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The article presents the results of studying the elemental and isotopic composition of alloy films based
on Cu and Ni films by the method of secondary ion mass spectrometric analysis (MS-7201 M secondary ion
mass spectrometer). Films of alloys with a thickness of up to 130 nm were obtained on polished glass
substrates with a pre-applied Al buffer layer by simultaneous separate evaporation of the components in a
vacuum of 10-4 Pa. Copper was evaporated from a strip of tungsten foil with a thickness of 0.05 mm. Nickel
was evaporated by the electron-beam method using an electron diode gun. The rate of condensation was
0.5-1.5 nm/s. The purity of evaporated metals was at least 99.98 %. Ar* ions with an energy of 5 keV were
used as probing primary ions. The results of qualitative mass spectrometric analysis of secondary ions
indicate the high purity of the films (absence of hydrides, oxides and carbides of Cu and Ni). The elemental
composition of the films is represented by isotopes Ni%, Ni60 and Cu®3, Cu®. The ratios of isotopic intensities
are I8 /18 = 2,6 and 183 /185 = 2,3, which corresponds to the natural distribution of nickel and copper isotopes.
The ratio of isotopic intensities 183 /I3¢ practically does not change over the entire thickness of the sample.
It was shown that the quantitative analysis of the elemental composition of film alloys can also be carried
out by the method of secondary ion mass spectrometry.
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1. INTRODUCTION

Large-scale study of the physical properties of thin
metal films have led to the emergence in recent decades
of a new branch of solid state physics — thin film physics.
Advances in the physics of thin films have found wide
use in nanoelectronics, high-frequency technology,
optoelectronics, optics and many other areas of modern
science and technology.

Films of magnetically ordered metals Ni, Fe, Co and
alloys based on them occupy a special place in the
physics of thin films: solving the fundamental problems
of “two-dimensional magnetism”, giant
magnetoresistance, spin-polarized tunneling, colossal
magnetoresistance, etc. These discoveries are widely
used in nanoelectronics and spintronics for the
development of miniature magnetoelectronic devices,
new methods for recording and storing information, and
new types of sensors [1-6].

In contrast to the thoroughly studied technologies for
producing bulk alloys, the technologies for producing
film alloys still remain not fully studied. A feature of
technologies for producing film alloys in vacuum is the
appearance of some uncertainty in the formation of a
sample with a predetermined chemical composition.
Studies of the chemical composition of film alloys using
methods that are effective for bulk alloys cause certain
difficulties due to the extremely small amount of the
analyzed substance. The modern most widely used
methods for studying the chemical composition of film
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alloys are X-ray spectral microanalysis and secondary
ion mass spectrometric microanalysis. Both methods
have their advantages and disadvantages.

X-ray microanalysis of thin films of metal alloys [7]
does not provide information about the presence of
hydrides, oxides, nitrides and other chemical compounds
of alloy components in their composition. These
compounds can be formed as a result of the interaction
of active gases of the residual atmosphere with the film
material both during the preparation of samples and
during their heat treatment. The formation of such
compounds leads to a significant change in the electrical
properties and structure of film samples.

One of the most sensitive modern methods for
studying surfaces and thin films is the method of
secondary ion mass spectrometry (SIMS), which is also
often called ion microanalysis [8-9].

2. METHOD OF SECONDARY ION MASS
SPECTROMETRY

The SIMS method is based on the study of particles
on the surface of a solid body, knocked out of it by a
narrow beam of accelerated (probing) gas ions. For this
purpose, both inert (most often Ar) and non-inert (most
often H2 and O2) gases with energies of 1-20 keV are
used. The probe ions are called primary ions. At such
energies, primary ions penetrate into the substance
under study to a depth of several nanometers, which
corresponds to several atomic layers of the substance. To
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a first approximation, the interaction of primary ions
with the surface of a substance can be considered as
independent pair collisions “probing ion — surface atom”.
The results of such collisions (Fig. 1) are the following
processes [8-9]:

1) heating of the target — inelastic interaction with
absorption of the energy of the probe ion;

2) backscattering of primary ions — elastic interaction
with the reflection of the probe ion by the target surface;
3) secondary ion emission — knocking out atoms from
the target surface in the form of positive and negative
ions (surface sputtering);

4) secondary atomic emission — knocking out neutral
atoms from the target surface (surface sputtering);

5) secondary electron emission — tearing out electrons
from the target surface;

6) secondary photon emission —emission of light quanta
from the target surface in a wide range of wavelengths
(from infrared to X-ray).

