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The Rutherford backscattering and particle-induced X-ray emission methods are used to study
the surface layers in gold–silicon structures, the parameters of which govern the operational
characteristics of electron devices constructed on their basis. The measurements are performed
on a high-precision micro-analytical unit “Nuclear scanning probe” recently put into operation
at the “Spectrum” laboratory. The thicknesses of a gold layer sputtered onto the specimen
surface were about 17 and 20 nm for two different specimens. The layer non-uniformity
was less than 1.6 nm and did not exceed the experimental error. A substantial amount of
the fluorine impurity was revealed under the gold layer in the gold–silicon interface layer.
Probably, it may be remnants of fluorine remaining after the etching of the silicon surface in
a mixture of acids that included the hydrofluoric one (HF). The amount of fluorine detected
in a series of measurements was found to strongly correlate with the current of alpha-particles
at the target surface during the spectrum measurement. Since the local heating of the target
depends on the current, it is evident that the local diffusion rate of fluorine atoms varied over
the target surface.
K e yw o r d s: nuclear microanalysis, Rutherford backscattering, particle induced X-ray emis-
sion, alpha particles, “Nuclear scanning probe”, surface layers, interface layer.

1. Introduction

A considerable number of works are devoted to the
study of barrier structures owing to their wide ap-
plication in micro- and nanoelectronic devices. Spe-
cial attention is focused on the researches of metal–
semiconductor interface layers, which substantially
govern the electrophysical properties of those devices.
The interface between contacting materials depends
on the way of its formation. The fabrication tech-
nologies for various types of heterosystems include
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many routine operations. However, for the process
of barrier structure formation, two stages are crucial.
These are the stage of semiconductor surface prepara-
tion (especially, its final phases–etching, washing, and
drying) and the stage of surface metallization (espe-
cially, the phases of metal deposition onto the surface
and the thermal treatment).

The purpose of this research consisted in checking
some results obtained at two indicated stages of the
Au/Si structure fabrication after certain modifica-
tions of the corresponding technology had been intro-
duced. At the same time, the work aimed at testing
the functionalities of a high-precision microanalyti-
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Table 1. Analytical capabilities of nuclear physical techniques implemented
on a scanning nuclear microprobe in Kyiv

Method
Measured

signal
Spatial

resolution, µm

Depth
resolution, µm

Detected elements
(atomic number, Z)

Threshold
sensitivity,

mg/kg

Error of
quantitative
analysis, %

PIXE X-rays ≥2.0 0.5–15 >11 ∼1 5–10
RBS Backscattered ions ≥2.0 0.01–15 >2 ∼1 3–5

cal unit “Scanning nuclear probe” that had been re-
cently put into operation [1, 2]. In our researches, we
used analytical methods of nuclear physics, namely,
the methods of nuclear microanalysis. More specifi-
cally, these are the Rutherford backscattering (RBS)
method [3] and the method of characteristic x-ray
emission induced by accelerated particles (particle-
induced x-ray emission, PIXE) [4].

2. Experimental Part

Measurements were carried out on an original in-
stallation “Scanning nuclear microprobe” based on a
modernized single-ended electrostatic ion accelerator
KN-3000 of the Van de Graaff type [1, 2]. The ma-
jor electrotechnical parameters of this installation are
as follows:

– accelerated particles are protons and alpha-
particles (ions of hydrogen and helium atoms);

– ion beam energy is 1 to 2.2 MeV;
– current of the working ion microbeam at a studied

specimen is 1 pA to 15 nA (for the average diameter
of a beam spot on the specimen from 2 to 50 µm,
respectively);

– maximum area of microbeam scanning is
400× 400 µm2;

– residual gas pressure in the vacuum chamber of
targets is 10−7 to 10−6 Torr.

For today, two experimental techniques for the ac-
celerator have been elaborated and testified. These
are the PIXE and RBS methods (see Table 1). To-
gether, they allow both the qualitative and quanti-
tative (including two-dimensional) microanalyses of
dominant, impurity, and trace chemical elements in
specimens to be executed. If necessary, those tech-
niques can be applied simultaneously. Some advan-
tages of micro-RBS and micro-PIXE techniques over
alternative microanalytical methods should also be
emphasized:

– a high threshold sensitivity (down to 1 mg/kg)
for the majority of chemical elements;

– applicability to the analysis of almost all
elements;

– express analysis (from 5 to 100 min);
– a high resolution both over the surface and into

the depth of a specimen (see Table 1);
– non-destructive analysis.
Table 1 demonstrates that both methods comple-

ment well each other. Having approximately the same
sensitivity, the former is almost absolutely selective
with respect to chemical elements, whereas the lat-
ter has a better resolution in depth and is capable
of analyzing the light elements (with Z > 2) in the
specimen as well.

