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Abstract. By methods of cross-sectional transmission electron micros-
copy and small-angle x-ray scattering (λ ¼ 0.154 nm) the influence of
Ar gas pressure (1 to 4 mTorr) on the growth of amorphous interfaces
in Mo/Si multilayers (MLs) deposited by DC magnetron sputtering is stud-
ied. The significant reduction in the ML period, which is evident as a volu-
metric contraction, is observed in MLs deposited at Ar pressure where the
mean-free path for the sputtered atoms is comparable with the magnetron-
substrate distance. Some reduction in the thickness of the amorphous
interlayers with Ar pressure increase is found, where the composition
of the interlayers is enriched with molybdenum. The interface modification
resulted in an increase in EUV reflectance of the Mo/Si MLs. © 2013 Society of
Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.52.9.095104]
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1 Introduction
The performance of an x-ray optical instrument is defined
by both the efficiency of the optical scheme and character-
istics of the optical components included. Multilayer x-ray
mirrors (MXMs) are optical elements designed to provide
reflectance within the range of soft x-rays and extreme
ultraviolet (1 to 100 nm), especially close to normal inci-
dence angles.1–5 The fabrication of MXMs has advanced to
the point where for a particular MXM, the limiting charac-
teristics are substantially defined by the state of the inter-
faces, namely, the roughness and the level of layer
intermixing. Rough interfaces scatter radiation in the non-
specular direction, and intermixed or diffuse interlayers
decrease the gradient of optical constants (refractive indi-
ces); these factors lower the reflection amplitude at each
interface, raising the effective absorption, and finally,

decreasing the MXM efficiency. Utilization of modern
techniques of film deposition (both evaporation and sput-
tering) provides a good reproducibility of surface relief
and together with the availability of smooth substrates
(roughness σ ≤ 0.2 nm), this reduces to a considerable
extent the problem of roughness at the interfaces.
However, roughness is still an issue to the region of
short-period multilayers (MLs) (periods d < 2–2.5 nm).

MXMs based on the material pair of Mo and Si have a
variety of applications within the wavelength range of
12.3 to 25.0 nm. They have been subjected to intense
study as a promising candidate for projective x-ray lithogra-
phy at the wavelength of ∼13.6 nm.6–9 Mo/Si MXMs lent
impetus to the development of x-ray microscopes,10,11 tele-
scopes,12,13 spectroscopes,14,15 and interferometers.16–18 They
also found specific applications such as polarizers,19–21 phase
shifters,22–24 beam splitters,25–27 and broadband mirrors.28–30

Both Mo-on-Si and Si-on-Mo interfaces in MXMs have
intermixed interlayers since according to the phase diagram310091-3286/2013/$25.00 © 2013 SPIE
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Mo and Si can form chemical compounds. Interlayers are
amorphous32 and have a silicide nature; their width varies
over a wide range [from ∼0.5 (Ref. 33) up to ∼4
(Ref. 34) nm]. The degree of intermixing is usually associ-
ated with the energy of deposited atoms typical of a particu-
lar deposition method. The most intermixing is observed in
MXMs deposited by diode,35 triode, or ion-beam34,36 sput-
tering. The least intermixing is common in the case of mag-
netron sputtering36–38 and e-beam evaporation combined with
the ion-beam polishing.39–41 In addition, the interlayer thick-
ness at Si-on-Mo interface was found to depend on the struc-
tural state of the Mo layer: in amorphous molybdenum, it is
twice as large as in crystalline Mo.38,42,43 The mechanism of
the interface formation is not fully understood and is the subject
of wide speculation, particularly, with regard to asymmetric
interfaces.32,33,44–46 Several models explaining the asymmetry
in interface formation have been suggested.34,37,42,47,48

Most researchers suggest that the amorphous interlayers
at Mo/Si interfaces have a composition close to
MoSi2.

35,38,43,47,49–53 The formation of this silicide is in agree-
ment with the Bene–Walser rule on the first phase nucleating
at the interfaces.54 However, some authors present results on
the existing of lower silicides (Mo5Si3 or Mo3Si) rather than
the disilicide.39,55

For the usual wavelength range of applications, the period
of Mo/Si MXMs should exceed 6 nm. Thus with a typical
interface roughness of σ ∼ 0.3 to 0.4 nm, the influence of
roughness on their optical characteristics will be minor.
With the range of intermixing given above, interlayers
should be the main defect of Mo/Si MXMs.