Primary
r ions I*
Sputtered atoms
and ions

Photons

Reversed
scattered ions

Secondary
electrons

Fig. 1 — Scheme of interaction of probe ions with a target

All these types of emission from a target can, in
principle, be used to analyze the composition of the
target substance.

Typically, only about 5 % of the energy of the primary
ions is used to knock out atoms and ions (surface
sputtering). The rest of their energy goes to heating the
target and is carried away by scattered (reflected) probe
ions.

Some of the knocked-out target atoms escape from it
in the form of positive ions, which are called secondary
ions. They are used for mass spectrometric analysis of
the chemical or isotopic composition of the target
substance. This fact is reflected in the name of the
method — SIMS. The process of producing secondary ions
using the method described above is often called ion
etching or ion sputtering of the target surface. Despite
the fact that both of these names are not entirely
successful, since they do not fully reflect the physical
essence of the phenomenon, they are widely used in the
scientific literature on secondary ion mass spectrometry.

As is known, the mass spectrometric method for
analyzing the chemical and isotopic composition of a
substance is based on measuring the mass of molecules
(atoms) of this substance with special devices — mass
spectrometers. Positive ions knocked out of the target
surface are sent to the analyzer of the mass
spectrometer, in which they are separated by mass
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(mass numbers), after which the ion currents created by
them are measured. At the same time, the masses of
these ions are measured. The SIMS method can use
negatively charged ions knocked out of the target and
neutral atoms knocked out of the target after their
additional ionization. But the easiest way to analyze the
composition of the target surface is to use ready-made
positive ions knocked out of the target. This significantly
simplifies the design of the mass spectrometer due to the
absence of an ion source.

To separate secondary ions by mass, you can use any
of the existing mass analyzers, both magnetic static and
dynamic (time-of-flight, quadrupole or monopole).
Magnetic static mass analyzers have much better
analytical characteristics than dynamic ones, but they
are bulky, difficult to maintain and expensive. Because
of this, dynamic mass analyzers are most often used in
secondary ion mass spectrometers.

The features of the SIMS method allow to study both
metals, semiconductors, and dielectrics, which makes
this method a universal method of analysis.

The efficiency of the release of secondary ions from
the target surface is characterized by the surface
sputtering coefficient as (the number of secondary target
ions knocked out by one probe ion). It has been
experimentally established that the as coefficient is
different for different substances and is a characteristic
of the “probing ion — surface material” pair. For example,
when bombarding a tungsten surface with Ar* ions, as is
2-3 times less than when bombarding an aluminum
surface with the same Ar* ions.

The surface sputtering coefficient as also depends on
the kinetic energy, mass, electronic configuration and
angle of incidence of the primary ions, as well as on the
crystal structure of the target, the binding energy of the
target atoms and the state of its surface (cleanliness of
processing). As a rule, the temperature of the surface
under study does not play a significant role [8-10].

It was also established experimentally that the
surface sputtering coefficient as periodically changes
with increasing atomic number of the elements of the
target substance.

The interaction between primary ions and target
atoms is complex and not fully understood. The
interaction of primary ions and target atoms is described
most simply, according to the type of classical
interaction of billiard balls, if the bombarding ions are
ions of inert gases (He*, Ar*, Kr*), and the targets are
noble metals (Ag, Au). In the case of using ions of non-
inert gases and targets with complex composition
(alloys, dielectrics, semiconductors), the situation
becomes significantly more complicated.

