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WC/Si multilayer X-ray mirrors (MXMs) with nominal layers thicknesses of 0.2...30.3 nm (periods:
0.7...38.9 nm) were deposited by direct current magnetron sputtering and studied by X-ray diffraction and cross-
sectional transmission electron microscopy (TEM). Carbide and silicon layers are amorphous throughout the studied
thickness range. The WC layers interact with Si layers with formation of tungsten silicides (WSi,, W;sSis) and sili-
con carbide in as-deposited state. The bottom interlayer (WC-on-Si) consists of two subzones of approximately
equal thickness. An estimation of the thickness, density, and composition of all layers is made. Based on the exper-
imental data, a five-layer model of the WC/Si MXM structure is suggested.

PACS: 61.05.cm, 61.43.Dq, 68.65.Ac, 41.50.+h, 07.85.Fv

1. INTRODUCTION

Rapid progress in the multilayer X-ray mirror
(MXM) manufacturing for the last two decades brought
to variety of their applications in science and technolo-
gy. Some of the applications are: microscopy; astro-
physics; devices for synchrotron radiation, plasma phys-
ic, X-ray lithography etc. MXM is an optical element
meant to reflect, focus, polarize and disperse the X-rays.
Particular W/Si-based MXMs become widespread be-
cause of a wide range of working wavelength (0.7...3.1
and 12.3...25 nm). Presence of different kind of struc-
tural defects, such as mixed interlayers, interfacial
roughness etc., disadvantages these MXMs. That is why
identification and reduction of these defects are actual to
increase the efficiency of W/Si MXM.

The aim of the work is to reduce the level of mixing
between W and Si layers during the deposition process
by replacing W layer with WC ones. We hope that in-
teraction of tungsten and silicon during deposition of
WC onto Si-layers will be decreased due to the presence
of carbon. So interfacial interaction in multilayer system
WC/Si is studied in this work as a first step to improve
the efficiency of W/Si-based MXMs.

2. METHODS

Multilayer mirrors were fabricated by DC magne-
tron sputtering. During each experimental run the dis-
charge currents for tungsten carbide (WC) and silicon
magnetrons and Ar pressure in the vacuum chamber
maintained constant, these provided the steadiness of
deposition rates for both components. The deposition
rates for WC and Si were 0.17 and 0.51 nm/s, corre-
spondingly. Periods of MXMs were in the range from
0.7 to 39 nm.

MXMs were deposited onto substrates of polished
silicon wafers and float glass having RMS surface
roughness of 0.3...0.5 nm. The plates of WC and Si
~100 mm in diameters with a purity of 99.5 and
99.99% correspondingly were used as targets. The dis-
tance between a magnetron surface and the substrate
was ~ 30 mm.

Multilayer samples were characterized at grazing
angles of incidence using small-angle X-ray diffracto-
meter DRON-3M assembled with a single crystal

(110) Si monochromator. In combination with a 0.1-mm
slit that provided a selection of CuKay-line only from
the spectrum generated by an X-ray tube with a copper
anode. Phase analysis was performed in CuKa-radiation
at another diffractometer contained graphite analyzer.
Cross-sections of Mo/Si MXMs were studied in
transmission electron microscope PEM-U at accelerat-
ing voltage of 100 kV. The images were shot with a line
resolution of better than 0.2 nm (atomic planes).

3. RESULTS

For X-ray study we produced 18 separate multilayer
samples on different substrates with different periods
(d) and accordingly the thicknesses of WC layers. Peri-
ods values were successively changed from sample to
sample in the range of 0.7...14.7 nm at the expense of
varied time (t) of substrate exposure above respective
magnetron. Deposition times or both components were
equal in every single experiment. We varied amount of
periods (m) in each sample of X-ray series from 310 to
17 in order to have equal thicknesses of the multilayers.
So overall thickness of multilayer coating in each sam-
ple were mxd ~ (234+1) nm.

3.1. X-RAY SPECTROMETER SURVEY

We controlled the thickness (t) of each layer by var-
ying the stopover time (t5x) of the sample above the
magnetron since we kept the identical deposition rate of
each component in each experiment. However, there is
also an additional amount of substance deposited during
the motion of the substrate over the magnetrons, i. e. a
layer deposited while moving the substrate from one
magnetron to another. To account for this quantity of
the substance, we introduce the notion of approach-
departure time, t,4, Which is equal to the ratio of the
layer thickness sputtered onto the moving substrate to
the deposition rate of this component in the center of the
magnetron. To determine T,9 We used an X-ray spec-
trometer SPRUT. In this spectrometer, the characteristic
radiation of W-La is excited by an X-ray tube with a
silver anode in each WC layer placed in the irradiation
region, and therefore the amount of tungsten in the sam-
ples can be judged from the intensity of W-La line. In
this study, we used the reduced intensity of W-La,
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equaled to the intensity of the tungsten characteristic
line from the entire sample, divided by the number of
periods in this sample.

