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ABSTRACT The influence of a negative substrate-applied bias
potential on the structure of periodic Mo/Si multilayer compo-
sitions has been investigated by means of cross-sectional elec-
tron microscopy, small-angle X-ray reflectivity, X-ray diffrac-
tion and by modeling the small-angle spectra. It is known that
the crystalline structure of molybdenum layers is the main
source of interface roughness. In the absence of a bias poten-
tial application, the interface roughness tends to develop from
the substrate towards the surface of a Mo/Si multilayer com-
position. A negative bias potential (up to −200 V) applied to
a substrate during silicon layer deposition leads to smoother
interfaces and improves the layer morphology. After increas-
ing the bias potential over −200 V a considerable growth of
an amorphous interlayer transition zone can be observed at
Si-on-Mo interfaces. By raising the bias potential during the de-
position of Mo layers a development of roughness at Mo-on-Si
interfaces as well as growing interlayer thicknesses were found.

PACS 61.10.Kw; 68.37.-d; 68.65.Ac

1 Introduction

Periodic multilayer structures are artificially pro-
duced crystals. They are frequently applied in soft X-ray op-
tics as dispersion and focusing components, and are known
as X-ray multilayer mirrors (XMMs). Optical properties of
XMMs, such as reflectivity and wavelength selectivity, are
determined by the structure of multilayer compositions. This
includes fluctuation of layer thicknesses along the multilayer
stack, interface roughnesses and the existence of amorphous
interlayer transition zones (ITZs). The structure of multilayer
compositions is defined by their technological parameters.
The substrate temperature and the substrate-applied bias volt-
age are two main technological parameters that are responsi-
ble for the mobility of adsorbed atoms and, therefore, deter-
mine the conditions of the thin film growth process. The effect
of the substrate temperature on structure of electron-beam-
evaporated Mo/Si multilayers was studied in [1]. Recently,
the synthesis of highly precise XMMs was commonly realized
by magnetron sputtering. The basic parameter of magnetron
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sputtering is the energy of arriving particles at the substrate. In
addition to the sputtered target atoms, neutral inert gas atoms
impinge on the growing surface. These neutral sputter atoms
arise from collisions between sputter gas and sputtering tar-
get. By using a negative substrate bias potential, the growing
surface is exposed to a bombardment of sputter gas ions ex-
tracted from the plasma of the magnetron discharge. The sput-
tered target atoms have energies of a few eV [2, 3]. The energy
of reflected sputter neutrals is characterized by the voltage of
the magnetron source and critically depends on the correlation
of the masses of sputter gas and target atoms. Generally, neu-
tral sputter atoms are not reflected from targets with an atomic
number smaller than that of the inert sputter gas. The energy
of ions extracted from the plasma is determined by the plasma
potential and substrate bias voltages. Final energies of par-
ticles arriving on the substrate strongly depend on the product
of sputtering gas pressure (P) and target–substrate distance
(D) [4]. Accelerated particles arriving on the growing surface
can lead to undesirable effects such as ionic mixing and the
expansion of interfaces. Such processes are specifically objec-
tionable during the fabrication of multilayers with ultra-thin
layers, e.g. X-ray multilayer mirrors operating in the water
window wavelength range (2.4 nm < λ < 4.4 nm). The max-
imum period of such multilayer mirrors designed at the nor-
mal incidence is ∼ 2.2 nm and thicknesses of single layers are
∼ 1.0 nm. Variable ion energies and fluxes on the substrate
enable us to optimize the surface mobility of arriving atoms
and deposit high-performance XMMs with minimum inter-
face roughness and ionic mixing [5]. Zhou and Wadley [2]
expressed the idea of interface engineering. The essence of
the idea is to form the first atomic layer on the interface under
low energy ion bombardment in order to prevent ion mix-
ing of components at the interface. After the formation of
the first atomic layer an increase of ion energy is possible.
This idea was successfully realized by deposition of highly
reflective Ni/V multilayer mirrors operated at the energy of
511 eV near normal incidence [6]. The effect of bias poten-
tial on the structure of Mo/Si multilayers, deposited under
high pressure (P = 1.33 Pa), was studied in [7]. In this work,
we represent results of studying the structure of Mo/Si mul-
tilayers deposited with bias potential application at a com-
paratively higher vacuum level (P = 0.266 Pa). Such vacuum
conditions avoid the possibility of thermalization of sputtered
particles, as well as Ar neutrals reflected from a sputtered sur-
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face and Ar+ ions extracted from the magnetron discharge
plasma.