A number of studies focused on improving the reflectivity
of Mo/Si MLs by the control of the interface state through a
change in the energy of deposited atoms.56–58 The sputtering
gas pressure has also been shown to influence the interface
roughness49,59,60 and mechanical stress.61,62 In this work, we
demonstrate that a variation in the working gas pressure
affects the width and the composition of the amorphous
interlayers. The detailed information on the composition
and the width of interlayers will allow for proper optimiza-
tion of the optical characteristics of a particular Mo/Si MXM.

2 Experimental Methods
The ML mirrors were fabricated by DC magnetron sput-
tering while the discharge currents of the Si and Mo magnet-
rons as well as the Ar pressure were held constant to provide
a stable deposition rates. A series of mirrors were fabricated
under different pressure conditions with the deposition rates
for molybdenum and silicon of 0.35 to 0.42 and 0.45 to
0.65 nm∕s, respectively. The ML periods were estimated
to be in the range of 6 to 9 nm.

All the MXMs were deposited onto polished silicon
wafers and float glass with a root mean square surface rough-
ness of 0.3 to 0.5 nm. The purity of the 100-mm diameter
magnetron targets was 99.5% and 99.99% for Mo and Si,
respectively. The distance between the magnetron surface
and the deposited substrate was about 30 mm.

ML structures were studied using a small-angle x-ray dif-
fractometer, the DRON-3M [two-crystal spectrometer
scheme with a single crystal Si (110) monochromator]. A
0.1-mm slit after the monochromator provided selection of
the Cu Kα1 line from an x-ray tube with a copper anode.
Periodicity for each ML stack was defined with the full

Bragg equation (taking into account refraction). Errors in
period measurements were <0.01 nm. The phase analysis
was carried out at the same wavelength with the help of
another diffractometer equipped with a graphite analyzer.

The effect of the plasma above the magnetron target on
the growing films was investigated by measuring the poten-
tial induced at the substrate with a Langmuir probe consist-
ing of tungsten wire 0.2-mm thick located within a
ceramic tube.

We estimated the relative content of molybdenum in ML
samples by x-ray fluorescence analysis using an x-ray crys-
tal-diffraction spectrometer, SPRUT (Ukrrentgen, Ukraine).

Cross-sections of Mo/Si MXMs were studied with a
transmission electron microscope (TEM) (PEM-U) with
an accelerating voltage of 100 kV. The electron microscopy
resolution measured by lines (atomic planes) is 0.2 nm.

EUV measurements of MXM reflectivity were performed
at beamline 6.3.2 of the advanced light source.63,64 Briefly,
the beamline contains a four-jaw aperture, three grazing inci-
dent mirrors working in the total external reflection region,
the monochromator including three variable space (graded
period) gratings, exit slit, order suppressor, and a detector.
The design provides a high spectral purity, relative spectral
bandwidth λ∕Δλ ≤ 700 and high precision of reflectivity
measurement (ΔR∕R ≈ 0.2%) with a beam size of
10 × 300 μm2.

3 Results

3.1 Preliminary Procedures

Ballistic mixing is considered as one of the probable mech-
anisms for interlayer formation for sputter-deposited MLs;48

we have tried to reduce this effect by decreasing the energy
of particles impinging on a growing surface. To do this, we
varied the gas pressure inside the vacuum chamber. When the
mean-free path for sputtered atoms becomes comparable to
the distance from the magnetron to the substrate, the energy
of the atoms decreases, and further increase of the pressure
must eventually thermalize the sputtered atoms.

Figure 1 shows a schematic view of a magnetron unit used
for layer deposition. The substrate is fixed on a rotating sub-
strate holder and major time covered byMo (Si) in a position
denoted by numeral “1.” In the particular conditions of the
experiments described below the distance from the magnet-
ron etching zone to the substrate center was ∼42 mm, since
the main flow of atoms arrived onto the substrate surface at
an angle of ∼45 deg. The mean-free path for atoms in Ar
atmosphere takes the same value for an argon pressure of
∼1.3 mTorr. Therefore to manipulate the energy of depos-
ited particles, we fabricated a series of ML samples with
a sequential change in Ar pressure ranging from 1 to
4 mTorr. The mean-free path in doing so varied from
∼53 mm down to ∼13 mm, respectively.

Since interlayers in Mo/Si MXMs are silicides, the forma-
tion of each interlayer is accompanied by volume contraction
because the total volume of the parent components involved
in the reaction is larger than the volume of the reacted prod-
ucts. Maximal contraction is expected when MoSi2 is
formed, and for tabulated densities it reaches up to
∼27.2%. This contraction should decrease the MXM perio-
dicity compared to the expectation. We exploited this fact in
evaluating the degree of layer interaction. Thus, we took the
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difference, Δd, between expected MXM period, dE, and
experimental one, dM, as a measure of intermixing and inter-
action in the Mo–Si ML system.