Fig. 1 shows a dependence of the reduced intensity
of the W-La tungsten line on the fixed sputtering time
(tsix)- As it can be seen from the figure, the experimental
points fit well on the straight line, which indicates the
constancy of the deposition rate of WC and the good
reproducibility of the deposition conditions in this se-
ries. A straight line drawn through the experimental
points does not intersect the origin of coordinates. This
is because in this graph we did not take into account the
deposition of the material during the substrate motion,
at least in the abscissa data. Since, as we indicated
above, the intensity of the characteristic tungsten line is
a measure of the tungsten amount in the samples, the
intersection of the straight line in Fig. 1 with the “X”
axis gives the sought approach-departure time, i.e.
Tyg = (0.72+0.06) s. Thus, adding this value to the Ty,
we can determine the overall deposition time (1) and,
knowing the deposition rate (DR), the nominal thickness
of the layers (twc, ts;) in each sample.
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Fig. 1. Dependence of the reduced intensity of W-L«
radiation excited in WC/Si MXMs on the stopover time
of tungsten carbide (silicon) deposition

3.2. SMALL-ANGLE X-RAY SURVEY

Each multilayer sample was measured at X-ray dif-
fractometer (A =0.154 nm) within the angle range of
20 <20°. Fig. 2 shows an example of the obtained and
processed diffractogram. The figures designate the re-
flection orders (n). Here 16 reflection orders are visible,
indicating, on the one hand, a good reproducibility of
the deposition processes (according to the Bragg equa-
tion, the periodicity of d/n ~0.53 nm is observed in the
sample), and on the other hand, a low interlayer rough-
ness (0 <0.26 nm [1]). The period value was deter-
mined with consideration for the refraction in the sam-
ple and using all the diffraction peaks. The high accura-
cy in the period determination also indicates the good
periodicity. Although in this particular case the accuracy
of the period measurement is extremely high, in general
for all samples having at least three diffraction maxima
(d > 1.5 nm), the error in determining the period did not
exceed £0.002 nm.
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Fig. 2. Example of a small angle diffractogram of
WC/Si MXM with 26 periods and a period d ~ 8.46 nm

Both tungsten and carbon under the conditions of
W(C-target sputtering move predominantly not in mole-
cules, but atomically [2]. Deposited onto the surface of
a silicon layer, they can interact with it. In order to es-
timate the extent of the layers interaction in the WC/Si
MXMs, we have plotted mirror period as a function of
the deposition time, T, taking into account the approach-
departure time (see Fig. 1). If the deposition rates are
constant, we should obtain a linear dependence of
d =f(1), since the slope ratio in this graph determines
the deposition rate. A straight line drawn through the
last seven points gives a combined deposition rate equal
to DR = (0.689+0.002) nm/s, which corresponds to the
sum of the previously measured component deposition
rates. A small error in the deposition rate (~ 0.3%) indi-
cates the constancy of the deposition rate for large-
period MXMs. However, the deposition rate, deter-
mined for the small-period samples, is much smaller. It
is (0.560+0.001) nm/s (= 0.2%) for the first three points,
which is ~ 19% less than for samples with larger peri-
ods. An increase in the number of points in the approx-
imation leads to increasing the error and approaching
values of the deposition rates determined at the extreme
ends of Fig. 3. The nonlinearity observed in Fig. 3 can
be related either to resputtering one of the components,
for example, silicon, or to the interaction of both com-
ponents at the interfaces during the stage of layer depo-
sition. Below we will consider both of these options in
order to find out the main reason for this behavior.
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Fig. 3. Dependence of the MXM period on the
deposition time of individual layers



Table 1

Calculation results of chemical reactions for molar volumes of components (one formula unit implies the participa-
tion of one mole of a substance)

