity of
Sc/C/Si multilayer mirrors in the 42—52 nm
wavelength range in order to evaluate the
effectiveness of the barrier layers. We used
tabular material densities, interlayer rough-
ness 6=0.5 nm and a grazing incidence
angle 0 = 85° in the calculations. The top
layer was silicon with a surface oxide
2.5 nm thick in every sample.

The plot of reflectivity versus wavelength
for mirrors with barrier layers on both inter-
face boundaries is shown in Fig. 7a: with
nominal carbon thickness ~ 0.2 nm (dash
line); various carbon thicknesses (0.65 and
0.4 nm) at different boundaries which
should ensure complete isolation of the ma-
trix elements (dot line). As a reference, we
calculated the Sc/Si multilayer mirrors with
two ScSi interlayers 3 nm thick (circles)
and 5 nm thick (triangles). The peak reflec-
tivity is reduced from R ~ 0.43 to R ~ 0.417
with the insertion of thin carbon layers in
comparison with the MXM with 8 nm inter-
layers. The reflectivity decreases further to
R ~ 0.353 with increase of barrier thick-
ness. However, the MXM with thin barrier
layers keep advantage over the Sc/Si MXM
with 5 nm interlayers (R ~ 0.369). Despite
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the fact that thicker barriers can increase
the stability of the Sc/Si mirrors, it can be
seen from the figure that this will be
mainly at the expense of reflectivity.

In Fig. 7b similar calculations are pre-
sented, but with barriers only at single-type
interfaces. It can be visible here that the
use of carbon barriers at the Sc-on-Si (C-on-
Si) interfaces leads to a larger drop in the
peak reflectivity with the carbon layer
thickness (R: 0.378 — 0.334). At the same
time, the MXM with thin barrier layers still
has an advantage over the Sc¢/Si MXM with
5 nm silicide interlayers. However, even the
insertion of thin barriers onto the Si-on-Sc
(C-on-Sc) interfaces leads to an increase in
the peak reflectivity up to R ~ 0.432 (¢¢ -~
0.2 nm) compared to the reference mirror
with 3 nm interlayers. At ¢z ~ 0.65 nm the
reflectivity grows a little bit more (up to R
~0.437). We would like to notice that the
total increase in the reflectivity for mirrors
with barriers at the Si-on-Sc interface is ~
1.6 %, in spite of the fact that the total
thickness of the barrier layer becomes com-
parable with the thickness of the silicide
layer.

Thus, the barrier layers of carbon de-
crease the interlayer thickness and can be
used to enhance the reflectivity of the
Sc/C/Si multilayer mirrors with moderate
effect.

4. Conclusions

The use of carbon as barrier layers for
Sc/Si multilayer X-ray mirrors has been
studied. Carbon reacts with scandium and
silicon layers at the deposition stage form-
ing carbides. Thin ScC layers (tgc <
1.9 nm at Si-on-Sc interfaces) isolate the Sc
and Si layers partially. When #; > 0.65 nm
thicker ScC layers separate the matrix lay-
ers completely, however the excess carbon
interacts with the deposited silicon layers
forming the silicon carbide layer. Thin SiC
layers (Sc-on-Si interfaces) up to ~ 0.9 nm
are unstable, and the scandium deposited
thereupon decomposes it and reacts with
both silicon and carbon, transforming SiC
layers into carbide-silicide layers (ScC and
ScSi) with up to ~ 2.6 nm thickness (tgc ~
0.4 nm). Thinner carbide-silicide layer is
also semitransparent. At thicknesses tg.c >
0.4 nm, carbon separates the Sc and Si lay-
ers completely (Sc-on-Si interfaces) and can
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be in the free state but reacts with the scan-
dium deposited on it.

Due to the use of carbon barrier layers,
the width of the interlayers can be reduced
at least by ~ 15 %. Estimates show that it
is possible to increase the reflectivity of the
Sc/C/Si MXMs at the wavelength of A~
46 nm if the carbon is deposited only at the
Si-on-Sc interface.

Critical thicknesses of carbon layers at
which they completely isolate the Sc and Si
layers are established. Further studies are
in progress to determine the efficient tem-
perature range for utilization of the Sc/Si
MXMs with carbon barrier layers.
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