2 Experiment

The Mo/Si multilayer compositions, with periods
(6.1 nm < H < 7.5 nm) and a quantity of binary layers (N =
40), were deposited on the Si(100) substrates at room tem-
perature by direct current magnetron sputtering. The experi-
ment was implemented by using an industrial MRC-903M de-
position system [8]. The thicknesses of Mo and Si layers have
been controlled by values of power applied to magnetrons and
deposition times. The initial pressure in the vacuum chamber
was 2 ×10−5 Pa, whereas the argon sputter gas pressure was
0.266 Pa. The substrate–target distance was about 50 mm. Sil-
icon substrates were mechanically fixed to a substrate holder,
which is fed by a bias potential (Ubias) of negative-polarity
voltage. In this investigation the deposition of molybdenum
and silicon layers was accompanied by the variation of a sub-
strate bias potential (Ubias) from zero to −300 V. Ion-current
densities of particles (that bombarded the upgrowing film sur-
face) were about 0.3 mA/cm2, being mostly independent of
the bias potential. The structure of XMMs was investigated by
methods of cross-sectional transmission electron microscopy
(TEM) and small-angle X-ray reflectivity (SAXR) in combi-
nation with modeling the small-angle X-ray spectra (SAXS)
and large-angle X-ray diffraction (XRD).

For the preparation of TEM specimens a standard proced-
ure of consecutive stages of mechanical and ionic thinning
was used. TEM investigations were performed by means of
a PEM-U-type transmission electron microscope (SELMI,
Ukraine) operating at 100 keV with a minimum line resolution
of 0.2 nm.

Multilayer period, thickness and density of each layer, as
well as interlayer roughness, were determined by modeling
the SAXR spectra [9, 10]. The SAXR spectra were obtained
under monochromatic Cu Kα1 irradiation (λ = 0.154051 nm),
by means of a DRON-3M X-ray diffractometer (Bourevest-
nik, Russia). The monochromatization of radiation was real-
ized by the reflections from (220) planes of a monocrystalline
silicon crystal placed in front of a sample.

Measurements of Mo(110) reflections were carried out
with the DRON-3M diffractometer with monochromatic
Cu Kα irradiation, using a graphite-crystal monochromator
mounted in front of the detector.

3 Results

Deposition conditions and some optical character-
istics of the samples are listed in Table 1. When processing the
first batch of samples (#1–#5), the bias potential was applied
only to the substrates during the deposition of Si layers. While
depositing Mo layers, the bias potential was not applied to the
substrates at all.

Interface roughnesses inside the multilayer stack can be
judged by the number of diffraction peaks (i.e. harmonics)
in the SAXR spectra. As is shown in Table 1, the higher the
negative bias potential, the more diffraction peak harmonics
appear in the SAXR spectra and the reflectivity increases.
However, sample #5 (obtained under maximum bias potential

Sample Ubias(Si)/ Multilayer Number of Reflectivity
Ubias(Mo), period diffraction I1/I0,

V/V (H ), nm peaks (N) %

#1 0/0 6.631 5 32
#2 –50/0 6.578 6 61
#3 –100/0 6.715 9 70
#4 –200/0 6.779 10 71
#5 –300/0 7.442 11 67
#6 –100/–40 6.631 9 73
#7 –100/–100 6.928 8 58
#8 –100/–100 6.120 9 74
#9 –100/–200 6.616 7 55
#10 0/–300 7.485 8 70

TABLE 1 Deposition conditions and small-angle X-ray spectra data from
investigated samples

Ubias(Si) = −300 V) exhibits a lower reflectivity than the rel-
evant value obtained from sample #4, deposited at Ubias(Si) =
−200 V.