No Reaction V, em® CAH\IQ %/2/ -AV/Viye
1 | WC+3Si=WSi,+SiC 12.48+36.13=25.95+12.49 10.17 20.9 0.815
2 | BWC+8Si=Ws;Si;+5SiC 62.38+96.35=69.54+62.46 26.73 16.8 0.429
3 | 7TWC+9Si=W,C+Ws;Si;+6SiC 87.33+108.39=22.08+69.54+74.95 29.15 14.9 0.334
4 | 3WC+4Si=W,C+WSi,+2SiC 37.43+48.17=22.08+25.95+24.98 12.59 14.7 0.336
5 | WC+2Si=WSi,+C 12.48+24.09=25.95+5.34 5.28 14.4 0.423
6 | 2WC+Si= W,C+SiC 24.95+12.04=22.08+12.491 2.419 6.5 0.097
7 | BWC+2Si=W,C+WSi,+2C 37.43+24.08=22.08+25.95+10.68 2.8 4.6 0.075
8 | BWC+3Si=W;Siz+5C 62.38+36.13=69.54+26.69 2.28 2.3 0.037
9 | 7TWC+3Si=W,C+Ws;Si;+6C 87.33+36.12=22.08+69.54+32.04 -0.21 -0.1 -0.002
10 | 2WC+Si= W,C+C+Si 24.95+12.04=22.08+5.34+12.04 -2.47 -6.7 -0.099

We considered possible reactions between the com-
ponents that compose the deposited substance (WC+Si)
in order to estimate reaction products appeared as a re-
sult of the WC and Si interaction. There were examined
10 reactions involving the initial components WC and
Si. As final products we took two tungsten silicides
(WSi, and W5Sis), tungsten carbide W,C, silicon car-
bide SiC and pure element C. We used tabulated data
for the densities of substances in the bulk state for cal-
culation. The calculations presented in Tabl. 1 are made
for the molar volumes of each substance. Two penulti-
mate columns also contain data on volume changes
(positive values — shrinkage, negative — increase in vol-
ume).

As can be seen from Tabl. 1, the majority of the pre-
sented reactions should proceed with volume shrinkage
in the reaction products. Since our experiments also
demonstrate shrinkage in volume, we have omitted the
reactions 9 and 10 from the further consideration. In
addition, volume changes, as we determined above, can
reach 19%. Formally, only the first reaction (shrinkage
20.9%, penultimate column) satisfies this condition,
with the formation of WSi, and SiC at the interfaces.
However, taking into account the fact that the film den-
sities can differ noticeably from massive materials, we
have left the first five reactions only for further consid-
eration.

Assuming that the volume shrinkage in thin layers
during the deposition is caused by the interaction of the
components, we estimated the shrinkage (Ad) as the
difference between the expected period (dexpec) and the
experimental (dexper) by the formula:

Ad = dexpec'dexper = DRXT'dexpery
with DR is overall deposition rate, t is overall deposi-
tion time.

Plot of the experimental shrinkage versus the WC
layer thickness in the period is shown in Fig. 4. To plot
this dependence, we used data of the deposition rates for
WC (0.171 nm/s) and Si (0.518 nm/s) obtained earlier in
a separate experiment. As it can be seen from the plot,
the shrinkage increases with thickness and reaches a
maximum value near ~ 0.7 nm. The growth process can
be conditionally divided into four regions:
(1) twc=0.2...0.4 nm, where the highest increment in Ad
is observed (Ad/tyc~0.76); (II) twc=0.4...0.7 nm,
where the stunted growth in Ad (Ad/tyc~ 0.44) is ob-

served; (1) twc=0.7...1.4 nm, where the intermediate
value of Ad (Ad/tyc~0.24) is observed, and
(IV) twe > 1.4 nm, where the shrinkage achieves a satu-
ration (Ad ~ (0.64+0.02) nm). The first 3 regions may
correspond to intermixed sublayers with different ex-
tents of interaction of WC with silicon. Formally, in
terms of X-ray optics, they must be referred to strongly
absorbing (or strongly scattering) layers, and they
should be accounted either as a part of the WC layer or
as replacing layers (if the entire WC layer reacts with
Si). Henceforward, we shall call these zones as “W-
containing” to indicate a different extent of tungsten
carbide interaction with its environment.
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Fig. 4. Graph of the experimental volume shrinkage
(4d) versus the thickness of the WC (tyc) layer in the
period

To make a choice in favor of a particular compound
to be formed at interfaces, we also calculated the ratio
of the volume change to the WC volume for each reac-
tion (see Tabl. 1, last column). For the first and second
reactions, these values are 0.81 and 0.43, respectively.
Comparing these quantities to the data obtained in
Fig. 4, it can be concluded that in the region I the major-
ity of the components (> 90%) should react with the
formation of WSi, and SiC. In the region Il, WsSiz can
be formed instead of WSi,. In the region Il1, we cannot
unambiguously indicate which of the reactions can take
place, since if we assume that the reaction can proceed
partially, then either one of the five first reactions or all
five reactions can formally fit to the observed increase
in Ad. We do not exclude that in this case (region IlI)



WC can react with silicon partially, remaining as a WC
compound in the film. However, we can say for sure
that at twc> 1.4 nm (see region 1V in Fig. 4) there is a
WC in the tungsten-containing layer that does not react
with the silicon layer. Moreover, it should be in the
middle of the W-containing layer.