Another parameter characterizing target sputtering
is the sputtering rate vs of the material of the target
being analyzed (the amount of sputtered target material
per unit time). The sputtering rate vs depends on the
sputtering coefficient as, the magnitude of the ion
current of primary ions I* and can be given by an
empirical formula in the form [10]:

asItA
)

ve=6-10"2- 2.1)

where A is the atomic or molecular mass of the target
substance; d is the density of the target material.
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Consequently, by bombarding the target surface
with primary ions of certain energies, it is possible to
etch the target layer by layer and simultaneously
analyze the chemical composition of the ions knocked
out of the target substance using a mass spectrometer.
In this way, it is possible to obtain information about the
distribution of elements both on the surface and
throughout the depth of the target. The area of the
surface from which sampling is carried out for mass
spectrometric analysis (probe size) in relatively simple
devices has a round shape with a diameter of 1-2 mm.
The current strength of the primary ion beam is 10 - 5-
10-6 A. Under such conditions, the current of secondary
ions is 10-11-10-16 A,

In devices of a higher complexity group, designed to
analyze the distribution of microimpurities both over
the surface of the sample and in its depth
(semiconductor technologies, nanotechnologies, etc.),
probe ions focused into a very narrow beam scan the
target surface in a certain order. The diameter of their
ion probe is about one micron. By scanning with such a
probe a microsection of the surface of a sample with an
area of, for example, 100 x 100 um?2 or 500 x 500 um?2, it
is possible to simultaneously analyze the composition of
the surface of this area and observe the morphology of
the sputtered surface using electrons ejected from it as
a result of secondary electron emission.

To summarize the above, we note the most important
features of the secondary ion mass spectrometric
analysis method:

—high sensitivity (for modern instruments, the
consumption of the substance for analysis is ~ 10 — 14-
10-15 g, which corresponds to 1-2 surface monolayers);
— the possibility of isotopic and chemical analysis of the
composition of the target in a wide range of atomic
masses (all elements from hydrogen to transuranium
are recorded);

—the method is close to directly analyzing the surface of
a solid body itself, since the main information about the
composition of the material comes from the near-surface
region with a thickness of 10-20 A;

—not only individual chemical elements are identified,
but also their chemical compounds (hydrides, carbides,
oxides, etc.).

At the same time, the method of secondary ion mass

spectrometric analysis has some disadvantages:
—difficulties in accurately quantitatively determining
the elemental composition of a sample, due to the
dependence of the probability of ions leaving the sample
on their environment;
—destruction of the sample under study during the
analysis process, as a result of which uncontrolled
mixing and segregation of atoms on its surface is
observed (the method of secondary ion mass
spectrometric analysis is a destructive method).

In conclusion, the following should be noted. The
method of secondary ion mass spectrometry has been
further developed in recent decades in the direction of
expanding methods for the formation of secondary ions.
To excite secondary ions, beams of molecules and
clusters began to be used (molecular and cluster
secondary ion mass spectrometry), which made it
possible to use the method of secondary ion mass
spectrometry in biology and medicine [11-12].
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3. EXPERIMENTAL METHODOLOGY AND
TECHNIQUE

To obtain films of copper-nickel alloys with different
concentrations of components, we used the method of
forming film samples directly on the substrate by separate
evaporation of components, described in detail in [13].

To study the chemical and isotopic composition of
copper-nickel alloy films, an MS-7201 M secondary ion
mass spectrometer was used, the schematic illustration of
which is shown in Fig. 2.

3 A

4

2

{
£

Ton source

Fig. 2 — Schematic illustration of MS-7201 M

Ar* ions obtained in the ion source (Fig. 2), accelerated
to energies of 5 keV, were used as probing primary ions.
Secondary ions knocked out of the film target are collected
by a system of electrostatic lenses (1), focused into a
narrow beam and sent to a monopole mass analyzer (2). In
a mass analyzer, ions are temporarily separated
depending on the ratio of their mass m to charge g. Ions
with the same m/q ratio create an ion current in the
detection system (3), determined by the expression [10]:

]:{ = hASI]Ty 3.1

where J} is the ion current of monoisotopic element A; ha
is the detection efficiency of ions of this isotope in a given
device; Sf — coefficient of secondary ion emission of
element A in the sample matrix; J7is the total current of
the primary ion beam incident on the sample.