In fact, the planar morphology of multilayer structures
can be refined by increasing the bias potential during depo-
sition of Si layers. This is confirmed by direct TEM analysis
data. A cross-sectional TEM image of sample #1, deposited at
Ubias(Si) = 0 V, is shown in Fig. 1. Layers of silicon (which is
the lower-weight component of Mo/Si compositions) are ho-
mogeneous and demonstrate a phase contrast typical for all
amorphous substances. However, Mo layers exhibit distinc-
tive crystalline grains, revealed due to a diffraction-contrast
phenomenon. Layers of crystalline molybdenum are sepa-
rated from the amorphous Si layers by amorphous interlayer
transition zones (ITZs). The existence of asymmetric ITZs in
multilayer Mo/Si compositions has been confirmed by many
authors [11–16]. The TEM image in Fig. 1 shows a clear
view of a column-like structure developing from the sub-
strate up to the top of the multilayer stack. This is a result
of interface-roughness evolution, caused by the kinetically
limited mobility of adsorbed atoms. The crystalline structure
of Mo layers was investigated by X-ray diffractometry in sym-
metrical (Ψ = 0◦) and asymmetrical (Ψ = 12◦) geometries.
The parameter Ψ indicates an angle of tilt between reflecting
planes and a sample surface. It has to be noted that a peak
intensity of Mo(110) reflection in the case of asymmetrical
geometry (Fig. 2) is twice as high as that in the symmetri-
cal one

(
IΨ=12◦
(110) /IΨ=0◦

(110) = 2
)
, which can be interpreted as an

imperfection of axial texture (due to the columnar growth),
and an increase of the reflected volume at inclined exposure
conditions.

FIGURE 1 Cross-sectional TEM image of sample #1 with no bias potential
application. The Si substrate (not shown) is situated below
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FIGURE 2 Mo(110) diffraction peaks in symmetric (Ψ = 0◦, (1)) and
asymmetric (Ψ = 12◦, (2)) geometry for sample #1

FIGURE 3 Cross-sectional TEM image of sample #3 with substrate bias
potentials Ubias(Si) = −100 V and Ubias(Mo) = 0 V during deposition of Si and
Mo layers. The Si substrate (not shown) is situated below

The greater the bias potential Ubias(Si) during sputtering
of Si layers, the higher the mobility of adsorbed silicon
atoms, accompanied by a considerable improvement of the
layers’ planarity and a perfection of axial texture of Mo layers
(Fig. 3). For example, sample #3, deposited at Ubias(Si) =
−100 V, has a peak intensity ratio

(
IΨ=12◦
(110) /IΨ=0◦

(110)

)
of about

0.7 (Fig. 4).
The thicknesses of pure molybdenum and silicon layers

as well as interlayer transition zones were measured directly

FIGURE 4 Mo(110) diffraction peaks in symmetric (Ψ = 0◦, (1)) and
asymmetric (Ψ = 12◦, (2)) geometry for sample #3

Sample tSi-on-Mo, tMo, tMo-on-Si, tSi,
nm nm nm nm

#1 – – – –
#2 0.7 2.1 1.2 2.7
#3 0.8 2.1 1.3 2.6
#4 0.9 2.0 1.3 2.6
#5 1.8 2.0 1.2 2.5
#6 0.8 1.8 1.2 2.7
#7 – – – –
#8 3.5 2.7
#9 0.9 1.7 1.6 2.5
#10 4.7 2.8

TABLE 2 Data on layer thickness measured from cross-sectional TEM
images. Since Mo layers in samples #8 and #10 are thin and amorphous, this
table represents only the total thickness of the layers comprising the molyb-
denum atoms. Due to enormous roughness, it was problematical to determine
sample #1 layers’ thicknesses. Sample #7 was not subjected to investigations
by the method of electron microscopy

from the TEM images and are presented in Table 2. With an
increase of Ubias(Si) from zero to −200 V during Si-layer de-
position, the ITZ thickness at a Si-on-Mo interface slightly in-
creases (by about 0.2 nm) up to tSi-on-Mo = 0.9 nm for sample
#4. However, with an elevation of Ubias(Si) up to −300 V, an
enhancing growth of the ITZ at the Si-on-Mo interface occurs.
Considering sample #5, coated at Ubias(Si) = −300 V (Fig. 5),
the ITZ thickness tSi-on-Mo approaches 1.8 nm, which is two
times larger than that of sample #4, sputtered at Ubias(Si) =
−200 V. Thicknesses of other ITZs at the Mo-on-Si interface
remain almost unchanged and equal 1.2–1.3 nm.