If the deposition rates and times are known, the values of
the expected periods (dE) can be estimated by the following
formula:

dE ¼ VMo × τMo þ VSi × τSi; (1)

where VMo and VSi are the deposition rates of molybdenum
and silicon layers, respectively; and τMo and τSi are the dep-
osition times of Mo and Si layers, respectively.

In order to measure the real deposition rates of compo-
nents, we followed the method described earlier.65 To do
this, we fabricated MXMs consisting of three periodic stacks
differing by the deposition time of each component. In two
sequentially deposited stacks, we changed the deposition
time for only one component while the time for the other
was the same. The difference in periods for adjacent stacks
divided by the difference in times gave the deposition rate of
the given component. The period of each deposited stack was
determined on the base of the full Bragg equation adjusted
for refraction, employing a least-squares method.

It should also be noted that two ML samples were fabri-
cated in each experiment (labeled A and B), which were fixed
on the rotating substrate holder on diametrically opposite
sides. This was made to improve the reliability of the find-
ings. The layered construction of A and B samples is asym-
metric relative to each other in the sense that increasing
deposition time for one of the component (e.g., for Mo)
at the sample A is automatically attended by increasing dep-
osition time for another component (i.e., Si) at the sample B.
Thus, two of three stacks in the sample A contain thinner Mo
layers while there are two stacks of thicker Mo layers in the
sample B, and vice versa that occurs for Si layers.

3.2 Small-angle Measurements at Hard X-rays
(λ ¼ 0.154 nm)

Results on measuring deposition rates for Mo and Si in the
range of sputtering pressures of 1 to 4 mTorr are presented in

Fig. 2. As can be seen, the rates for corresponding compo-
nents of the A and B series are close. The small variations are
mainly connected with a slight difference in geometrical
arrangement during the process of the deposition (magnet-
ron-substrate distance, discharge parameters, etc.) in A
and B positions. Generally, deposition rates for both series
progressively decrease as the pressure increases, which is
related to the decaying glow-discharge potential for each
magnetron. The exception is the region of large pressures:
at ∼3 mTorr, a growth of deposition rates is observed.
This was unexpected since it is not consistent with the
data on the sputtering parameters. It is known that the dep-
osition rate of sputtered matter varies directly with the elec-
tric power consumed by a magnetron.66 However, we
observe only a decay of the power for each magnetron
when the Ar pressure increases. Thus, the apparent
“increase” of deposition rates is a property of the sputtered
ML rather than a result of changing the parameters of the
magnetron glow discharge. We will return to possible
explanations for this effect later.

Now knowing all constituents in Eq. (1), we determine the
expected values of periods (dE) and find the difference (Δd)
between expected and measured (dM) periods, i.e., the ML
contraction. We attribute the differences directly to the inter-
layer interaction in Mo–Si system now and consider other
possible reasons for contraction later. Processed data for
all experiments are combined in Fig. 3. As illustrated, the
contraction with the pressure does not vary monotonically:
at low pressures (1.0 to 1.6 mTorr) it is relatively unaffected
(0.36 to 0.49 nm) and then drops sharply at least by a factor
of 5 down to 0.02 to 0.08 nm at 2.0 to 2.6 mTorr. Such a
decrease in Δd suggests a noticeable decline in intermixing
in the Mo–Si ML system. The pressure at which the decrease
begins is ∼1.8 mTorr, and the contraction approaches its
minimum at ∼2 mTorr. At this pressure, the mean-free
path is comparable to the distance between the magnetron
and the substrate. At 3 mTorr and above the contractions
increase markedly again, and their values eventually exceed
those for low pressures (p < 1.6 mTorr). This effect is
observed for the same pressures as the deviation in deposi-
tion rates (see Fig. 2).

Fig. 1 A schematic view of a magnetron unit illustrating sputter/dep-
osition geometry. The numeral “1” denotes a substrate position where
major portion of each layer is deposited. Numerals “2” denote posi-
tions over the erosion zone, in which the substrate passes coming
up to or going out from the magnetron. The arrow on the top
shows the direction of substrate movement. The dotted arrows
show the travel direction of sputtered particles from the magnetron
target to the substrate.

