
SOLID MATTER

ISSN 2071-0194. Ukr. J. Phys. 2015. Vol. 60, No. 6 511

doi: 10.15407/ujpe60.06.0511

A.A. EFREMOV, V.G. LITOVCHENKO, V.P. MELNIK, O.S. OBEREMOK,
V.G. POPOV, B.M. ROMANYUK
V.E. Lashkaryov Institute of Semiconductor Physics, Nat. Acad. of Sci. of Ukraine
(41, Prosp. Nauky, Kyiv 03628, Ukraine; e-mail: romb@isp.kiev.ua)

MECHANISMS OF DOPANT DEPTH PROFILE
MODIFICATION DURING MASS SPECTROMETRIC
ANALYSIS OF MULTILAYER NANOSTRUCTURESPACS 68.49.Sf, 82.80.Ms

Mechanisms of the spatial redistribution of components in a solid target at its ion bombardment
have been analyzed theoretically. The influence of the ion mixing, crater shape, and surface
roughness on the results of mass spectrometric measurements is simulated as a function of
the ion energy. All the above-mentioned factors are shown to have a minimal impact on the
sputtering of nano-sized Mo/Si multilayer periodic structures in the ion energy interval of 200–
400 eV. Experimental studies of the dopant depth profiles and their comparison with simulation
results allowed us to establish the optimum conditions for the mass spectrometric analysis and
to measure the real dopant depth profiles with a depth resolution better than 1 nm.
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1. Introduction

Mass spectrometry is widely used to make the ele-
mental analysis of solid-state structures and materi-
als [1,2]. Owing to a high elemental sensitivity (up to
1 × 1013 cm−3) and a high detection threshold with
respect to the analyzed thickness equal to a few mono-
layers [3], the time-of-flight secondary ion mass spec-
trometry (ToF-SIMS) and the classical secondary ion
mass spectrometry (SIMS) together with the neutral
particle mass spectrometry (NPMS) remain to be the
leaders in the elemental analysis of the surface and the
bulk in semiconductor industry. In addition, the indi-
cated methods make it possible to carry out a layer-
by-layer analysis of multilayer structures consisting of
different phases with a nanometer resolution over the
specimen depth.

The analysis of the surface layer, as well as the
removal of the latter in the course of the level-by-
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level analysis, is usually performed, by using the ionic
sputtering. In this case, in addition to the direct sput-
tering of the target surface layers, the primary ions
penetrate into the target depth. As a result, a large
number of defect arise, and the spatial distribution
of components in the target is strongly changed (ion
beam mixing) even before the start of the direct mass
spectrometric analysis of the corresponding layer [4].

Besides the mixing, the following main mechanisms
of target transformation that affect the results of the
mass spectrometric analysis can be mentioned: the
formation of a statistical nanorelief in the course of
sputtering (the surface roughness) [5], the formation
of a macrocrater, whose surface becomes nonplanar,
as the sputtering time grows (the “crater effect”) [6],
and the preferential sputtering of one of the target
components [7]. An account and a minimization of
the influence of those factors enable the information
concerning the element composition to be obtained,
in particular, the distribution profiles of impurities,
which are as much close to the real ones as possi-
ble. This information is very important for the quan-
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titative researches carried out on the surface [8, 9], in
the thin near-surface films [10], buried layers [11], pe-
riodic structures and superlattices [12, 13], as well as
while studying such physical effects as the diffusion,
segregation, and precipitation of impurities, and the
formation and the decomposition of new phases in the
solid [14–16].

When the multilayer nanostructures with the thick-
ness of every layer equal to tens or less of nanometers
are analyzed, the determination of the element com-
position distribution over the specimen depth (pro-
filing) remains an extremely complicated diagnos-
tic problem. The level-by-level analysis becomes even
more complicated, if the layers are characterized by
a certain (often unknown beforehand) structure that
generates an additional nanoroughness of interphase
boundaries, as well as if the intermetallic compounds
and/or oxides are formed at the phase interfaces and
on the specimen surface.

In this work, it is shown that a comprehensive anal-
ysis involving the influence produced by the ion beam
mixing and “crater” effects and the development of a
surface relief allows the regimes of mass spectrom-
etry researches to be optimized, the resolution of
the method over the specimen depth to be consider-
ably improved, and the impurity distribution profiles,
which are as much close to real ones as possible, to
be obtained.