From a batch of specimens, two were selected for
the research. At the initial stage of the experiment,
only one task was formulated, namely, to measure the
thickness of a gold layer sputtered onto the silicon
surface. In addition, it was necessary to determine
the thickness at several points in order to estimate
the non-uniformity of the profile of this layer over
the surface. The line of points, in vicinities of which
the measurements were carried out, passed through
the target center. The RBS experiment was carried
out on the standard setup, when the direction of the
beam from the accelerator, after passing a 90◦ ana-
lyzing magnet, coincided with the normal to the tar-
get surface. The scattering angle θ was 157◦. Some
measurements were carried out in a geometry with
inclination, when the angle θ1 between the beam di-
rection and the normal to the target was equal to 60◦
provided the same scattering angle.

In this experiment, the RBS spectra were obtained
with the help of a silicon surface-barrier detector and
with the use of alpha-particles with an energy of
1.85 MeV. To calibrate the energy scale of an ana-
lyzer and some other testings, the energy was reduced
to 1.5 MeV. The energy scale of the analyzer chan-
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nel was set at a level of 4.34 keV/channel. Spectra for
separate points were accumulated at various values of
alpha-particle current at the target. The current was
varied approximately from 2.5 nA to 12.0 nA.

X-ray radiation was registered using an energy-
dispersive Si(Li) detector with an energy resolution
of 165 eV at a radiation energy of 6 keV. The PIXE
detector was arranged at an angle of about 60◦ with
respect to the direction of the ionic beam from the
accelerator.

The spectra in Fig. 1 partially illustrate the capa-
bilities of the methods under consideration concern-
ing the identification of chemical elements in the near-
surface layers of the target. The both spectra were
obtained under identical conditions: the energy of α-
particles, E0, was 1.50 MeV, and the scattering an-
gle was 157◦. The lower spectrum corresponds to the
scattering at a surface of silicon specimens covered
with a gold layer. The upper spectrum was registered
at the scattering from the rear side of the same silicon
specimen, but covered with a germanium layer.

The kinematic factor (the right ordinate axis) for
the given experimental conditions can be calculated
by the known formula or by using the interpolated
tabular data [3]. For elements Au and Si, which
are unquestionably present in the target, this factor
equals 0.9252 and 0.5805, respectively. The coordi-
nates of the cross marked as Au correspond to the
kinematic factor and the number of an analyzer chan-
nel for the weight center of the gold peak. The coor-
dinates of the cross marked as Si correspond to the
kinematic factor and the half-height of the front edge
of the spectrum registered from silicon. The linear
dependence of the energy of scattered particles (the
analyzer channel number) on the kinematic factor al-
lows a straight line Au–Si to be drawn and extrap-
olated. The line slope is set by the energy scale of
an analyzer channel. Now, it becomes clear that the
intersection between the coordinate line of the peak
weight center registered in approximately the 135-th
channel and the drawn line enables the kinematic fac-
tor of unknown element to be determined. Its value,
K = 0.445, corresponds to the chemical element flu-
orine, F19. Using the same technique, we registered–
approximately in the 105-th channel–the scattering
at the surface layer of oxygen (O16, K = 0.381). One
more cross in the plotted line marks the position of
germanium. However, the decoding of PIXE spectra
in this case unambiguously testifies to the presence,

Fig. 1. Backscattering spectra of 1.50-MeV α-particles at an
angle of 157◦. Crosses denote the peak positions of chemical
elements and the position of the high-energy edge of the silicon
spectrum in accordance with their kinematic factor

besides germanium atoms, of nickel atoms as well.
Since germanium and nickel are approximately in the
middle of the periodic system of elements and close
to each other, their signals in the RBS spectrum are
practically unresolved under the given experimental
conditions.

3. Results

Figure 2 illustrates some backscattering spectra ob-
tained for α-particles with an energy of 1.85 MeV un-
der different experimental conditions. One can see
that, in addition to the well-pronounced peak formed
by α-particles scattered at a thin gold layer, the spec-
tra reveal another peak. It is superimposed on the
high-energy part of the scattering spectrum registered
from the thick silicon matrix. When the energy of
α-particles was varied, both the peak shape and its
relative position remained the same (Figs. 1 and 2).

ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 4 313



V.I. Soroka, S.O. Lebed, M.G. Tolmachov et al.

Fig. 2. RBS spectra from the fragments of the working speci-
men surface under various experimental conditions: (a) speci-
men 1, θ = 157◦, θ1 = 0◦, I = 12 nA; (b) specimen 2, θ = 157◦,
θ1 = 0◦, I = 2.5 nA; (c) specimen 1, θ = 157◦, θ1 = 0◦,
I = 2.5 nA; (d) specimen 1, θ = 0◦, θ1 = 60◦, I = 2.5 nA

Hence, the peak was not induced by the resonant nu-
clear interaction, but was a result of the Rutherford
scattering by an element lighter than silicon. Addi-
tional measurements (provided the standard geom-
etry and the geometry with inclination at the same
point on the target surface) showed that the unknown

element is located in the near-surface region of silicon.
The corresponding calculations allowed this chemical
element to be identified as fluorine, F19. (Here, it is
worth noting that an analogous experiment revealed
no traces – at all! – of fluorine atoms in a gold–silicon
specimen fabricated earlier using a somewhat differ-
ent technology.) Small spectral peaks observed in the
interval near the 100-th channel correspond to the
kinematics of α-particle scattering by the carbon sur-
face layer. A carbon deposit accumulated on the tar-
get surface during its irradiation with α-particles is
connected with the presence of remnants of oil vapor
from the molecular pump inserted while evacuating
the reaction chamber.

For a reliable identification of fluorine atoms, it was
necessary firstly to determine the thickness of the gold
surface layer, in order to make allowance for the en-
ergy losses of α-particles at their passage through gold
in both the forward (particles from the accelerator)
and backward (scattered particles) directions. Omit-
ting the detailed calculations of the RBS theory [3],
let us write down the final formula for the thickness of
a heavy-element layer on the surface of a light-element
matrix,

(Nt)i =
Ai

HM

σM

σi

δE[
εM
M

] , (1)

where (Nt)i is the number of heavy element atoms
per 1 cm2 (the layer thickness is expressed in terms
of the number of atoms per unit area); N is the
atomic concentration of the chemical element; t the
layer thickness expressed in terms of length units; Ai

the spectral area (in counts) of the signal under the
peak of the examined element (Fig. 1); HM the spec-
trum height equal to the number of counts in the
analyzer channel for the scattering from the matrix
surface; σM the cross-section of Rutherford scattering
at matrix nuclei; σi the cross-section of Rutherford
scattering at nuclei of the studied element; δE the
analyzer channel width; and

[
εM

M

]
the backscattering

factor corresponding to the scattering atom and the
substance, in which α-particles are slowed down (to
simplify the calculations, it is possible to use the cor-
responding factor values from the available tables [3]).
Note that formula (1) was derived for a small thick-
ness of the surface layer (or a small number of atoms
in the near-surface layer of the matrix). However, the
criterion of “smallness” was not specified.
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The differential cross-sections for the elastic scat-
tering of charged particles with charge Z1 by the
Coulomb field of a nucleus with charge Z2 are given
by the Rutherford formula. For small ratios m/M ,
where m is the mass of an incident particle, and M
is the mass of a scattering atom, this formula has a
convenient approximation,

dσ

dΩ
∼= 1.295

(
Z1Z2

E0

)2

×

×
[
cosec4 θ

2
− 2

(m
M

)2

+ ...

]
, mbarn/sr, (2)

where the energy is expressed in the MeV units.
Figure 3 illustrates the dependence of the thickness

of the gold layer on the specimen surface on the place
of its measurement. We may assert that, for the av-
erage thickness of about 17 nm for specimen 1 and
about 20 nm for specimen 2, the thickness nonunifor-
mity does not exceed the experimental error. The av-
erage statistical error for the layer thickness (the total
width at the half-height of the distribution) amounted
to about 1.6 nm. While changing from measuring the
gold layer thickness in the atom/cm2 units to linear
ones (nm), we supposed that the atomic concentra-
tion in the near-surface layer was equal to that in
the substance bulk. It is worth noting that this re-
sult agrees with estimations concerning the measure-
ments of the gold layer thickness uniformity by the
spectrophotometric technique at the stage of speci-
men fabrication.