( )

(
)

Fig. 2 Dependences of Mo and Si deposition rates (squares and
circles) for Mo/Si ML series of A and B versus Ar working gas pres-
sure. Triangles designate deposition rates for Mo extrapolated from
the low pressure rates (p < 2.6 mTorr) with regard to direct proportion-
ality of the deposition rate and the electric power consumed by the
Mo-magnetron.
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We surmise that the contraction growth at p ≥ 3 mTorr
arises as follows. Molybdenum in Mo/Si multilayered sam-
ples can be in two states: crystalline or amorphous.53

Although the transition from amorphous to crystalline states
itself occurs sharply (within ∼0.2 nm38), it is observed in the
range of thicknesses tMo ∼ 2.0 to 2.6 nm given by different
authors.38,43 Total thicknesses of silicide interfaces in Mo
layers differs by 0.3 to 0.7 nm for these states. Thus, the
amorphization of Mo layers produces an increase in period
contraction. Evaluated by the measured deposition rates the
thickness of the thinnest Mo layers in our samples for Ar
pressures of 3 and 4 mTorr is 2.8 to 2.9 nm, that is outside
the limits of the amorphous-crystalline transition. However,
we also made an estimate of Mo deposition rates assuming
that they varied directly with the applied power and found
that the real thickness could be less, taking values of 2.1
to 2.4 nm (triangles in Fig. 2), that are within the amorph-
ization range. Since each sample has ML stacks with two
distinct thicknesses of molybdenum, the visible growth of
Mo deposition rates must be connected with the difference
in the structural states of thin and relatively thick Mo layers
at the boundary of the amorphous-crystal transition. In this
case, the effect of contraction decrease can be distorted.

As stated above, MoSi2 is considered to be the main sil-
icide formed at interfaces during sputter deposi-
tion.35,38,49,50,52 With a formal approach to the description
of the disilicide reaction (Moþ Si → MoSi2) and tabulated
densities of components (ρSi ¼ 2.332 g∕cm3, ρMo ¼
10.218 g∕cm3, ρMoSi2

¼ 6.24 g∕cm3), we calculated volume
ratios of components and the expected contraction (ΔV). A
desired relation is VMoSi2

∕ΔV ¼ 2.68. Assuming that the
reaction of silicide formation takes place normally to inter-
faces, this relation can be rewritten as tMoSi2

¼ 2.68 × Δd.
Because the coefficient connecting the contraction and dis-
ilicide thickness changes only the scale of the pressure
dependence, we just added one more axis in Fig. 3 (on
the right) attributed to the thickness of formed disilicide.

Interlayer thicknesses obtained in this study (Fig. 3) are
slightly thinner than literature values usually taken by the
TEM method. On the one hand, small tilt of the samples
in the TEM column and interfacial roughness may be respon-
sible for larger values of the interface thickness. On the other
hand, the density of formed silicide can be different from the
tabulated one that is observed for thin films,67,68 therefore
actual silicide thickness may be larger.

At low pressures (<1.8 mTorr), where sputtered atoms do
not strike neutral Ar atoms on the way to the substrate, the
deposition of Mo atoms onto the substrate moving directly
over the erosion zone (position 2 on the right of Fig. 1) may
give rise to intermixing. According to TRIM-2008,69 at a
normal incidence the Mo atoms can penetrate deeper into
a-Si and silicide subsurfaces, namely, ∼1.3 and ∼0.8 nm,
respectively. These values are twice as large as the respective
penetrations for the substrate located over the magnetron
center (position 1 in Fig. 1) where Mo atoms are deposited
at angles of ∼45 deg. The largest thickness of the Mo layer
deposited on the way to the magnetron is estimated to be
∼0.08 nm and depends on the Ar pressure. Such a prelimi-
nary deposited Mo layer together with 0.17 to 0.20 nm
deposited directly over the erosion zone (position 2 on the
right of Fig. 1) may bring about the formation of a disilicide
layer ∼0.7-nm thick to a depth of ∼1 nm. Interaction of
molybdenum deposited over the magnetron center with an
Si layer (position 1 in Fig. 1) completes the creation of
the intermixed zones at low Ar pressures. Although the effec-
tive thickness of the Mo layer deposited on the moving sub-
strate decreases with Ar pressure as Mo deposition rate also
decreases, that cannot be the main reason for the drastic
period contraction at ∼2 mTorr, since the reductions of
the Mo layer thickness and the corresponding silicide inter-
layer thickness should be at most ∼0.1 and ∼0.3 nm, respec-
tively, for the whole studied pressure range. That is,
considerably less than the observed decrease of the interlayer
thickness (at least 0.8 nm, see Fig. 3, right axis).

Therefore, experimental evidence and rough estimation
suggest that a considerable part of the silicide zone may
be formed as the substrate moves around and the Mo
atoms striking the substrate surface normally (position 2
in Fig. 1) make the main contribution.