After amplification, the ion currents are recorded by a
recording potentiometer (4) in the form of a mass
spectrum.

Films of copper-nickel alloys for studying the
elemental composition by SIMS were deposited on
polished glass substrates with an Al buffer layer. A
conductive layer of aluminum is necessary to remove the
electrostatic charge from the sample under study when it
is bombarded with argon ions.

Interpretation of the mass spectra of secondary ions
obtained as a result of sputtering of samples with
primary Ar* ions was carried out according to the
method described in [10].

As a rule, interpretation of the mass spectrum occurs
in three stages. At the first stage, the presence of mass
spectrometric peaks is established and their list is
compiled depending on the mass number M = m/q. At the
second stage, peaks are identified based on the isolation of
monatomic ions (and their isotopes), molecular ions and
their fragments depending on the mass number M. At the
third stage, a list of identified elements and compounds is
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compiled in accordance with their atomic concentrations
(taking into account the isotopic composition of the
elements).

The first two stages form the essence of qualitative
analysis. If it is necessary to conduct a quantitative
analysis, it 1s necessary to take into account the
dependence of the secondary ion emission coefficients S}
on a number of factors: the state of the surface, the
chemical nature and crystal structure of the sample
matrix, etc. As a rule, the secondary ion emission
coefficients are determined using a standard, having a
chemical composition close to the sample under study. To
determine S} you can use the following relation [10]:

S& = Sgaca, (3.2)

where S is the total sputtering coefficient of the material
(the number of atoms per primary ion); g1 — the ratio of
the number of secondary positive ions of element A to the
total number of neutral and charged sputtered particles of
the element; Ca is the atomic concentration of a given
element in the sample.

The values of g} and S are determined by the
composition of the sample matrix (the binding energy of
the atoms of the solid) and will also be determined
experimentally.

Combining (3.1) and (3.2) for the sample and standard,
we obtain the relation:

ct = ﬁ
A ]+
ST

Ch =yCer, 3.3)
according to which it is possible to calculate the
composition of the sample under study. In this case, the
standard must have a similar chemical composition to the
sample and the same structural state. For the analysis of
film samples, the standard must also be in the form of a
film.

Carrying out a quantitative analysis using relation (3.3)
involves a sequential analysis of the composition of the
standard and sample with constant parameters of the
primary ion beam (composition, energy, beam current).
When studying a binary copper-nickel alloy, to determine
the coefficient y, both direct ratios JNi/JN (JC4/J$%) and
cross ratios ]EITi/]SCTu (gNi/j€y can be used equally
effectively.

Fig. 3 — Micrograph of a section of the film after SIMS analysis:
1 — crater bottom (substrate); 2 — crater slope; 3 — area outside
the analysis zone

As already noted, the method of secondary ion mass
spectrometry is destructive. The primary beam of ions,
bombarding the surface of the sample, pulls out atoms and
molecules from it, creating a crater. In Fig. 3 shows, as an
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illustration, an electron microscopic image of a section of a
CuNi alloy film with a thickness of d = 130 nm after
secondary ion mass spectrometric analysis of its
composition. The target was sputtered with a primary
beam of Ar* ions for 10 min at a sputtering rate
vs = 15 nm/min. The left side of the image shows part of a
drop-shaped crater (2), at the bottom of which the
substrate (1) is visible. As a rule, there is a small electron
microscopic contrast between areas of the film subjected
(2) and not subjected (3) to bombardment by argon ions,
which can be observed in the secondary electron mode.
This allows you to estimate the shape and size of the
analysis zone.

4. RESULTS AND DISCUSSION

In Fig. 4 shows the mass spectrum of secondary ions
from the surface of the studied film alloy with a thickness
of d =100 nm (Ccu = 55 at.%) on a glass substrate with an
intermediate layer of aluminum.

I, rel.unit
1,0
0,81
0,6
Cu*
0,41 .
Nit

0,2rH* Ar*

oo [l

J T |

20 40 60 M, a.m.u.