2. Theoretical Analysis of Factors
Distorting the Impurity Distribution Profiles

2.1. Ion beam mixing processes

Penetrating into a solid, a high-energy primary ion
loses its energy by means of a series of primary col-
lisions and generates a cascade of high-energy sec-
ondary recoil atoms of the matrix. Those atoms, in
turn, form the further fluxes of slower and slower
particles until the ultimate stop of their motion. As
a result of such cascade energy distribution, there
emerges an inhomogeneous region in a vicinity of the
primary ion trajectory, which is saturated with atoms

Characteristic threshold energies 𝐸𝑙𝑟
th

for some primary ions and recoil cascade atoms

Element 28Si 16O 96Mo 40Ar 84Kr

𝐸𝑙𝑟
th, eV 40.95 23.40 140.41 58.50 122.86

shifted in various directions from their initial posi-
tions [17]. In this case, we may talk about the mix-
ing of atoms associated with binary collisions. The
vertical component of such atomic displacements is
responsible for a smearing of interphase boundaries
observed at the level-by-level analysis.

When the surface is sputtered by low-energy pri-
mary ions, there exists a characteristic threshold en-
ergy, below which multiparticle collisions start to
dominate over binary ones. In Table, the character-
istic threshold energies 𝐸𝑙𝑟

th, below which this tran-
sition takes place, are quoted for a number of pri-
mary ions and cascade recoil atoms [18]. The quoted
values do not depend on the target material, which
follows from the choice of a multiparticle interaction
potential. The influence of the target is taken into ac-
count in the threshold energy values for target com-
ponents, which determine the interaction for every
collision cascade.

From the tabulated data, it follows that if the pri-
mary ion energy for the majority of primary recoil
atoms equals several hundreds of electronvolts, their
further collisions have a multiparticle character. In
this interval of interaction energies between the pri-
mary ion and the target atom, not every collision re-
sults in an atom displacement. Even before the ion
closely approaches the surface, a point-like influence
on a certain site starts to be damped down by its near-
est neighbors. Long-range forces and the bond defor-
mation give rise to a situation where a whole group
of atoms in a close vicinity to the given site starts
to move more or less synchronously. As a result, the
transferred energy is redistributed within a certain
local block of the material without atomic shifts. As
was already indicated, in the presence of regular
atomic planes, such collective interaction leads to the
reflection of incident particle backward. However, if
there are vacancies in a vicinity of the knocked-out
atom site, the atoms become partially isolated from
their neighbors, which weakens the collective char-
acter of the interaction, and the medium ceases to
behave as a massive reflector. The appearance of va-
cancies allows the atom to jump from its initial posi-
tion avoiding a substantial deformation, environment
reconstruction, and resistance of the medium.

Using the ionic-covalent materials with a large
binding energy as an example, it is also demonstrated
that the long-range potentials promote the influence
of soft subthreshold collisions with a large impact pa-

512 ISSN 2071-0194. Ukr. J. Phys. 2015. Vol. 60, No. 6



Mechanisms of Dopant Depth Profile Modification

rameter without displacements of atoms. Unlike the
previous case, the subthreshold energy 𝐸sub

th is pro-
portional here to the energy of an atom displacement
from the site, 𝐸𝑑. The energy losses of a moving parti-
cle substantially decrease at that, being accumulated
in the vibrational subsystem [19].

In order to calculate the ion beam mixing at low
energies, we applied a phenomenological approach, in
which the form of equations and the velocity coef-
ficients made allowance for the following features re-
vealed earlier with the use of the method of molecular
dynamics: 1) a collective character of the interaction
between a rapid particle and the medium and 2) the
influence of the ordering in the atomic arrangement
on the result of every separate collision, including
the effect of reflection by the atomic layer. We as-
sumed that an atom, even knocked out in a hard col-
lision, cannot transit into the neighbor layer if there
are no vacant places in the latter (the atom will be
reflected backward). This model automatically con-
siders a number of spillover effects, such as a small
probability of the forward scattering and a prevailing
localization of vacancies in the upper monolayer.