3.3 X-ray Fluorescent Analysis

To make sure that our previous arguments concerning dep-
osition rates were reasonable, we measured the intensities of
the Mo Kα line in the samples of the A series with the x-ray
wavelength dispersive spectrometer (SPRUT). The line was
excited with an x-ray tube with an Ag anode. For calibration
purposes, we used an etalon line of Br Kα from a thin fiber-
glass plastic plate used as a window and a sample stage
simultaneously. All the measured data were divided by
the corresponding Br Kα intensity taken in each measuring
run and normalized by the maximal value. The results are
shown in Fig. 4. We can see that for the whole range of
Ar pressures the signal intensity only decreases. Though
the given intensities are not a direct measure of the Mo
atom quantity of the corresponding sample, the general ten-
dency of the deposition rate decaying is still clearly visible.

3.4 Phase Composition of Mo/Si MXMs

Since the nonmonotonic decay of the deposition rate with an
increase in Ar pressure may be associated with the amor-
phous-crystalline transition for Mo layers, we also analyzed
the structural state of the Mo in all the samples. The exami-
nation of large-angle diffraction curves revealed that the Mo
layers are crystalline (Fig. 5). Any reflections corresponding
to silicon or silicide interlayers, that suggest their crystalline
structure with the exception of a wide halo at 2θ ∼ 28 deg,
are absent. Diffraction patterns for samples of A and B series

(
)

d

(             )

(
)

Fig. 3 The dependence of period contraction (left axis) and total dis-
ilicide interlayer thickness (right axis) for Mo/Si MLs versus Ar
pressure.
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except for those made at 4 mTorr are almost identical to each
other. That is a fair indication that at least within the pressure
range of 1.0 to 2.6 mTorr where the pronounced drop in the
contraction is observed (Fig. 3), there are no changes in the
structural state of Mo layers.

Also present in the diffraction patterns is a sequential shift
in the position of bcc Mo(1 1 0) peaks from 2θ ∼ 40.5 deg
(1 mTorr) to ∼40.2 deg (4 mTorr), i.e., interplanar spacings
for Mo(1 1 0) grow with pressure. Thick molybdenum single
layers (tMo > 50 nm) deposited by magnetron sputtering at
low Ar pressures (≤1 mTorr) are described70 to have com-
pressive stress. When the pressure increases, the transition
from compressive to tensile stresses occurs around 2 mTorr.
Such transition must be accompanied by decreasing the
interplanar spacing for the atomic planes being parallel or
at a small angle to the film plane at the expense of a lateral
contraction. All that should be followed by the correspond-
ing shift of diffraction peaks to larger angles. We have also
made a measurement of stresses in Mo layers of ML samples
by the sin2 Ψ method to reveal that for the full range of Ar
pressures Mo crystallites are under tensile stress with little
change of the stress rate near 0.5 MPa. As we can see the
opposite situation occurs in the diffraction patterns. So,
the observed shift of peak position is not associated with
stresses.

In our earlier study on MXMs with a-Mo (tMo < 2 nm)
we found that the angular position of the most intense
peak, associated with Mo, shifted from 2θ ∼ 43 deg down
to 2θ ∼ 40 deg when Mo thickness grew from ∼0.3 up to
∼2 nm. Assuming that up to tMo ∼ 0.6 nm Mo is in a
bound state and after that a layer of a-Mo should appear,
we subtracted the 0.9-nm Mo diffraction curve from that
with tMo ∼ 1.9 nm to get a diffraction curve characteristic
for the pure amorphous molybdenum layers. The derived
peak was located at 2θ ∼ 39.9 deg while the tabulated posi-
tion of Mo(1 1 0) must be at 40.49 deg with CuKα radiation.
Therefore, we believe that the observed displacement of the
angle position for Mo(1 1 0) by ∼0.3 deg with an increasing
pressure implies a tendency toward amorphization of Mo
layers deposited at elevated pressures (p ≥ 3 mTorr).

In addition to this finding a noticeable deterioration of the
structural perfection of Mo crystals occurs at 4 mTorr: the
full width at half maximum of Mo(1 1 0) is almost doubled,
a noticeable decrease of its intensity compared to that for the
1-mTorr sample, a disproportionate lowering of intensities

for other diffraction peaks (Fig. 5). For the samples of the
A and B series with predominantly thin and thick Mo layers,
respectively, the intensities of the Mo(1 1 0) peaks differ by a
factor of ∼2. All these data point to the possibility of existing
a-Mo in thin layers of the samples deposited at 3 and
4 mTorr.

Thus, the amorphization of thin Mo films may bring about
the overestimation of deposition rates for components at the
boundary of the amorphous-crystalline transition for Mo
layers deposited at Ar pressures of p ≥ 3 mTorr.