Fig. 4 — Mass spectrum of secondary ions from the CulNi film
surface

From the mass spectrum it is clear that the film is
quite clean: there are no oxides, nitrides and other
chemical compounds based on Cu and Ni. Peaks H*, O,
and sometimes H20" are usually present in the mass
spectra of secondary ions of any samples. The reason for
their appearance is the presence of water molecules on
the surface of the film, sorbed during exposure of the
sample to atmospheric air. The Ar* peak corresponds to
the composition of the reflected primary ion beam. The
intensities of all these peaks vary randomly from sample
to sample and do not provide information about its true
chemical composition. The Nit and Cu® peaks,
represented by two isotopes (Ni%8, Ni%0 and Cu®, Cub%),
reflect the elemental composition of the film sample.

Analysis of the obtained mass spectra showed that in
CuNi film alloys, as a rule, the isotope ratios are IS /I5) =
2.6 and 183 /185 = 2.3, which is in good agreement with the
tabulated data (I38/I3) = 2.59; I83/1&> = 2.24 [13)]) of the
natural abundance of nickel and copper isotopes.

It should be noted that as the film of the CuNi alloy
was sputtered with Ar™ ions, we did not observe a
redistribution of the intensities of the lines of the
corresponding Cu* and Nit* isotopes over depth (Fig. 5).
This allows us to speak about the sufficient homogeneity
of the composition of film alloys obtained by the method
of simultaneous separate condensation of components in
terms of thickness. As can be seen from the figure, the ratio
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of the intensities of the isotope peaks I&3 /I3 practically
does not change as the crater deepens. The results we
obtained are in good agreement with the known literature
data [10], according to which Cu and Ni, when used for
analysis of a primary beam of Ar*ions, have close values of
sputtering coefficients (a§"/a)! = 1.16).

The MS-7201 M secondary ion mass spectrometer we
use, due to its analytical characteristics, is intended for
high-quality express control of the chemical and isotopic
composition of the surface of a solid. The sensitivity of this
device (the amount of substance for a confident analysis of
the composition of the target is several picograms) allows,
using film standards, to obtain quantitative results for
determining the composition of the film in a small range of
component concentrations. The use of standards is
mandatory in such measurements, since there is no
reliable data in the literature on the yield coefficients of
elements from samples in the form of films as a result of
interaction with the primary beam of argon ions.

183 /138, rel.unit

1,0
0.8
0,6- L] L] . L] o
0,4f

0,2r

0 20 40 60 80 100

d, nm

Fig. 5 — Change in the I&3 /I3? ratio during SIMS analysis of the
film (d = 130 nm, Ccu = 40 at.%)

Y
2L
e
'\
1+ \w\
0 4 8 12 16 Cni, %

Fig. 6 — Calibration curve for CuNi films

To carry out a quantitative analysis of the composition
of films of copper-nickel alloys, the mass spectrometer
was calibrated. Film samples with a known concentration
of components, determined by X-ray microanalysis [14],
were used as a standard. For this purpose, a series of
samples of CuNi film alloys with different Ni
concentrations in the range Cni = 6-20 at.% was obtained.
Based on the results of mass spectrometric studies, a
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calibration curve was constructed — the dependence of the
coefficient y = I&/IF¢ (& and I3} are the mass
spectrometric intensities of the peaks of the Cu® and Ni%®
isotopes, respectively) on the nickel concentration (Fig. 6).

In Fig. 7 shows fragments of the mass spectra of
secondary ions from CuNi film alloys in the mass number
range of 58-65 a.m.u. From the obtained mass spectra, the
values of the ratio I&3/I}% were found and the
concentration of Ni in the film sample was determined
using a calibration curve.
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Fig. 7— Mass spectra of secondary ions from the surface of CulNi
films: Ni concentration, at.%: 8.8 (a); 15.0 (b);19.0 (c)

A comparison of the results obtained in this way with
the composition determined by X-ray spectral analysis
[14] shows that the error in determining the
quantitative composition of CuNi alloy films by
secondary ion mass spectrometry is 5-7 %.

Thus, using the SIMS method it is possible to carry
out not only a qualitative analysis of film alloys, but also
their quantitative analysis with fairly good accuracy, with
the obligatory presence of film standards.