To calculate the number of fluorine atoms, we also
used formula (1). The fluorine peak can be pro-
nouncedly distinguished against the scattering back-
ground from silicon. The total number of counts un-
der the fluorine peak, Ai, was determined by sub-
tracting the counts of scattering by silicon in the
corresponding analyzer channels. Of course, using
this way of calculation, some systematic error was
inserted. For the backscattering factor [ε] to be de-
termined more exactly, one should take into account
that we study a layer composed of two elements, sil-
icon and fluorine, in a certain ratio. However, in the
discussed experiment, we were interested, first of all,
in the very fact of the presence of fluorine and in its
relative concentration on the surface.

The results of measurements of the fluorine amount
(Nt)F at the same places of the specimen surface,
where we studied the gold layer, are shown in Fig. 4.

Fig. 3. Thicknesses of the gold surface layer at some points
on the working specimen surface for specimen 1 (circles) and
2 (crosses). The measurements were carried out along a line
passed through the specimen center (place 3). Places 1 and 5
were taken at the specimen edges

Fig. 4. The dependences of the surface concentration of fluo-
rine atoms in the near-surface layer of silicon on the α-particle
current for specimen 1 (circles) and 2 (crosses)

We focus attention on the interesting fact that the
determined number of fluorine atoms correlates very
strongly with the magnitude of α-particle current
used at the measurements of their scattering at the
selected places on the specimen surface. So, the ques-
tions arise: Which is the origin of fluorine available
in such an amount? and Why does it behave itsef so?
One of the operations applied at the stage of speci-
men preparation was, after grinding a silicon work-
piece, its etching in a mixture of acids. The mixture
included, in particular, the concentrated fluoric (hy-
drofluoric) acid. Hydrogen fluoride and hydrofluoric
acid interact with silicon dioxide SiO2 [5],

SiO2 + 4HF = SiF4 + 2H2O. (3)
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Fig. 5. PIXE spectrum for a fragment of the working surface
of specimen 2

As a result, gaseous silicon fluoride, SiF4, is formed.
Silicon fluoride is not released in the fluoric acid so-
lution, because it interacts with HF molecules,

SiF4 + 2HF = H2[SiF6], (4)

to form the well soluble fluosilicic acid, and the silicon
atom in every molecule of this acid is strongly bound
with six fluorine atoms. Therefore, if the etching op-
eration was not properly followed by the washing and
drying procedures, the acid remnants might remain
substantial.

The near-surface layers of researched specimens
may also contain a small amount of oxygen, which
is usually washed out by the fluoric acid. However,
its signal falls in the low-energy region of a large flu-
orine peak and is practically indistinguishable in the
spectra (Fig. 1). As to hydrogen, the scattering of
α-particles by hydrogen atoms at backward angles is
impossible kinematically.

Now, let us analyze the dependence of the revealed
quantity of fluorine on the α-particle current applied
at the specimen study. The calculations show that,
at a current of 10 nA, a power of 1.85 × 10−2 W
was released in the course of 1.85-MeV particle de-
celeration. Note that the area of irradiated section
on the target surface was equal to 2× 10−5 cm2 (the
diameter of the beam on the target surface was ap-
proximately 50 µm). Being recalculated to an area
of 1 cm2, the released power is equivalent to about
1 kW. Hence, the local heating of the target was con-
siderable. Probably, it may be enough for the fluorine
atoms to intensively diffuse from the specimen sur-

face. It is of interest that, when the α-particle current
was diminished by approximately a factor of 5, the
diffusion intensity appreciably fell down. It is expedi-
ent to analyze this phenomenon from various aspects.

It is known [6] that the cross-sections of PIXE
reactions at protons are much larger than those at
α-particles for the majority of chemical elements.
Therefore, for the PIXE analysis of specimens, we
used a microbeam of protons. In Fig. 5, the experi-
mental and calculated PIXE spectra (the lines of K
and L series for Cu and Au, respectively) are shown
for the fragment of the working surface in the central
part of specimen 2.