3.5 Transmission Electron Microscopy Study

Separately for cross sectional TEM study, we prepared ML
samples on silicon wafers at Ar pressures of 1.4, 2, and
4 mTorr and their periods were 15 to 16 nm. Such relatively
large periods were chosen to avoid an appearance of a-Mo
layers and to study MXMs with c-Mo layers only. In addi-
tion, in such samples the intermixed interlayers between
amorphous silicon and crystalline molybdenum layers are
easily revealed.

In cross sectional TEM images (Figs. 6 and 7) the crys-
talline grains are observed within the Mo containing layers at
the expense of diffraction contrast. The grains are single
block and their height conforms to the c-Mo layer thickness.
Their dimensions sideward are many times longer and reach
∼30 nm. According to the selected area electron diffraction
patterns (not shown) the Mo-grains are textured for all sam-
ples. The texture axis [1 1 0] is perpendicular to the layers.
Silicon layers are amorphous and separated from c-Mo
layers by amorphous interlayers. They are well revealed
owing to a phase contrast appearing when the objective
lens is slightly defocused (∼20 nm).

( )

(
   

)
I

Fig. 4 Intensities of Mo Kα fluorescent line for Mo/Si ML samples
deposited at different Ar pressures.

(
   

 )

Fig. 5 Large-angle diffraction curves for Mo/Si MXMs demonstrating
changes in Mo layer structure as a function of working gas pressure.
Curves are shifted apart for convenience.

Fig. 6 Cross-sectional TEM image of Mo/Si multilayer x-ray mirror
(MXM) deposited at 1.4 mTorr. The ML period is ∼14.8 nm. The sub-
strate is below.
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An interlayer width at Mo-on-Si interfaces for the sample
deposited at 1.4 mTorr (Fig. 6) is 1.2 to 1.4 nm. At adjacent
interfaces (Si-on-Mo ones) the interlayers are thinner: 0.7 to
0.8 nm. The rise of the Ar pressure to 2 mTorr does not
involve any substantial changes in the structure. A 0.2-nm
reduction of the interlayer widths was noted but this value
is comparable with the microscope resolution. Slight
increase of the interface roughness could be seen at this pres-
sure. Further growth of the pressure until 4 mTorr (Fig. 7) is
accompanied by an appreciable development of the interface
roughness rising from the substrate to the surface and a
deterioration of the axial texture perfection. Meanwhile,
the visible thickness of interlayers at the bottomMo interface
decreases down to ∼1 nm.

Figure 8 shows typical values of total silicide thickness
(circles) of adjacent interlayers taken from TEM cross-sec-
tions. Interlayer thicknesses (squares) derived from small-
angle x-ray measurements (Sec. 3.2) assuming their disili-
cide character are also added for comparison. As one can
observe in Fig. 8, there is virtually no correlation between
TEM and x-ray data. In general, they differ considerably,
especially within the pressure range of 2 to 2.6 mTorr
where the difference may approach 1 order of magnitude.
The measurements of interlayer widths agree only for sam-
ples deposited at the Ar pressure of 3 mTorr and above.
Although TEM measurements may give overestimates, the
discrepancy is apparent and, on the whole, x-ray data are
inferior to TEM data.

3.6 Probe Potential Measurement

Since the substrate is close to the magnetrons, a potential can
be induced on its surface when subjected to the magnetron
plasma. This can interfere with the interlayer formation proc-
ess. So, we made a probe measurement of the potential with a

cylinder Langmuir probe. The probe comprises a tungsten
wire ∼0.2-mm thick placed within a ceramic tube.

We did not find any measurable potential over the mag-
netron centers (at ∼30 mm) in the whole range of Ar pres-
sures. However, some plasma glow far from the target visible
through the vacuum chamber window in the absence of the
substrate necessitated more detailed probe measurements
over the whole magnetron surface.

Figure 9 shows results of such a probe test over the Si and
Mo targets at pAr ¼ 1.2 mTorr. It is seen that within the
magnetron center (−20 < r < 20 mm) of both magnetrons
a floating potential is negligible. This area corresponds to
the substrate position where the major portion of the matter
is deposited (position 1 in Fig. 1). Here, we can also see that
outside the central region the variation of the floating poten-
tial is more pronounced. For example, for Si (circles in
Fig. 9) it varies from 0 down to −13.8 V in the region
denoted by the numerals “2” (Fig. 1). Peak positions
make it possible to determine the diameter of plasma
rings, ∼77 mm for Si and ∼72.5 mm for Mo. The shapes
of the potential curves for Mo and Si magnetrons are similar
but on a reduced scale for Mo (around a third). We also
investigated the sputtered targets directly. The width of sput-
tered zones is ∼1 cm. Erosion is nonuniform within the zone,
and the diameter of the deepest part is ∼67 mm. We inserted
these measurements in Fig. 9 represented schematically at
the bottom of the figure as a gray target section. The diam-
eters of the plasma rings are larger than the erosion zones by
∼10 mm for Si and ∼5.5 mm for Mo targets, i.e., broadening
of plasma rings is observed over both targets. This phenome-
non is associated with an asymmetry of magnetic lines from
the magnetron magnetic poles implying an expansion of the
plasma rings in the area of probe measurements.