Let us consider the target as a set of atomic lay-
ers. The key parameters of the model are the prob-
abilities of separate atom transitions–forward (into
the solid depth, downward), 𝑤𝑗→𝑗+1 = 𝑑𝑗 ; and back-
ward (outside, upward), 𝑤𝑗→𝑗−1 = 𝑢𝑗–for every 𝑗-th
atomic layer involved in the mixing. Let 𝑁at = Ω−1

and 𝑁𝑆 = 𝑁at𝜆 denote the bulk and surface, respec-
tively, concentrations of atoms in the initial matrix,
where 𝜆 is the interplane distance, and Ω the atomic
volume. The current surface concentration for the 𝑗-
th monolayer, 𝑁 𝑗

𝑆 , can be presented in terms of the
occupation degree 𝑛𝑗(𝑡) as follows:

𝑁 𝑗
𝑆 = 𝑛𝑗(𝑡)𝑁𝑆 . (1)

The balance equations for the kinetics of relative con-
centrations of atoms 𝑛𝑗 in the layer and the vacancy
fraction 𝑉𝑗 = 1− 𝑛𝑗 look like
𝑑

𝑑𝑡
𝑛1 = −(𝑢1 + 𝑉2𝑑1)𝑛1 + 𝑛2𝑢2𝑉1 − 𝑓1𝑛1, (2)

𝑑

𝑑𝑡
𝑛𝑗 = −(𝑉𝑗−1𝑢𝑗 + 𝑉𝑗+1𝑑𝑗)𝑛𝑗 +

(︀
𝑛𝑗+1𝑢𝑗+1 +

+𝑛𝑗−1𝑑𝑗−1

)︀
𝑉𝑗 − 𝑓𝑗𝑛𝑗 . (3)

Here, the first term describes the transitions of atoms
from the given layer onto vacant places in the neigh-
bor layers, the second one describes the arrival of

atoms from the neighbor layers onto vacancies in the
given layer, and the third one corresponds to the gen-
eration of noncompensated vacancies at the primary
ion braking. This quantity depends on the number
of hard collisions 𝑓𝑗 per unit path of a primary ion,
which is also proportional to the number of main
atoms in the crystal lattice.

Owing to the sputtering in the vacuum, the first
(top) monolayer permanently loses atoms and is enri-
ched with mobile vacancies. The latter are filled with
atoms arriving from the second and deeper layers.
Hence, vacancies partially penetrate into the matrix.

The characteristic time needed to remove one
monolayer, Δ𝑡, depends of the sputtering rate 𝑉𝑆 and
equals Δ𝑡 = 𝜆/𝑉𝑆 , where 𝜆 ≈ 3

√
Ω. The sputtering

process itself proceeds with the change in the layer
enumeration, 𝑛1 ← 𝑛2 ← 𝑛3 ... 𝑛𝑗 ← 𝑛𝑗+1, the lat-
ter taking place, when the next portion of 𝑁𝑆 atoms
from the first layer transits into the vacuum.

While calculating the coefficients 𝑑𝑗 and 𝑢𝑗 in the
equations, the experimental dependences of the sput-
tering rate on the primary ion energy, 𝑉𝑆(𝐸) [17], are
used. The sputtering rate depends on the flux density
𝐽 , concentration of impurity atoms, and sputtering
coefficient 𝑆 (the number of sputtered atoms per one
primary ion):

𝑉𝑆 = 𝐽Ω𝑆. (4)

The sputtering rate determines the scale of the coef-
ficients {𝑢𝑗} = 𝑢1𝑢2 ... 𝑢𝑗 . It is easy to show that

𝑢1 =
𝑉𝑆

𝜆
=

1

Δ𝑡
=

𝐽

𝑁𝑆
𝑆. (5)

The spatial density of primary ion energy losses de-
termines the set of coefficients {𝑑𝑗}, which are pro-
portional to the intensities of atomic jumps forward,
provided that the population degree of the given 𝑗-th
layer equals unity, and the (𝑗 + 1)-th layer is com-
pletely vacant. It can be presented in the form

𝑑𝑗 = 𝑘𝜉𝛽𝐽
𝐸𝑗

2𝐸𝑑
, (6)

where 𝜉 < 1 is a correction for the collision softness
(𝜉 ≈ 0.8), 𝐸𝑗 is the energy of the ion entering the
𝑗-th layer (𝐸1 is the energy of the primary ion), 𝐸𝑑

the energy of an atom displacement from the site, the
coefficient 𝛽 = 1/4÷1/2 characterizes the fraction of
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Fig. 1. Calculated dependences of the mixing effect on the
energy of bombarding argon ions for atomic layers of different
types

atoms knocked out forward, and 𝑘 has the dimension-
ality of area.