Residual samples (#6–#10), demonstrated in Table 1,
were produced with varied bias potentials during deposi-
tion of molybdenum layers (Ubias(Mo)). The values of the
bias potential during deposition of Si layers were fixed at
Ubias(Si) = −100 V for samples #6–#9 and Ubias(Si) = 0 V for
sample #10. It was found that with an increase in bias voltage
Ubias(Mo) from −40 V to −200 V (samples #6 and #9, respec-
tively), the number of diffraction peaks and peak reflectivity
in SAXR spectra reduce from nine to seven and from 73%
to 55%, respectively. The optical degradation phenomenon
was only observed for Mo/Si multilayer structures possess-
ing crystalline molybdenum layers. Thus, crystalline layers of
molybdenum exist in samples #6, #7 and #9, whereas samples
#8 and #10 are featured by amorphous and very thin molybde-
num layers.

In the case of amorphous molybdenum layers (samples #8
and #10), both the number of SAXR peaks and the reflectivity
are retained without considerable changes. For instance, sam-
ples #7 and #8 sputtered under similar deposition conditions
(Ubias(Si) = Ubias(Mo) = −100 V) only differ in their multilayer

FIGURE 5 Cross-sectional TEM image of sample #5 with bias poten-
tials Ubias(Si) = −300 V and Ubias(Mo) = 0 V during deposition of Si and Mo
layers. The Si substrate (not shown) is situated below
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FIGURE 6 Cross-sectional TEM image of sample #9 with the sub-
strate bias potential Ubias(Si) = −100 V during deposition of Si layers and
Ubias(Mo) = −200 V during deposition of Mo layers. The Si substrate (not
shown) is situated below

FIGURE 7 Cross-sectional TEM image of sample #10 with the substrate
bias potential Ubias(Si) = 0 V during deposition of Si layers and Ubias(Mo) =
−300 V during deposition of Mo layers. The Si substrate (not shown) is
situated below

periods (H = 6.93 nm and H = 6.12 nm, respectively) and,
hence, by nominal thickness and crystallinity of molybdenum
layers. Despite its somewhat smaller period compared to sam-
ple #7, SAXR characteristics of sample #8 reveal nine peak
harmonics, along with comparably notable reflectivity (74%)
as well. This is evidence of low interface roughness. How-
ever, sample #7, which possesses crystalline structures within
molybdenum layers, has displayed a degradation of its optical
properties. It was shown [17] that a crystallization of amorph-
ous molybdenum layers results in the roughness development
at the Si-on-Mo interfaces.

Elevation of Ubias(Mo) up to −200 V during Mo deposi-
tion (sample #9) results in growing (by about 0.6 nm) ITZs
at Mo-on-Si interfaces (see Fig. 6). Yet, intensive growth of
ITZs occurs after an elevation of Ubias(Mo) up to −300 V, due
to enhanced ion-mixing processes. Thus, regarding sample
#10 (Fig. 7), the remaining pure molybdenum is very thin
and shows an amorphous structure, which does not reveal it-
self in the layers comprising the molybdenum atoms. It is
worth noting that an increase of Ubias(Mo) over −100 V leads
to a significant growth of interlayer roughness at the Mo-on-Si
interface (Figs. 6 and 7), while the Si-on-Mo interface on the
other hand remains quite smooth.

To close these commentaries, the SAXR spectrum mod-
eling is a complementary tool to the direct method of cross-
sectional TEM. Calculated and experimental SAXR spectra
of sample #3 are represented in Fig. 8, whereas results of
SAXR spectra modeling for all investigated samples (except
sample #1) are summarized in Table 3. As can be seen from
Fig. 1, efforts to model sample #1 were not quite simple,
because the interlayer roughnesses fluctuate along the multi-
layer stack and tend to grow from the substrate towards the