These pronounced potentials vary with the Ar pressure.
Their variations are presented in Fig. 10 for the positions
of maximal potential values of each magnetrons. For the
Si magnetron, the floating potential drops from −17 to
−13 V over the pressures of 1 to 1.3 mTorr and then actually
it does not change. For the Mo magnetron, the variation is
more complex: the floating potential grows from −2.5 up to
−4.2 V (1 to 1.2 mTorr), then drops down to −2V (1.3 to
2.2 mTorr) and then gradually recedes almost to 0.

The observed maximum potentials are less than the sput-
ter threshold energies for both components (ESi

th ∼ 43.2 and
EMo
th ∼ 38.7 eV∕atom according to Ref. 71) even if we use

rough estimates of the requisite energies expressed as Eth ∼
4EB (18.7 and 27.5 eV∕atom for Si and Mo, respectively72).

Fig. 7 Cross-sectional TEM image of Mo/Si MXM deposited at
4 mTorr. The ML period is ∼16.4 nm. The substrate is below.

Fig. 8 Interlayer silicide thickness (circles) taken by cross-sectional
TEM method versus Ar pressure. X-ray data (squares) estimated
on the assumption of disilicide character of interlayers are added
for comparison.

Fig. 9 Results of probe measurements over the silicon (circles) and
the molybdenum (triangles) magnetrons at Ar pressure of 1.2 mTorr.
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So we cannot expect any re-sputtering of Si and Mo layers
during the deposition process from this effect.

It is also known that a deposited film can be re-sputtered
by the noble gas neutrals reflected from the target.73

However, the magnetron potentials are practically unaffected
by the Ar pressure (changes <6%) with no noticeable fea-
tures in the range of 1.4 to 2 mTorr.

The shortest distance between the erosion zone and the
substrate is ∼30 mm, which corresponds to the mean-free
path at an Ar pressure of ∼1.75 mTorr, i.e., the pressure
of drastic decrease in the contraction (Fig. 3). Tangible
decrease of floating potential begins at 1.1 mTorr for Si
and at 1.4 mTorr for Mo (Fig. 10), i.e., at pressures appreci-
ably <2 mTorr. Thus, the impact of the floating potential at
the substrate on the interlayer formation is negligible.

These considerations suggest that the magnetron plasma
has a little effect on the ML contraction at ∼2 mTorr (Fig. 3).
So, it again justifies the use of the volume contraction (see
Sec. 3.2) as a measure of interface intermixing in the Mo–Si
ML system.

3.7 Extreme Ultraviolet Measurements

We measured the EUV reflectivity of single period Mo/Si
MXMs (d ∼ 7 nm) prepared at Ar pressures ranging from
1.4 up to 2.6 mTorr. That pressure range includes the critical
point (∼2 mTorr) with the key feature in the period contrac-
tion (Sec. 3.2). MXM characteristics and results of measure-
ments are tabulated in Table 1 and depicted in Fig. 11. It is
seen from the table that reflectivities in the hard x-ray and
EUV ranges are not correlated.

The pressure dependence of the EUV reflectivity is a non-
monotonic function (Fig. 11). There is a maximum around
2.2 mTorr. Reflectivity growth at low pressures (1.4 <
p < 2.2 mTorr) implies that the refractive index gradient
at the Mo–Si interfaces increases, i.e., the degree of silicide
formation at the interfaces diminishes. Above 2.4 mTorr, the
reflectivity goes down. Such reduction must be concerned
with the development of interface roughness at higher pres-
sure. This is demonstrated in the TEM results of this study
(see Sec. 3.5) and in studies of other authors.57,74 The exist-
ence of a maximum reflectivity demonstrates that there is a
trade-off between rise of optical contrast and roughness
development.

4 Discussion
As was shown in Sec. 3.5, there is a weak tendency for the
interlayer thickness to decrease as the pressure grows, in
spite of the fact that the estimated contractions demonstrate
their significant reduction (see Sec. 3.2). The total thickness
of the MoSi2 interlayers, according to our estimates, is no
more than 0.21 nm at intermediate pressures (1.8 < p <
3.0 mTorr). At the same time, the interlayers for Mo-on-
Si interfaces in the TEM images are at least 1-nm thick,
i.e., about five times larger. One possible explanation of
this contradiction is a modification of the interface compo-
sition with the pressure variation.