3.3. CROSS-SECTIONAL TEM STUDY

For the TEM study, a cross-section of a special sam-
ple on a silicon substrate was prepared. It was located in
the microscope so that we can view its image along the
layers. The sample consisted of 14 multilayer stacks, the
periods of which were successively varied by changing
the deposition time of each of the components. Since
within the whole coating the deposition rates of WC and
Si did not change, then the nominal ratio of the compo-
nent thicknesses in each stack was kept constant
(tsiltwe ~ 3). At first, the stacks with the smallest periods
were deposited onto the substrate in order to mitigate
the roughness development effect observed in large-
period MXMs.

Fig. 5 represents cross-sectional TEM images of dif-
ferent areas for multilayer stacks with the smallest peri-
ods [(a) d ~ 1.8 nm, (b) d ~ 3.5 nm] and the largest peri-
od [(c) d ~38.9 nm]. The dark stripes correspond to the
WC layers, and the light stripes correspond to the Si
layers. There is no contrast associated with interlayer
interaction at the interfaces. Fig. 5,d,e shows the selec-
ted-area electron diffraction (SAED) pattern of a multi-
layered sample and its densitogram taken at the center
of the SAED pattern (see Fig. 5,d) in the horizontal di-
rection. There observed 3 halos there: 1) with

d;~ 0.37 nm, if we estimate it using the Bragg formula
(denoted as ry); 2) d,~ 0.19 nm (r,), and 3) d;~ 0.12 nm
(r;). The SAED pattern shows that the multilayered
sample is basically amorphous, though the proximity of
d, and ds to di/n indicates that some of the WC layers
(especially thickest ones) may be in the nanocrystalline
state.
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Fig. 5. Cross-sectional TEM images of various WC/Si
multilayer stacks with periods of d = 1.8 nm (a),
d =3.5nm (b) and d = 38.9 nm (c). SAED pattern and
densitogram taken horizontally across the center of the
pattern are represented in (d) and (e), respectively

40 50 60

We measured the thickness of all layers and periods
in each stack, taking into account the image magnifica-
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tion. The measured results as a function of the compo-
nents deposition time in each stack are shown in
Fig. 6,a. All three dependencies are generally non-
linear, and none of them intersect the origin of coordi-
nates. However, after about 27 s, the experimental val-
ues fit well the straight lines. From the Fig. 6,a we de-
termined the deposition rates of the components as well
as the overall deposition rate by the dependency slopes:
DRy = (0.17+£0.02) nm/s; DRg;= (0.5+0.01) nm/s (Si),
and DR = (0.68+0.02) nm/s, which match well to each
other. This data also accords well with the X-ray meas-
urements and show that the deposition rates of the com-
ponents can be measured in this way. The dependences
of twc=f(t) (triangles) and t5;=f(t) (circles) intersect, and
at 1<10s the thickness of WC layer becomes larger
than the thickness of Si layer (twc > ts;), which contra-
dicts the experimental conditions in which the silicon
deposition rate is higher.

It is noteworthy that the fraction, , of W-containing
layers in the periods increases and varies from 3 ~ 0.3
for the largest periods to  ~ 0.9 for the smallest at the
nominal fraction of Bnom~ 0.25. Based on this data, we
make the final choice in favor of the main reason for the
nonlinearity in the dependence d=f(t) observed in
Fig. 3. For the small-period sample (d ~ 1.8 nm), the
nominal WC thickness should be ~ 0.53 nm, and actual-
ly we have ~1.6 nm. If we assume that the main effect
of B distortion is sputtering, then for this stack the sili-
con thickness should be 1.6x3 = 4.8 nm, and the period
—4.8+1.6 = 6.4 nm, while the nominal period should be
(0.17 + 0.51) nm/s x 3.12 s = 0.68x3.12 ~ 2.12 nm, i. e.
3 times less. However, if we compare the ratio of the
reaction products volume to the initial volume of WC
(see Tabl. 1, reaction No 1) with the actual one, than we
obtain (25.95+12.49)/12.48 ~ 3.1 and 1.6/0.53 ~ 3, re-
spectively. In other words, the experimental data sup-
port the idea of the interlayer interaction.