Sample Multilayer Layers
parameters Si-on-Mo Mo Mo-on-Si Si

#1 t, nm – – – –
σ , nm – – – –

ρ, g/cm3 – – – –
#2 t, nm 0.79 2.14 1.10 2.54

σ , nm 0.45 0.45 0.61 0.46
ρ, g/cm3 5.2 9.2 5.6 2.33

#3 t, nm 0.81 1.85 1.14 2.92
σ , nm 0.40 0.47 0.45 0.27

ρ, g/cm3 5.2 9.2 5.6 2.33
#4 t, nm 1.0 1.90 1.30 2.60

σ,nm 0.27 0.47 0.40 0.34
ρ, g/cm3 5.4 9.4 5.6 2.33

#5 t, nm 1.70 2.05 1.12 2.58
σ , nm 0.36 0.33 0.39 0.26

ρ, g/cm3 5.0 9.2 5.6 2.33
#6 t, nm 0.81 1.80 1.24 2.77

σ , nm 0.38 0.43 0.46 0.27
ρ, g/cm3 5.2 9.2 5.7 2.33

#7 t, nm 0.90 1.95 1.60 2.50
σ , nm 0.35 0.35 0.50 0.34

ρ, g/cm3 5.2 9.2 5.6 2.33
#8 t, nm 1.17 0.28 1.5 3.18

σ , nm 0.3 0.35 0.40 0.20
ρ, g/cm3 5.6 9.5 5.6 2.33

#9 t, nm 0.90 1.64 1.60 2.49
σ , nm 0.64 0.70 0.75 0.36

ρ, g/cm3 5.2 9.2 5.7 2.33
#10 t, nm 1.30 0.70 2.90 2.60

σ , nm 0.39 0.50 0.70 0.42
ρ, g/cm3 5.2 9.2 5.6 2.33

TABLE 3 Multilayer parameters obtained from modeling the small-angle
X-ray spectra

sample surface. As shown in Table 3, the values of layer thick-
nesses, determined by SAXR spectra modeling techniques,
are similar to those measured directly from TEM images. By
the way, values of interlayer roughnesses correlate well with
the number of diffraction peaks presented in the SAXR spec-
tra. As demonstrated in Table 4 for samples #2–#5, the higher
the negative bias potential at deposition of Si layers, the lower
the average value of interlayer roughness σ (as determined
from SAXR spectra modeling data). By contrast, the inter-
layer roughness grows along with an increase of bias potential

FIGURE 8 Calculated (1) and experimental (2) small-angle X-ray spectra
(SAXS) for sample #3



ZUBAREV et al. The structure of Mo/Si multilayers prepared in the conditions of ionic assistance 709

Sample 2θ, ◦ dMo, nm ∆(2θ), ◦ LMo, nm

#1 40.64 0.2221 3.62 2.34
#2 40.64 0.2221 3.45 2.46
#3 40.63 0.2222 3.50 2.43
#4 40.63 0.2222 3.77 2.25
#5 40.63 0.2222 4.02 2.11
#6 40.63 0.2222 3.66 2.35
#7 40.59 0.2224 3.77 2.25
#8 40.32 0.2237 6.53 1.59
#9 40.60 0.2223 4.07 2.09
#10 40.39 0.2234 6.26 1.35

TABLE 4 Molybdenum layer parameters obtained from set of Mo(110)
diffraction peaks

Ubias(Mo) during the deposition of Mo layers (refer to samples
#6, #7 and #9). It is important that densities of molybdenum
and silicide layers were found to be about 10% lower than
corresponding tabulated values. It is safe to say that Mo/Si
multilayers are formed in non-equilibrium conditions.

The crystalline structure of molybdenum layers was
studied by a large-angle X-ray diffraction method. Table 4
represents the results of processing the (110) molybdenum
diffraction peak. Measured interplanar spacings d110(Mo), for
samples with crystalline molybdenum layers, show only small
deviations from the tabulated value (d110 = 0.2225 nm) [18].
This indicates the absence of considerable mechanical stresses
in molybdenum layers.