There are experimental data for e-beam MLs demonstrat-
ing formation of interlayers with a composition of Mo-
enriched silicides,75 e.g., Mo5Si3

39,55 and Mo3Si.
55 It was

also shown that the interlayer composition is changed
from Mo5Si3 to MoSi2 depending on the energy of Krþ
ions used for smoothing Si layer surfaces.40 The energy
of atoms deposited from the thermal sources is low (0.1
to 0.2 eV). Thus, the formation of lower silicides could
be expected for such deposition methods. However, it was
shown by Maury et al.76 that in sputter-deposited Mo/Si
MXM (the energy of Mo atoms is at least one order of mag-
nitude higher compared to that for thermal evaporation), the
Mo5Si3 silicide is formed at Mo-on-Si interfaces. From the
data reported in the literature, it is possible to discern for

( )

Fig. 10 Maximal floating potentials measured with the probe sepa-
rated from Si and Mo magnetron surfaces by the distance of ∼30 mm.

Table 1 Parameters of Mo/Si multilayer x-ray mirrors and results of
measuring the reflectivities in EUV ranges at near normal incidence
(θ ¼ 85 deg).

No.
pAr

(mTorr)
d

(nm)
R1 (%)

(0.154 nm)

R (%)
(normal

incidence)
λ

(nm)
Δλ
(nm)

1 1.4 6.87 73.6 54.6 13.4 0.51

2 1.8 6.91 72.0 59.9 13.4 0.51

3 2.0 6.95 72.6 61.3 13.5 0.52

4 2.6 6.84 71.1 59.9 13.3 0.49

( )

)
(

Fig. 11 Extreme ultraviolet (λ ¼ 13.2 to 13.6 nm) normal incident
reflectivity of Mo/Si MXMs versus the Ar pressure. The dependence
of ML period contraction is added for convenience. Connecting lines
are just guides for the eyes.
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Si-enriched silicides to appear as the energy released at inter-
faces increases. This is also confirmed in growing of amor-
phous interlayers with a composition of MoSix (x ∼ 3.9) in
the presence of irradiating Mo/Si MXMs with Arþ ions hav-
ing the energy of ∼180 keV.77

Having made the estimations of Sec. 3.2, we found that
volume ratios between a silicide and the corresponding
contraction came to VMo5Si3

∕ΔV ∼ 4.8 for Mo5Si3
(ρMo5Si3

¼ 8.24 g∕cm3) and to VMo3Si
∕ΔV ∼ 7.1 for

Mo3Si (ρMo3Si
¼ 8.97 g∕cm3). Then minimal contraction

of 0.07 to 0.21 nm (Fig. 3) must give rise to Mo5Si3
0.34- to 1.01-nm thick or Mo3Si 0.5- to 1.49-nm thick.
We correlated our estimations with the TEM data
(Sec. 3.4) and concluded that one of the interfaces in Mo/
Si MXMs deposited at Ar pressures p ≥ 2 mTorr has a com-
position close to Mo5Si3 or silicide mixture of Mo5Si3
and Mo3Si.

It should be noted that in an MXM performance simula-
tion the replacement of one silicide by another in the inter-
layer composition increases the estimated ML reflectivity by
∼2.7% only against experimentally observed 6.7%, even if
we take marginal silicides (i.e.,MoSi2 andMo3Si). Now, we
have no appropriate explanation for this fact, although some
attendant processes may double the estimated value, among
which are thinning the silicide interlayers, lowering Ar con-
tent in Si layers, reducing the number of dissolved Si atoms
in c-Mo layers, etc.

5 Conclusions
It is experimentally shown that a reduction in the period con-
traction and amorphous interlayer thickness in Mo/Si MXMs
deposited by the magnetron sputtering is observed when Ar
pressure increases from 1 to 4 mTorr. The critical pressure
giving the maximal drop in the period contraction
(∼2 mTorr) correlates with the pressure at which the
mean-free path for the atoms in the Ar working gas is com-
parable with the shortest distance between the magnetron and
the substrate. The contraction is a result of a change in the
interlayer composition fromMoSi2 toMo5Si3 or the mixture
ofMo5Si3 andMo3Si. The composition change and thinning
of the interlayer thickness is connected with the decreasing
energy of atoms deposited onto the growing surface at the
expense of collisions with working gas atoms and a transfer
to them of an excessive energy.

The interlayer composition changeover is attended by the
growth of Mo/Si MXM reflectivity in the EUV region
by 6.7%.

A new study is now in progress to optimize the construc-
tion of Mo/Si MXMs and the deposition technology.
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