We can estimate the amount of silicon resputtered
during deposition of the WC layer in a different way.
The approach/departure time (see subsection 3.1) can be
also determined from the data for the small-period
MXMs, using the fact that the volume of reaction prod-
ucts in the period is very close to the nominal volume of
the silicon layer: the difference is ~ 6% (see Tabl. 1,
reaction No 1). In our experiments, the ratio of the nom-
inal deposition rates is close to the ratio of the initial
volumes of WC and Si (the difference is ~ 3%), there-
fore, on one hand, the volume of the reaction products
should correspond to the MXMs period (d), and on the
other hand, the silicon deposition rate (DRs; ) should be
~ 0.94 of the deposition rate measured for small periods.
Then the approach/departure time, T4, can be calculat-
ed by the formula:

4= (d - Trix X DRg;)/DRy;.

For three MXMs with the smallest periods, where
we expect a complete interaction of WC and Si, we get
T4~ (0.77£0.03) s, i.e. on At~ 0.05s more than for
T4, Calculated in section 3.1 with the fluorescent signal
from tungsten. If this value is multiplied by the deposi-
tion rate of silicon, we get At=0.05x0.562 ~ 0.03 nm,
i. e. this amount is “lacking” in the MXM. In other
words, the sputtering effect in a WC/Si multilayer sys-



tem, even if it exists, is negligible in comparison with
the interlayer interaction effect.
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Fig. 6. Dependences of the period of multilayers stacks
and layer thicknesses in the corresponding stacks on the
deposition time of each layer (a). The experimental
fraction (p) of the WC layer in the period (light squares)
according to electron microscopy and the calculated
fractions for different products of the reaction at the
interfaces, depending on the time of individual layer
deposition (lower scale) or on the WC layer thickness
(upper scale) (b)

We have plotted the dependence of the W-
containing layer proportion (B) measured in the cross-
sections from the total deposition time of each compo-
nent (the squares in Fig. 6,b). This fraction reaches ~ 0.9
for the small-period MXMs, as was established earlier,
and then decreases with the deposition time (and, corre-
spondingly, with the period and thickness of the layers),
asymptotically approaching the nominal value of Bom.
Using X-ray data (subsection 3.2) of volume shrinkage
for different samples, we calculated the fractions § for
various reactions that could be expected in the given
multilayer system. These fractions are also plotted in
Fig. 6,b. Almost all the calculated fractions are close to
the experimental ones, as can be seen from the figure.
The exception is the reaction products WSi,+C, which
are significantly higher in the entire data range, espe-
cially for t < 20 s. Therefore, we suggest that this type
of interlayer interaction is unlikely.

3.4. X-RAY PHASE ANALYSIS
Samples with nominal WC thicknesses in the range
0.2...3.8nm (periods d < 14.7 nm) were scanned in
glancing geometry (6= 1.4° is fixed) in the angle range
of 26=15...110°. Diffractograms for two ultimate
samples with thicknesses of WC layer (twc~0.21 nm

and tyc ~ 3.78 nm) are shown in Fig. 7. As can be seen
from the figure, two diffraction maxima are observed in
the diffractogram. The width of the maxima is in the
range of 5...10°. Such a small number of maxima, as
well as their width, indicate the amorphous structure of
both layers. The most intense maxima, which are in the
region of 26~ 40°, are shifted relative to each other by
more than 2°, which indicates an additional difference
in their structure. The second maxima (near 69°) are not
the second orders of reflection, because with an increase
in the WC thickness they shift in reverse directions.

Taking into consideration that there are no triple
compounds in the W-Si-C-system [3], and that the scat-
tering power of tungsten atoms is at least 25 times high-
er than for carbon and silicon atoms, the peaks observed
in the diffractograms should be related to W-containing
layers only, i.e. to tungsten carbides or silicides. Usually
the angular position of the most intense line for an
amorphous substance is close to the 100% line for crys-
talline one [4]. In addition, since the crystalline state
corresponds to the tightest packing of atoms, then for an
amorphous substance, where the atoms are disordered,
the average interatomic distance is larger, and the angu-
lar position of the most intense maximum in the diffrac-
tion pattern should shift slightly toward smaller angles.
This is observed in the diffraction pattern (see Fig. 7)
with respect to 100% of the line (200) WCy [5]. How-
ever, it is difficult to unambiguously establish the com-
position of a substance along a single line, since a 100%
line for WSi, is at an angle of 26~ 42.6°.
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Fig. 7. Phase diffractograms for MXMs with nominal
WC thicknesses of 0.21 nm (circles)
and 3.78 nm (boxes)