A similar estimation, but with a different coeffi-
cient, is also valid for the rate constants {𝑢𝑗}:

𝑢𝑗 = 𝑘𝜉(1− 𝛽)𝐽
𝐸𝑗

2𝐸𝑑
. (7)

Knowing the probabilities of atomic transitions into
the lower and upper atomic planes in the solid, we
can evaluate the magnitude of ion beam mixing de-
pending on the ionic sputtering energy, which allows
us to determine the optimum sputtering energy with
the smallest influence of the mixing effect on the pro-
files of the impurity distribution over the depth. In
Fig. 1, the normalized (for an ion energy of 0.5 keV)
dependences of the parameter 𝑀 that characterizes
the mixing degree in deep layers of silicon, carbon,
gold, and molybdenum on the energy of sputtering
argon ions are depicted. This parameter was calcu-
lated as the number of recoil atoms per one sputtered
atom of the target. It is evident that the character of
this dependence is substantially different for different
targets.

In particular, in the case of gold, the minimum mix-
ing effect is observed at low energies, whereas those
energies correspond to the mixing maximum in the
case of carbon. Hence, in order to reduce the ion
beam mixing effect at the profiling of multicomponent
and/or multilayer structures, it is necessary to choose
such sputtering energy, at which the parameter 𝑀 is
minimum for the majority of impurities actual for re-

searches. For silicon and molybdenum, the minimum
value of the parameter 𝑀 is observed near energy
values of 220 and 300 eV, respectively. Therefore, the
mass spectroscopic analysis of periodic Mo/Si struc-
tures was carried out, by using the argon sputtering
ions with energies in the interval of 200–450 eV.

2.2. Influence of a statistical nanorelief

As the first approximation, the neighbor atoms are
considered to be sputtered independently of one an-
other. As a result, there arise the neighbor nano-sized
dips and humps that evolve also independently. The
simplest stochastic theory of this effect [21] shows
that the characteristic amplitude of a nanorelief ℎ𝑚

should gradually grow in time following the law
√
𝑡,

and the distribution function of relief heights should
be described by a Gaussian. However, there are a
number of factors that counteract the unconfined
growth of nano-roughnesses. These are the diffusion
along the surface with a varying curvature and the
resputtering, i.e. when the substance sputtered from
the lateral slopes of the relief humps is partially ac-
cumulated in the relief dips. The both mechanisms
result in that the high-frequency harmonics become
smoothed out first of all, whereas a certain stationary
low-frequency relief survives. If the distribution func-
tion of relief heights equals 𝜙(ℎ, 𝑡) at the moment
of sputtering, the registered profile Π(𝑡) of a definite
component will look like

Π(𝑡) =

+ℎ𝑚∫︁
−ℎ𝑚

𝜙(ℎ, 𝑡)𝐹 (𝑧 + ℎ)𝑑ℎ. (8)

Here, 𝑧(𝑡) =
∫︀ 𝑡

0
𝑣𝑠(𝜏)𝑑𝜏 is the average depth of the

sputtered surface reached by the time moment 𝑡, 𝐹 (𝑥)
is the actual component distribution over the depth,
𝑣𝑠 the instant sputtering rate, and±ℎ𝑚 the maximum
relief amplitude at the time 𝑡.

In the framework of the simplest stochastic the-
ory, the function 𝜙(ℎ, 𝑡) is described by a Gaussian
distribution. It is clear that the profile smearing at
the interphase boundaries is given by the quantity
±ℎ𝑚. Figure 2 exhibits the data obtained for a dis-
tortion of the initial profile at the sputtering of the
multilayer target owing to the development of a sta-
tistical relief with the amplitude growing proportion-
ally to

√
𝑡. One can see that the sinusoidal smearing
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of rectangular concentration pulses takes place, and
their amplitudes gradually decrease.