Dimensions of the coherent dissipation area (L) perpen-
dicular to the direction of multilayer growth were calculated
by the well-known Scherrer formula (1) and are shown in
Table 4:

∆(2θ) = kλ

L cos θ
. (1)

Here, ∆(2θ) is the half-width of the Bragg peak, k is a co-
efficient and θ is the Bragg angle. According to [19], the
coefficient k depends on the shape of crystallites and can shift
from unity (k = 1.0) by 10%–20%. On present terms, the
coefficient k = 0.9 has been assumed. Thus, the calculated
coherent dissipation area values slightly exceed the thick-
nesses of molybdenum layers measured directly from TEM
images. Such a discrepancy is probably correlated to a slight
error in estimating the magnitude of the coefficient (k = 0.9)
used in (1). Detected values of half-width of the Mo(110)
diffraction peak for samples #8 and #10 correspond to ∼ 6.5◦,
which is quite typical for amorphous substances. In compar-
ison to multilayers with crystalline molybdenum structures,
the middle position of the Mo(110) diffraction peaks (halo)
in the XRD spectra is shifted by ≈ 0.3◦ towards smaller an-
gles. Similar changes can be observed from the Mo peak pos-
ition in the XRD spectra presented in [20], where the thick-
ness of molybdenum layers in Mo/Si multilayers amounts to
less than 2 nm. A reason for such position shifts of diffrac-
tion maxima could be compressive stresses in the amorphous
molybdenum layers.

4 Discussion

An increase of the bias potential Ubias(Si) during
deposition of Si layers inflicts a dramatic impact on pla-
nar multilayer morphology of Mo/Si XMMs. Without bias

potential application (Ubias(Si) = Ubias(Mo) = 0 V), interlayer
roughnesses grow noticeably from the substrate towards the
multilayer-stack surface, resulting in a formation of columnar
structures with developed interface roughness. The growth
of interlayer roughness is caused by limited surface mobility
of adsorbed atoms. In [2], energy densities on Si- and Mo-
adsorbed atoms were analyzed depending on values of Ar
gas pressure (P) and the substrate bias potential (Ubias). At
high-vacuum conditions (P = 0.23 Pa) and with Ubias = 0 V,
values of energy density per adsorbed atom were estimated
as 164 eV and 12 eV for Mo and Si atoms, correspondingly.
Such a substantial difference in the energy density was ex-
plained by bombardment of the Mo growing surface with
neutral Ar atoms reflected from the molybdenum target. The
energy of the neutral sputter Ar atoms arriving on the sub-
strate strongly depends on the product of the sputtering gas
pressure (P) and the target–substrate distance (D). In our
case the product results in DP = 13.3 Pa mm. The average
energy of Ar neutrals reflected from the molybdenum tar-
get is about 39.3 eV [3]. We used the deposition parameters
(potential of the magnetron cathode U = −300 V and oper-
ating pressure P = 0.266 Pa) similar to those (U = −300 V
and P = 0.33 Pa) in [3]. The calculated energy is smaller than
the displacement threshold of a surface molybdenum atom
impinged by Ar ions (Ed = 45 eV) [3]. Displacement thresh-
olds of defects in real surfaces (e.g. ledges, asperities and
others) are smaller than those on an ideal surface. Therefore,
the backscattered Ar neutrals influence the mobility of Mo
surface atoms, but the energy of the neutrals is insufficient
to cause effective ionic mixing at the Mo-on-Si interface. By
contrast, Ar atoms are practically not reflected by the sili-
con target, since the atomic mass of silicon (MSi = 28.1) is
lower than that of argon (MAr = 39.9). As a result, silicon
layer growth continues without the assistance of reflected Ar
atoms. Vernon et al. [7] presumed the occurrence and further
development of interlayer roughness (in Mo/Si multilayer
structures) exceptionally due to limited kinetic mobility of ad-
sorbed silicon atoms. Still, from the present authors’ point
of view, such an assumption does not seem quite explicit.
As shown in [16, 17], molybdenum deposited on an amorph-
ous Si layer with a nominal layer thickness