To further detail the structure of the amorphous
state, we also made the Fourier transform of the ob-
tained X-ray diffraction patterns in order to construct
the radial distribution functions. It was established
above (subsection 3.2) that the W-containing layer in
the WC/Si MXM can consist of 4 zones. We performed
the following manipulations to analyze them. First, we
reduced each diffractogram to one period dividing its
intensity by the number of periods contained in the par-
ticular mirror. Then we successively subtracted the dif-
fractograms from each other for samples located at the
boundary of two adjacent sublayers. Thus, we obtained
the reduced differential diffractograms characterizing
the individual zones only. For example, MXM with a
WC thickness of ~0.40; ~0.69, and ~1.42nm are
boundary (see Fig. 4). In multilayer samples with



twe > 1.5 nm, W-containing layers consist of 4 zones (I,
I, 11, 1V), with tyc < 1.42 nm they consist of 3 zones
(1, 1, 11, with tyc<0.69 nm — of 2 zones (I, I1), etc.
Then if we subtract from the given diffractogram for the
sample with tyc~ 0.69 hm the diffraction pattern of the
sample with ty,c ~ 0.40 nm, then we obtain a diffraction
pattern characterizing zone Il only. We carried out the
Fourier transformation only for such reduced diffracto-
grams of individual zones.

An example of such a transformation for zone | is
shown in Fig. 8. Here we present: (a) the original dif-
fraction pattern for the MXM with tyc ~ 0.4 nm (circles)
with an indication of the positions for the 100% lines of
the tetragonal and hexagonal WSi,, and the differential
diffraction pattern, which is the result of subtraction
diffractograms with tyc~0.40 nm and tyc~0.21 nm
(boxes) (see Fig. 8,a); (b) the radial distribution curve of
the atoms for the differential diffraction pattern (see Fig.
8,b), in which we determine the radius (r,) of the first
coordination sphere and the coordination number (CN,),
used hereafter as experimental data, and (c) an enlarged
image of the first maximum in Fig. 8,b (see Fig. 8,c).
The experimental radius of the first coordination sphere
and the coordination number were r;=0.292 nm and
CN,=5.97. For comparison, Fig. 8,c shows similar data
for hexagonal (r;=0.298 nm and CN; = 6) and tetrago-
nal (r;=0.231/0.263 nm and CN;=4) WSi,. Through
comparison of the given data, it can be established that
zone | basically consists of hexagonal WSi,. In the W-Si
phase equilibrium diagram, the h-WSi, phase is high-
temperature one [6] and its appearance may be some-
what unexpected, but a similar picture was observed in
the Mo/Si MXM in which h-MoSi, is formed at the in-
terface during the annealing.
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value of r;. Meanwhile, the coordination numbers in-
crease noticeably with the content of tungsten from 6
(for 20 at.% W) to 12 (50 at.% W), which makes it pos-
sible in most cases to uniquely determine the phase of
matter.

We carried out similar manipulations for the remain-
ing zones and established that zone Il consists of a te-
tragonal W:Sis; and tungsten carbide (zone IV) is in a
configuration close to the cubic one. We could not es-
tablish the phase composition of zone 111 unequivocally,
since at least two W-containing substances: silicide
(WSi, and/or W5sSis3) and carbide (W,C and/or WC) can
be present in this zone.

3.5. THE MODEL OF WC/Si MXM STRUCTURE

Summing up the data given above, we can build a
model of the WC/Si MXM structure. We have estab-
lished that the bottom interface with respect to WC lay-
er (WC-on-Si one) consists of two subzones: (1) WSi,
and SiC (adjacent to the Si layer) and (2) WsSiz and SiC
(adjacent to the WC layer). The top interface (Si-on-WC
one) can consist of a silicide and carbide. Tungsten car-
bide (WC) can appear at tyc> 1.5 nm. Densities of lay-
ers and interlayers were estimated from the critical an-
gles by the method we described earlier in [7]. A sche-
matic sketch of the WC/Si MXM structure for
twe > 1.5 nmis shown in Fig. 9.

If the WC thickness is less than 1.5 nm, then in the
WC/Si MXM W-containing layer will consist of only
three, two sublayers or one layer, depending on the
tungsten carbide applied thickness. We would like to
draw attention to the fact that the “pure” WC layer in
the WC deposition process may be formed at
twe > 0.7 nm, rather than at tyc> 1.5 nm. However, the
deposition of the subsequent silicon layer and the inter-
action with it leads to its “disappearance”.