The low-energy ionic bombardment (<400 eV) has
a certain specific character in the processes of surface
relief formation. Here, a number of new effects are ob-
served, which are mainly associated with the surface
localization of radiation-induced vacancies. The lat-
ter not only actively dissolve the relief humps, but
also smooth the relief [22] as a result of the ion-
stimulated surface diffusion. At the same time, it was
shown [23] that the application of sputtering ions with
energies lower than 100–150 eV brings about a dras-
tic growth of the surface roughness. Hence, in order
to obtain a high resolution over the depth, ions with
higher energies have to be used.

2.3. Crater effect

In the course of target sputtering by ions, there
emerges a crater, the bottom of which can be non-
planar, i.e. it can be concave or convex, with its cur-
vature, as a rule, gradually growing, as the sputter-
ing time increases. In this case, the contributions to
the measured signal are given by the crater surface
sections, whose compositions correspond to different
depths of the initial specimen. Therefore, the mea-
sured profile of the impurity distribution over the
depth depends on crater’s bottom shape and its vari-
ation in time.

In a simple case, crater’s bottom can be approxi-
mated as a concave spherical segment with the base
radius 𝑎 (the collection region of analyzed particles),
maximum depth 𝐻, and bottom curvature radius 𝑅
(Fig. 3). Then we have

𝑆cr = 𝜋𝑎2

for the base area and

𝑆 = 𝑆(𝑅,𝐻) = 2𝜋𝑅𝐻 = 𝜋(𝐻2+𝑎2) = 𝑆cr(1+𝜀2) (9)

for the area of crater’s bottom. The curvature of
crater’s bottom 𝐾 = 1/𝑅 is given by the relation

𝐾 =
2𝐻

𝐻2 + 𝑎2
=

1

𝑎

2𝜀

1 + 𝜀2
, (10)

where the quantity 𝜀 = 𝐻/𝑎 characterizes a deviation
of crater’s bottom from the plane; in particular, 𝜀 =
= 0 in the plane case, and 𝜀 = 1 for a hemispherical
crater. Let us estimate the influence of such crater on
the measured profile shape.

Fig. 2. Distortion of the initial profile at the sputtering of
a multilayer target owing to the development of a statistical
relief

Fig. 3. Transverse cross-section of a specimen with a crater.
The arrow points to in an elementary section of crater’ bottom

Let the upper edge of the crater reach the level
𝑧 in the initial specimen in the course of sputtering
(Fig. 3). At this moment, all sections of the surface
located below this level down to the depth 𝑧+𝐻 give
contributions to the detected signal. Let the notation
𝑑𝑆(ℎ) stand for the elementary section area located
at an intermediate depth 𝑧 + ℎ (0 6 ℎ 6 𝐻). This
depth is connected with the angle 𝜙 = 𝜙(ℎ) be-
tween the normal to the specimen plane and the local
normal to the crater surface. The quantity cos𝜙 =
= (𝑅−𝐻 + ℎ)/𝑅 determines the fraction of the flux
of secondary particles arrived at the collecting sys-
tem. The quantity 𝑑𝑆(ℎ)

𝑆(𝑅,𝐻) plays the role of a distribu-
tion function for sections with different compositions
simultaneously giving a contribution to the measured
signal. Then the expression for the resulting profile
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Fig. 4. Distortion of the initial profile at the sputtering of a
multilayer target owing to the crater effect

looks like

Π(𝑧) =

𝑆∫︁
0

𝑑𝑆(ℎ)

𝑆(𝑅,𝐻)
𝐹 (𝑧 + ℎ) cos𝜙(ℎ). (11)

Here, the integration is carried out over the whole
area of crater’s bottom, which is simulated as a spher-
ical segment. The elementary section 𝑑𝑆 (Fig. 2) cor-
responds to a ring located on the spherical surface at
the depth ℎ and is characterized by the width 𝑅𝑑𝜙
and the radius 𝑟 = 𝑅 sin𝜙:

𝑑𝑆(ℎ) = 2𝜋𝑅2 sin𝜙𝑑𝜙, (12)

Π(𝑧) =
𝑅

𝐻

Φ∫︁
0

𝐹 (𝑧 + ℎ(𝜙)) sin𝜙 cos𝜙𝑑𝜙, (13)

ℎ(𝜙) = 𝐻 −𝑅(1− cos𝜙), Φ = arcsin(𝑎/𝑅). (14)

In the general case of an arbitrary initial profile, it
is more convenient to calculate the integral on the
right-hand side of Eq. (13) numerically.