5. CONCLUSIONS

1. The results of studying the elemental composition
of film alloys using secondary ion mass spectrometry
indicate the high purity of films of copper-nickel alloys
and the uniformity of their composition over thickness.

2. A comparison of the results of determining the
composition of film alloys using the SIMS method with the
results of X-ray spectral analysis shows that the error in
determining the quantitative composition of films of CulNi
alloys using secondary ion mass spectrometry is 5-7%.
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BIMC anaJ1i3 TOHKMX IUIIBOK MiJHO-HiKeJIeBHX CILJIaBiB
B.B. Jlo6onal, B.M. 3y6ro!, C.M. Xypceuro?!, A.I. Canrurosa?, A.B. Yemnisxumii!

1 Cymcevkuil HauloHavHull azpapruti yrigepcumem, 40021 Cymu, YVrpaina
2 Cymcoruli Oepacasruil neoazoeiunuti yrigepcumem im. A.C. Maxapernxa, 40002 Cymu, Yipaina

VY crarrti HaBeneHO pe3yJIbTATH JOCIIPKEHHS €JIEMEHTHOIO Ta 130TOIIHOIO CKJIAJY ILIIBOK CIJIABIB Ha
ocaoBi Cu i Ni MerozoM BTOPHHHO-IOHHOIO MAC-CIIEKTPOMETPUYHOIO AHAJI3y (BTOPMHHO-IOHHHN Mac-
cuexrpomerp MC-7201 M). IliBku crutasis ToBmmaamu 70 130 HM OyJiv oTprMaH] HA CKJISTHUAX IIOJIPOBAHUX
migKJIagKax 3 MONepeIHbo HaHeceHUM OydepHyM 1mapom Al 0ZHOYACHUM pPO3AIIBHUM BHIAPOBYBAHHIM
rommoHeHT y Bakyymi 10-4 [Ta. Mins BunapoByBasiacst 3i crpiuku 3 BosrbpamoBoi dosrbru ToBmwHoo0 0,05 M.
Hikess BumapoByBaBCs €JIEKTPOHHO-IIPOMEHEBUM CIIOCOOOM 3a JIOIIOMOTOI0 eJIeKTPOHHOI JII0HOI rapMaTH.
IIBuaricTs kKoHmEHCari cranoBuia 0,5-1,5 um/c. Ynucrora BUITapoByBaHUX METAJIIB CTAHOBHUJIA IIIOHANMEHIIIe
99,98%. B sikocTi 30Hmyy0OUNX IEPBUHHIX 10HIB BUKOPUCTOBYBasacs 1ouu Art 3 ereprieo 5 keB. Peayspratn
SKICHOTO MAC-CIEeKTPOMETPUYHOTO AHAaJi3y BTOPHHHUX 10HIB CBiOY4aTh IIPO BHCOKY YMCTOTY ILIIBOK
(BimeyTHicTh Tigpuais, okcuais 1 kap6imis Cu ta Ni). EneMeHTHUN CKJIaD IUTIBOK IIPEACTABICHUN 130TOIIAMN
Ni%8, Ni60 ta Cut3, Cu$s. BisHomeHHs i30TOMHIX iHTeHCUBHOCTeH crIanaoTh Ing /18] = 2,6 Ta 183 /18 = 2,3, mo
BijiOBiae TpUpOHiit moMEpeHoCTi i30ToMIB HikeTo Ta Mifi. BinmHomenns isoTomHux inTeHcuBHOCTEH 183 /1%
HPaKTUYHO He 3MIHIOETBCS II0 BCIM TOBIIMHI 3pa3ka. ByJio mmokasaHo, 10 MeTO0M BTOPHMHHO-IOHHOI Mac-
CIIEKTPOMETPIl MOKHA IPOBOIUTH TAKOMK 1 KITBKICHUN aHAJI3 eJIeMeHTHOIO CKJIALY ILJIIBKOBUX CILIABIB.

Kmiouosi ciioBa: BropunHo-10HHUI Mac-CIIeKTpoMeTpuYHMHi aHaum3s, Torki mrisku, MigHO-HiKe IeBl CILIaBH.
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