(
tnom
Mo ∼ 2.3 nm

)
,

tends to transform from an amorphous to a crystalline struc-
ture. Such phase transformations cause a persistent inter-
layer roughness throughout the growing multilayer stack. Mo
grains are textured and composed of compact (110) planes.
Due to axial texture imperfection, where each grain is oriented
differently to the film’s surface, all grains grow at different
rates. This is the very reason why interlayer roughness, re-
sulting in an increasing layer thickness, is developed on metal
layers. We have frequently observed this effect in our ex-
periments. High mobilities of adsorbed silicon atoms provide
a smoother subsequent interface since, physically, the driving
force is the minimization of surface energy. A limited surface
mobility of Si atoms causes an accumulation of atoms near
areas of preferred adsorption. This leads to a heritage of prior
roughnesses in subsequent silicon layers. At the same time
a mechanism of magnetron-flux shadowing by surface rough-
ness occurs. This effect is followed by a developing interlayer
roughness and a columnar growth in Mo/Si multilayer films
(Fig. 1).
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By the use of a non-zero substrate bias voltage, layers
of pure components, accompanied by amorphous intermixed
zones, are formed under growth conditions of extensive sur-
face bombardment by plasma-extracted Ar+ ions. In this case,
ion-current densities are up to 0.3 mA/cm2, with correspond-
ing ion-flux values of ∼ 2 ×1015 ion/(cm2 s). Assuming that
deposition rate and atomic surface density values constitute
about 0.1 nm/s and ∼ 2 ×1015 atom/cm2, respectively, each
prospective Mo or Si adatom would be supported by one
magnetron-discharge plasma-extracted Ar+ ion. Ionic bom-
bardment on a growing surface is accompanied by implanting,
sputtering and ion intermixing processes. Data show that the
greatest impact of ionic bombardment is preferably directed
to silicon layers. On the one hand, since Ar and Si atoms pos-
sess approximated values of atomic masses, transferred ener-
gies from ion–atom collisions may have non-negligible values
in the range of ion energies. The situation for Mo atoms, on the
other hand, is quite contrary. Due to considerable differences
in atomic mass values of Mo and Ar atoms (MMo = 95.9 and
MAr = 39.9, correspondingly), transferred energies are lower
than those for Si atoms.

According to TEM data (Table 2) and SAXR spectra mod-
eling results (Table 3), a considerable growth of ITZ thickness
is observed for both types of interfaces with increasing bias
potential from −200 V to −300 V. Moreover, the absolute
growth of ITZ thickness at Mo-on-Si interfaces exceeds that
of the opposing (i.e. Si-on-Mo) boundaries. Amorphous inter-
layer transition zones at interfaces grow increasingly at the ex-
pense of ionic mixing. Ion mixing is provided by the Ar+ ions
extracted from the plasma of the magnetron discharge. The
effect of ion mixing intensifies with increasing substrate bias
potential. Moreover, at high bias potentials (Ubias(Mo) = −200
to −300 V), greater roughness values at Mo-on-Si interfaces
are developed (Figs. 6 and 7). Such processes could be an out-
come of displacement peaks in silicon-layer surfaces, where
a group of Si atoms is resputtered. The following silicide
layer decorates the rough silicon surface. A possible reason
for displacement peaks on silicon surfaces is the similarity in
atomic masses of silicon and argon. As a result, an Ar+ ion is
able to transfer practically all its energy to a subsurface sili-
con atom, causing the formation of displacement peaks. Such
great roughness values do not occur on the opposing Si-on-
Mo interface.

5 Conclusions

In the absence of substrate-applied bias potential
during silicon layer deposition, interface roughness propa-
gates from the substrate to the multilayer-stack surface, even-
tually forming a columnar structure inside the Mo/Si multi-
layer stack. One source of roughness is the crystalline molyb-

denum layer. Low-mobility silicon atoms are simply unable
to overcome or even lower the existing roughness. Conse-
quently, each roughness profile is inherited by the following
layer and even aggravated due to shadowing effects. With
an increase in substrate-applied bias potential, values of ITZ
thickness gain at both Mo-on-Si and Si-on-Mo interfaces.
A rather intensive growth of ITZ is observed by a deposi-
tion of either Mo or Si layers with bias potentials of Ubias =
−300 V. It is notable that, using the same amount of bias volt-
age, an evidently greater absolute rise of the ITZ thickness
occurs at the Mo-on-Si interface rather than at the Si-on-Mo
interface. If molybdenum is deposited on silicon, a substrate-
applied bias potential Ubias(Mo) exceeding −200 V results in
a development of a significant interlayer roughness at Mo-on-
Si interfaces.
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