Since the slow primary ions are more sensitive to a
planar nonuniformity of the electric field around the
specimen and to the aberrations in ion optics, their
usage, provided that other conditions are identical,
should result in a more pronounced crater effect, than
in the case of primary ions with higher energies. Fi-
gure 4 illustrates the distortion of the initial profile
at the sputtering of a multilayer target as a result of
the crater development, when the crater depth grows
proportionally to

√
𝑡, since

√
𝑑 =
√
𝑉𝑆𝑡. One can see

a characteristic saw-like distortion of the rectangu-
lar concentration pulses, which is different from the

statistical relief (Fig. 2). In this case, the minimum
impurity concentration for deeper layers gradually in-
creases. Hence, the problem of crater effect elimina-
tion remains to be the most important for the level-
by-level analysis of nano-sized layered structures.

2.4. Preferential sputtering
of certain components

On the surfaces and at the interphase boundaries of
layered structures, the intermetalloids and the oxides
of complex compounds can be formed. Let us demon-
strate that the analysis of secondary neutrals allows
the composition of those regions to be adequately
analyzed despite the possible selective sputtering ef-
fect. Let us consider a bulk phase with the composi-
tion 𝐴𝐵𝑛. When the surface is sputtered, the fluxes of
atoms of each kind, 𝐽𝐴,𝐵 , can be expressed in terms
of the surface concentrations 𝑁𝐴,𝐵

𝑆 and the partial
sputtering coefficients 𝑘𝐴,𝐵 in the form

𝐽𝐴 = 𝑘𝐴𝑁
𝐴
𝑆 , 𝐽𝐵 = 𝑘𝐵𝑁

𝐵
𝑆 .

First, let the surface stoichiometry corresponds to the
bulk one, i.e. 𝑁𝐵

𝑆 /𝑁𝐴
𝑆 = 𝑛. The preferential sputter-

ing means that either of the components (e.g., 𝐵)
can be emitted more intensively than the other one,
i.e. 𝑘𝐵 > 𝑘𝐴. At the initial moment, the flux of atoms
𝐵 is higher, so that their surface concentration will
decrease to a new stationary value

⟨︀
𝑁𝐵

𝑆

⟩︀
, which is

𝑘𝐵/𝑘𝐴 times as low as the initial one. The stationary
flux of component 𝐵 will now be determined by the
relation

𝐽𝐵 = 𝑘𝐵
⟨︀
𝑁𝐵

𝑆

⟩︀
= 𝑘𝐵𝑁

𝐵
𝑆

𝑘𝐴
𝑘𝐵

= 𝑘𝐴𝑁
𝐵
𝑆 .

Hence, the ratio between the fluxes in the station-
ary regime equals the ratio between the bulk concen-
trations, 𝐽𝐵/𝐽𝐴 = 𝑁𝐵

𝑆 /𝑁𝐴
𝑆 , which is evident, if we

proceed from the substance conservation law: “Ev-
erything sputtered has been analyzed”. Hence, in the
case of secondary post-ionized neutral particles, the
selectivity of the sputtering does not affect the reg-
istered signal. This is a principal advantage of this
method in comparison with the Auger electron spec-
troscopy and, partially, SIMS. For the latter, the
probability of the secondary particle ionization can
also depend on the nearest environment in the ma-
trix, which, under the conditions of the preferential
sputtering for the bulk and the surface, turns out dif-
ferent.
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3. Experimental Technique
and Research Object

Multilayer periodic coatings (MPCs) were fabricated
using the method of sequential magnetron sputter-
ing of molybdenum and silicon layers. The magnetron
currents and the argon pressure in the chamber were
maintained constant, which provided a steady rate
of layer deposition. The deposition rate of molybde-
num was constant, while fabricating all MPCs, and
equal to about 0.312 nm/s. The deposition rate of
silicon changed from 0.35 to 0.45 nm/s depending on
the magnetron discharge current. Multilayer coat-
ings were deposited onto silicon substrates with a sur-
face roughness of 0.3–0.5 nm. Molybdenum and sili-
con wafers of 99.5 and 99.99% purity, respectively,
were used as target ones.