W,C+W;Siz+SiC or
W,C+WSi +SiC

(18-25 at.% Si)

t~1.25 nm, p~10.8 g/lcm®

Si

c-W(C; p~15.1 g/cm3

h-W,Sis+SiC (44 at.% Si)
t~0.62 nm, p~9.1 g/cm?

N

h-WSi,+SiC (60 at.% Si)
t~0.62 nm, p~7.6 g/cm®

Si

20 22 24 26 238 3.0 3.2 3.4 3.6 3.8
r,nm

Fig. 8. X-ray diffraction pattern from WC/Si MXM with

a nominal WC thickness of tyc ~ 0.4 nm (circles) and a

differential diffraction pattern (boxes) obtained by sub-
tracting two diffraction patterns from each other for
MXM with tyc ~ 0.4 nm and tyc ~ 0.21 nm to obtain a
diffraction pattern from zone | (see Fig. 4) (a). Radial
distribution function of atoms for zone I (b). An en-
larged image of the region of the first maximum shown

in Fig. 8,b (c)

It should be noted that the radii of the first coordina-
tion spheres for other W-containing substances (W5sSis,
W,C, WC) are not too different from the experimental

Fig. 9. Schematic sketch of the WC/Si MXM structure
for tyc>1.5nm

3.6. COMPARISON OF OPTICAL
CHARACTERISTICS FOR WC/Si
AND W/Si MXMs

The determined parameters allow to estimate the op-
tical characteristics of WC/Si MXMs by simulating dif-
fraction curves, and to compare them with the character-
istics of the W/Si MXMs. W/Si mirrors are commonly
used in material science to analyze the content of light
elements (oxygen, sodium, magnesium, aluminum, sili-
con, etc.) by measuring the intensity of the characteristic



lines of the analyzed elements and comparing them with
that for a standard. The period of such MXMs is compa-
rable with the wavelength of the characteristic line and
is usually ~ 3 nm. In the mirror with such a period and a
fraction of B ~ 0.4, the W-containing layer consists of a
two zones for WC/Si MXM (WSi+SiC and
W;Si3+SiC) and one zone for W/Si MXM (WSi, [7]). In
such a way, the W/Si mirrors should have an advantage,
since the W-containing layer (WSi, or WsSis) in the
WC/Si MXM is “diluted” by the SiC compound with a
lower density. The phase roughness was taken as
0.26 nm (WC/Si), as follows from the subsection 3.2,
and 0.38 nm (W/Si [7]), i. e. the interfacial roughness of
the mirrors under study is almost 1.5 times smaller. The
densities of substances, which are approximately 5...7%
lower than the tabulated values, were measured by us
earlier. The number of periods in both compared MXMs
was 101. The calculated optical characteristics for the 5
characteristic lines in the wavelength range 1...2.4 nm
are presented in Tabl. 2. In the whole range of wave-
lengths, the WC/Si MXMs have an advantage only due
to a lower interfacial roughness. More smooth interfaces
in the WC/Si MXMs compared to W/Si were also ob-
served by other researchers earlier [8]. The advantage of
WC/Si is 10...15% (relative units) for all characteristic
lines.

For WC/Si MXMs with all zones of the
W-containing layer presented, for example, with periods
of d >6 nm, the advantage of the WC/Si MXMs over
W/Si ones should be even more obvious, since the total
thickness of the interlayers in WC/Si MXMs is
~2.5nm, while in the W/Si ones this value reaches
~2.8nm[7].

Table 2
Simulated reflectivities for WC/Si and W/Si MXMs
at characteristic lines of light elements

Charzilicr'][gristic % nm MXM R, %
Mgka | oses |50
Na-Ka 1.191 V\\;\;/SSI' gij
Cu-Lo 1.334 V\\,'\%SI' ig:g
Fe-La 1.759 V\\,I\%SI' ig:g
0-Ka 2.36 V\\,I\%S,' g:gi

CONCLUSIONS

WC/Si multilayer X-ray mirrors prepared by direct-
current magnetron sputtering with periods in the range
of 0.7...38.9 nm were studied by cross-sectional trans-
mission electron microscopy and X-ray diffractometry.