The experimental spectrum was measured in the
regime, when a microbeam of 1.85-MeV protons was
used in a programmed uniform scanning of the spec-
imen surface 300 × 300 µm2 in area in a previously
selected region (where the RBS spectrum depicted in
Fig. 2, b was measured). The microbeam positioning
was executed with the help of a mechanic 3D (in the
coordinate space) micromanipulator and an optical
500X microscope [1, 2]. The size of a proton beam
spot on the specimen surface did not exceed 15 µm,
and the current strength was 300 pA. To filter off
the intensive low-energy X-rays emitted by the silicon
substrate of the specimen, a standard filter – a 40-µm
aluminum film – was arranged before the PIXE de-
tector. This way allowed us to avoid the overload of
Si(Li) detector and provide a high sensitivity of the
technique with respect to heavier chemical elements.
The applied means favored the detection of regularly
distributed copper remnants in a number of exam-
ined zones on the surface of specimen 2 (see Fig. 5).
The simulated PIXE spectrum exhibited in this fig-
ure was calculated with the help of the world-known
software program GupixWin [7]. The program code
was used for the subsequent quantitative analysis of
spectra. It was found that the concentration of gold
in the scanning interval equaled 38.4 µg/cm2, which
is equivalent to a gold film about 20 nm in thick-
ness and agrees well with the results of previous RBS
analysis of the specimen. We also calculated the rel-
ative, with respect to gold, concentration of copper
remnants and obtained a value of 0.21%.

4. Conclusions

Our researches confirmed that nuclear methods of
nondestructive analysis can successfully be used not
only to study materials, but also products from them.
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The monitoring within those methods can provide
valuable information at the stage of device manufac-
ture and, occasionally, at the stage of device exploita-
tion. In such a manner, the origin of the degradation
of functional characteristics can urgently be revealed.

An electrostatic accelerator, which has recently
been put in operation in Kyiv, is equipped with a
microprobe and allows two experimental techniques
to be applied. It is quite suitable for the fulfillment
of a wide class of works dealing with the nuclear mi-
croanalysis. Moreover, the first experiments showed
ways for the improvement of the accelerated particle
beam parameters and the operational characteristics
of applied techniques. In combination, the methods
allow experiments with a higher precision to be car-
ried out and more exact data to be obtained.

The discovery of a significant amount of fluorine
in the interface layer gold–silicon, as well as the fact
of a considerable variation of its relative concentra-
tion as a function of α-particle current at the stage of
spectrum accumulation, needs additional experimen-
tal researches. It is also expedient to repeat the quan-
titative analysis of the calculation results for fluorine
in the framework of more correct approximations, be-
cause the adopted criterion of “smallness” can be too
rough for the revealed number of fluorine atoms.

The authors express their gratitude to Dr. Ja. Lekki
(Institute of Nuclear Physics, Kraków, Poland) for
his help in carrying out the quantitative PIXE
analysis.
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ДОСЛIДЖЕННЯ МЕТОДАМИ
ЯДЕРНОГО МIКРОАНАЛIЗУ ПОВЕРХНЕВИХ
НАНОШАРIВ СТРУКТУРИ ЗОЛОТО–КРЕМНIЙ

Р е з ю м е

Ядерними аналiтичними методами резерфордiвського зво-
ротного розсiяння та iндукованого частинками характери-
стичного рентгенiвського випромiнювання дослiджено по-
верхневi наношари структури золото–кремнiй. Вiд пара-
метрiв цих шарiв кардинально залежать електротехнiчнi
властивостi побудованих на їх основi електронних прила-
дiв. Вимiрювання виконано на прецизiйнiй мiкроаналiти-
чнiй установцi “Скануючий ядерний зонд” щойно введенiй в
експлуатацiю в лабораторiї “Спектр”. Експеримент показав,
що товщина шару золота, напиленого на поверхню зраз-
кiв, дорiвнює ∼17 нм (для одного зразка) i ∼20 нм (для
другого зразка). Неоднорiднiсть товщини цих шарiв по по-
верхнi не перевищує 1,6 нм i не виходить за межi похиб-
ки експерименту. Пiд золотом, у промiжному шарi золото–
кремнiй, виявлено значну кiлькiсть домiшки. Iмовiрно, що
це залишок фтору пiсля технологiчної операцiї травлення
поверхнi кремнiю в сумiшi кислот, куди входить i плавико-
ва (HF) кислота. Показово, що кiлькiсть виявленого фто-
ру для серiї вимiрiв сильно корелює з величиною струму
альфа-частинок на мiшенi пiд час набору спектра. Очеви-
дно, що локальний нагрiв мiшенi залежить вiд величини
струму. Звiдси випливає рiзна швидкiсть локальної дифузiї
атомiв фтору з поверхнi мiшенi.
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