NPMS measurements of the impurity distributions
over the depth of multilayer Mo/Si structures were
performed on a Laybold-Heraeus INA-3 device in the
regime of high-frequency (HF) sputtering by low-
energy Ar+ ions (the energy 𝐸Ar+ = 200÷450 eV) of
a low-pressure plasma (3.26 × 10−3 mbar). The ions
were generated by applying the accelerating voltage
in the form of rectangular pulses with the negative
polarity, a frequency of 50 kHz, and a pulse ratio of
0.6 to the specimen. The sputtering region was con-
fined by means of tantalum diaphragms with internal
diameters varying from 1.5 to 3 mm. The shape of
the crater and its depth were estimated with the use
of a DEKTAK 3030 stylus profilometer.

4. Comparison of Theoretical
and Experimental Results

In Fig. 5, the theoretical (a) and experimental (b)
profiles of the molybdenum distribution in a mul-
tilayer Mo/Si structure are shown. The calculations
demonstrate that, when the first layer of a multilayer
periodic structure is sputtered, a distortion of the
rectangular Mo concentration distribution character-
istic of the ion beam mixing is observed. The further
sputtering results in a saw-like distortion of the profile
owing to the combined action of the ion beam mix-
ing and the crater effect. The concentration oscilla-
tion minima gradually grow at that. The comparison
of the theoretically calculated Mo distribution pro-
files (Fig. 5, a) and the experimental results of the
NPMS analysis (Fig. 5, b) testifies to rather a good
agreement between them.

a

b
Fig. 5. Calculated (a) and experimental (b) profiles of the
Mo distribution at the sputtering of a multilayer Mo–Si target

In Fig. 6, the Si distribution profiles obtained at
sputtering a Mo/Si structure, by using Ar+ ions in
the examined energy interval, are depicted. Every
profile demonstrates a characteristic growth of the
signal intensity in the course of sputtering and a si-
multaneous growth of the signal intensity minimum
at the sites, where molybdenum layers are located
(Fig. 7). According to the results of theoretical cal-
culations, such behavior of the profiles is associated
with the influence of the crater effect on the sputte-
ring process.

The results of simulation (Fig. 5, a) reveal that,
starting from a certain time moment 𝑡0, the de-
pendence of the quasi-spherical crater depth 𝐻 on
the sputtering time can be described by the relation
𝐻 = 𝛼′√𝑡− 𝑡0 or 𝐻 = 𝛼

√
𝑑− 𝑑0, where 𝑑 is the

thickness of the layer sputtered by the time 𝑡. The
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Fig. 6. Distribution profiles of the Si impurity in a Mo/Si
multilayer structure for various energies of primary ions

Fig. 7. Distribution profiles of the Mo impurity in a Mo/Si
multilayer structure for various energies of primary ions

Fig. 8. Dependences of the empirical coefficient of crater for-
mation on the bombardment energy

minima of the registered profile in the layered system
trace the indicated root dependence. The coefficient
𝛼 can be naturally called the crater formation inten-
sity. The corresponding curve 𝐼 = 𝑎

√
𝑑− 𝑑0 is the

lower directrix for the profile of the secondary particle
yield intensity, and the coefficient 𝑎 is proportional to
𝛼. We used this approximation of experimental data
in Figs. 6 and 7 to calculate the empirical coefficient
of crater formation 𝛼emp = 𝑎/𝐼1, where 𝐼1 is the sec-
ondary particle yield at the first profile maximum not
distorted by the crater.

The major cause of the “crater effect” emergence at
the ion sputtering of the surface is connected with the
lateral inhomogeneity of the ion beam. If the beam
inhomogeneity should not change in time, the crater
depth would increase linearly at a certain average
rate. The fact that the crater effect manifests itself in
the distribution profiles of periodic structures as the
function

√
𝑡 (Fig. 4) may testify to the influence of

statistically independent processes occurring as a re-
sult of the ionic bombardment. The observed depen-
dence means that the beam density fluctuates. The
sections sputtered more intensively at a certain time
moment (e.g., the central part of the specimen or its
periphery) become less exposed at the next time mo-
ments and vice versa. As a result, the sections that
are located closer to the initial (before the sputtering
began) surface permanently exchange their positions
with the sections located more deeply. Such behavior
of physical systems, when their evolution is governed
by random transitions between closely located states,
is widely spread in the nature, in particular, at the
excitation of atoms in low-temperature plasma, ion
mixing in a solid, formation of a statistical nanorelief
at the surface sputtering, and so on.