All layers in MXMs are in an amorphous state. The in-
teraction of WC and Si layers with the formation of in-
terlayer zones is found; that manifests in the variation of
the fraction of the W-containing layer in a period from
0.29 to 0.87 at a nominal fraction of 0.25. The bottom
(WC-on-Si) and top (Si-on-WC) interlayers are close
and are ~ 1.22 nm and ~ 1.25 nm, respectively. The bot-
tom interlayers consist of two subzones of equal thick-
ness, consisting predominantly of WSi, and SiC (adja-
cent to Si layers) and W;Si; and SiC (adjacent to W
layers). The top interlayers are presumably composed of
W,C+WsSi;+SiC and/or W,C+WSi,+SiC. Radial distri-
bution functions are constructed to refine the preferred
structure types for amorphous layers; they are: hexago-
nal for both silicides in the bottom interlayers and cubic
for WC tungsten carbide. The model of WC/Si MXM
construction is proposed consisting of 5 layers. The ad-
vantage in the soft X-ray optical characteristics for the
WC/Si MXMs is shown in comparison with WI/Si
MXMs.
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POCT M CTPYKTYPA MHOT' OCJIOMHBIX PEHTTEHOBCKHUX 3EPKAJI WC/Si

IO.II. Ilepwiun, B.C. Yymax, H.I'. Illunkosa, B.B. Mamon, A.1O. /lesusenko,
B.B. Konopamenxo, M.B. Pewemnsx, E.H. 3ybapes

MeTomaMu peHTTeHOBCKOH AU(PAKINK U IPOCBEYUBAIOIIEH IEKTPOHHON MUKPOCKOITHH HCCIIeJOBaHBI OCOOCH-
HOCTH POCTa MHOTOCJIOWHBIX peHTreHoBCcKuX 3epkan (MP3) WC/Si, u3roToBIeHHBIX METOIOM MPAMOTOYHOTO Mar-
HETPOHHOTO pACTbUICHUSI C HOMHHAIBHBIMHA TONIIWHAMH cjoeB B nauamazoHe 0,2...30,3 HM (mepumopbt
0,7...38,9 Hm). Bo BceM nmmamazone mcciemyembix TommuH ciaod WC u Si HaxomsTcs B aMOP(HOM COCTOSIHHH.
VYeranosieno Bzaumoeiicteue coeB WC u Si ¢ o6pasoBanuem cumununoB Boss(ppama (WSiy, WsSis) u xkapouma
KPEMHHUS B MCXOIHOM COCTOSIHUU. HWKHSS mepeMeniaHHas 30Ha COCTOUT U3 JIBYX MOJ30H MPUMEPHO PAaBHOW TOJI-
umHel. ClenaHa OLeHKAa TOJIIUHBI, TUIOTHOCTH M COCTaBa BCEX clioeB. Ha OCHOBE OMpeeNCHHBIX MapaMEeTpPOB
MpeJUI0KEHA MATUCIIOWHAs Moielb ctpoeans MP3 WC/Si.

PICT TA CTPYKTYPA BATATOIIAPOBUX PEHTI'EHIBCBKUX JI3EPKAJI WC/Si

FO.II1. llepwiun, B.C. Yymak, LI. Illunkosa, B.B. Mamon, O.10O. /]esizenxo,
B.B. Konopamenxo, M.B. Pewiemnsx, €.M. 3yoapce

MeTomaMu peHTTeHIBChbKOI MU paKiii Ta MPOCBITyBalbHOI €IeKTPOHHOI MIKPOCKOMII HOCIiKeHi OaraTomiaposi
pentreniBebki m3epkana (BPJI) WC/Si, mo BHTOTOBIIEHI METOIOM HPSIMOTOYHOTO MAarHETPOHHOTO PO3MHJICHHS 3
(ikCOBaHMMH IIBUAKOCTAMH OCA/DKCHHS 3 HOMIHAJHbHUMHU TOBIIMHAMH mapiB y nmiamaszosi 0,2...30,3 HM (mepioan
0,7...38,9 am). Y BchoMy miama3oHi gocmimkyBaHuX ToBIIUH mapu WC Ta Si sBnstorees amopduumu. [lapn WC
Ta Si B3a€EMOJIFOTh 3 YTBOPEeHHsM cuituiB Bombdpamy (WSiy, WsSiz) Ta kapbiay KpeMHi0 B MOYaTKOBOMY CTaHi.
HwxkHs nepemiliana 30Ha CKIaJAETHCS 3 JBOX MEPEMIIIAHUX IM1[30H MPHOIU3HO PiBHOT TOBIIUHH. 3p00JIcHa OLiHKa
TOBIIMHY, MIUIBHOCTI Ta CKiIaay Beix miapiB. CHuparduch Ha EKCICPUMEHTAIbHI pe3yabTaTH 3alpOlOHOBaHA
’stumaposa moens 6ynosu BPJ WC/Si.