The time fluctuations in a primary ion beam can be
observed experimentally during the multilayer spec-
imen sputtering. They result from both the instabil-
ity of the equipment working parameters (according
to the technical certificate of our installation, it was
lower than 3%) and the specific features of the ion
sputtering for different materials (dielectric, metallic,
etc.) In particular, changing from metallic layers to
semiconductor or dielectric ones can lead to the de-
focusing of the ion beam and/or a change in the ion
flux density.

The normalization procedure makes it possible to
compare the crater formation in various specimens
under various sputtering conditions on the basis of
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measured profiles only. In Fig. 8, the corresponding
dependences of the empirical coefficient of crater for-
mation on the bombardment energy calculated in the
interval from 200 to 350 eV are exhibited. The calcu-
lations, which were carried out for silicon (Fig. 6)
and molybdenum (Fig. 7) profiles, brought about
similar results. The analysis of experimental depen-
dences allowed us to revealed the obscured minimum
at about 314–319 eV in both dependences. It is this
interval of primary ion energies, where the crater ef-
fect should expectedly have the minimum influence on
the impurity distribution profiles in layered periodic
structures.

The presented results testify that, if a multilayer
Mo/Si structure is sputtered with the use of low-
energy argon ions, there exists an energy interval
(290–310 eV), in which the crater effect is minimal.

5. Conclusions

A statistical theory is developed, and a detailed anal-
ysis is carried out concerning the mechanisms of dis-
tortion of the impurity distribution profiles at the
low-energy NPMS analysis of multilayer nano-sized
periodic coatings. The influence of the ion beam mix-
ing, sputtering crater shape, and surface roughness
on the results of mass spectrometric measurements
and its dependence on the energy of sputtering ions
are calculated. The optimum range for the latter is
found to be 290–310 eV, which allows the impu-
rity distribution profiles in periodic structures to be
measured with the minimum influence of distortion
factors.

To compare our theoretical calculations with the
experimental results, the sputtering of multilayer
nano-sized periodic structures is studied, by us-
ing argon ions with energies in an interval of 200–
400 eV. The structures were fabricated by the sequen-
tial magnetron sputtering of molybdenum and silicon
layers. The developed mathematical models describe
well the real processes of interaction with low-energy
ions and make it possible to calculate the impurity
distribution profiles in multilayer periodic coatings,
as well as to distinguish and to minimize the major
factors giving rise to a profile distortion.
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О.О.Єфремов, В.Г.Литовченко, В.П.Мельник,
О.С.Оберемок, В.Г.Попов, Б.М.Романюк

МЕХАНIЗМИ МОДИФIКАЦIЇ
ПРОФIЛIВ РОЗПОДIЛУ ДОМIШОК
ПРИ МАС-СПЕКТРОМЕТРИЧНОМУ АНАЛIЗI
БАГАТОШАРОВИХ НАНОСТРУКТУР

Р е з ю м е

Проведено теоретичний аналiз механiзмiв, якi приводять до
просторового перерозподiлу компонентiв твердотiльної мi-
шенi пiд дiєю iонного бомбардування. Виконано моделюва-
ння впливу iонно-променевого перемiшування, форми кра-

тера розпилення та шорсткостi поверхнi на результати мас-
спектрометричних вимiрювань залежно вiд енергiї розпи-
люючих iонiв. Показано, що в дiапазонi енергiй iонiв 200–
400 еВ вплив згаданих факторiв є мiнiмальним для роз-
пилення багатошарових нанорозмiрних перiодичних стру-
ктур Mo/Si, виготовлених методом магнетронного напиле-
ння шарiв молiбдену i кремнiю. Експериментальнi дослi-
дження профiлiв розподiлу домiшок i порiвняння їх з ре-
зультатами моделювання дозволило встановити оптимальнi
режими мас-спектрометричного аналiзу, досягти роздiльної
здатностi по глибинi краще 1 нм та отримати профiлi роз-
подiлу домiшок, максимально наближенi до реальних.
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