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The article presents the results of studying the elemental composition of films of CuNi alloys by X-ray
microanalysis (an X-ray microanalyzer based on an energy-dispersive spectrometer, which is part of the
REM-103-01 scanning electron microscope). Alloy films 30-150 nm thick were obtained by simultaneous
separate evaporation of the components (copper and nickel) in a vacuum of 10 - Pa. Copper was evapo-
rated from a tungsten foil ribbon 0.05 mm thick. Nickel was evaporated by the electron beam method using
an electron diode gun. The condensation rate was 0.5-1.5 nm/s. The purity of the evaporated metals was no
less than 99.98 %. The calculated composition of the concentrations of the sample components varied over
a wide range. The characteristic X-ray spectrum of the film substance was excited by scanning a section of
the film with dimensions of 300 x 300 pm with an electron beam; for thicker films, the size of the scanning
area was 1 x 1 um. Thin Ni films of the same thickness were used as standards for quantitative measure-
ments of the elemental composition of alloy films of a certain thickness. The results of X-ray microanalysis
indicate a high purity of the films. Comparison of the calculated concentrations of alloys and the results of
measurements by X-ray microanalysis showed that in the region of film thicknesses d < 100 nm, the dis-
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crepancy is about 10 %, decreasing to 1 — 3 % for sample thicknesses d > 100 nm.
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1. INTRODUCTION

The study of the physical properties of thin metal
films is due both to obtaining results that contribute to
the solution of a number of fundamental problems in
solid state physics and to the prospects for their practical
application. The use of thin metal films has led to signif-
icant progress in microelectronics, high-frequency tech-
nology, optoelectronics, optics and many other areas of
modern science and technology, and a special branch of
solid-state physics has emerged — the physics of thin
films.

A special place in the physics of thin films is occupied
by films of magnetically ordered metals Ni, Fe, Co and
alloys based on them. This is connected both with purely
scientific questions (their study allows solving a number
of fundamental problems for "two-dimensional mag-
netism") and applied ones (nanoelectronics, spintronics).
In recent years, a number of new fundamental effects
have been discovered in film objects based on these met-
als (giant magnetoresistance, colossal magnetore-
sistance, spin-polarized tunneling, etc.). This creates a
basis for the development of miniature magnetoelectron-
ic devices, new methods for recording and storing infor-
mation, new types of highly sensitive sensors and sen-
sors.

Along with studies of films of pure magnetic metals
(N1, Co, Fe) and Cu, it is promising to study films of
metal alloys [1-5] and film multilayer structures [6-8]
which include these metals. Alloy films (as well as bulk
alloys) have a number of advantages over pure metal
films: by changing the composition of the alloy, materi-
als with other electrophysical, physicochemical, and
operational properties can be obtained. Along with the
traditional film directions, in recent decades, a scien-
tific direction has been formed related to the improve-
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ment of the service properties of massive metal sam-
ples by methods of creating layered structures in modi-
fied near-surface layers [9-10].

The properties of thin films differ significantly from
those of bulk samples. Limiting the size of film objects
in one of the directions leads to the appearance of the
so-called size effects, which in a massive state are ei-
ther weakly expressed or not observed at all. This pa-
per presents the results of studying the elemental and
chemical composition of CuNi alloy films in a wide
range of component concentrations.

2. EXPERIMENTAL METHODOLOGY AND
TECHNIQUE

2.1 Preparation of the Alloy Film Samples

The method of obtaining metallic films by evapora-
tion of the initial metal and its condensation in a vacu-
um (see, for example, [11]) has been widely used for
many years in various fields of science and technology
due to the versatility of the technology, high productiv-
ity of the process, low energy consumption, the absence
of environmental pollution, etc. These and a number of
other indicators determine the competitiveness of this
method in comparison with other methods of film pro-
duction (electrodeposition, cladding, metallization,
sputtering, etc.). The quality of the formed films, the
reproducibility and stability of their characteristics
under different operating conditions significantly de-
pend on the characteristics of evaporation and conden-
sation.

To obtain thin alloy films, two main groups of meth-
ods are used: 1) formation of multicomponent films di-
rectly on a substrate (separate evaporation of compo-
nents, diffusion annealing of multilayer structures, vapor
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saturation); 2) the use of finished alloys as initial metal-
lizers (evaporation of the final weighed portions of the
alloy, stationary mode of evaporation, explosive evapora-
tion).

Direct evaporation of finished alloys is widely used in
technologies for obtaining multicomponent films and
coatings due to the simplicity of the design solution of
this method. However, with this method, there is a dis-
crepancy between the composition of the alloy film and
the composition of the initial bulk alloy due to fractiona-
tion of the alloys during their evaporation.

Films of CuNi alloys were obtained by us by the
method of condensation of initial materials (Cu and Ni)
during their simultaneous evaporation from two inde-
pendent evaporators according to the Vekshinskii meth-
od. This made it possible to obtain alloy films of arbitrary
composition on the substrate.

The choice of methods for the evaporation of metal
components was determined by such physical properties
of the starting materials as the melting temperature and
saturated vapor pressure. For copper, the thermal evapo-
ration of Cu from a tungsten foil ribbon 0.05 mm thick
was used. For more refractory nickel, the method of elec-
tron beam evaporation of Ni using an electron diode gun
was used. The purity of the evaporated metals was no
less than 99.98 %. The rate of condensation was deter-
mined from the time of condensation and the final thick-
ness of the sample. During the condensation process, it
remained constant and amounted to 0.5 — 1.5 nm/s.

The design of the substrate holder made by us made
it possible to obtain four film samples of different concen-
trations of components with almost the same thickness in
one technological cycle of deposition.

The substrates used were polished optical glasses
with preliminarily deposited contact pads (study of elec-
trophysical and magnetoresistive properties), NaCl single
crystals, and carbon films (structural studies).

The film thickness was measured using a modernized
MII-4 microinterferometer with a laser light source and
digital processing of the interference pattern. As a result,
it is possible to reduce the error in measuring the film
thickness, especially in the thickness range d <50 nm.
The thickness measurement error was 5 — 10 % for thick-
nesses 50—-200nm and 10-15% for thicknesses
d <50 nm.

The calculation method and X-ray microanalysis
were used to determine the concentration of the alloy
film components.

The essence of the calculation method is illustrated by
the diagram shown in Fig. 1.

Based on the geometry of the "substrate-
evaporators" system, the thickness of individual com-
ponents d1 and dz at the point M of the substrate can
be calculated from the relations [11]:

_3 _3
dy =dy; [1 + (%)2] YL dy =dy, [1 + (%)2] ‘L @2.1)

where do — the film thickness at the point above the
evaporator; doi, doz — the thicknesses of the "witness"
films; 1, l2 — the distance from the middle of the "witness"
to the point M; h — the distance from the plane of the
evaporators to the plane of the substrate.

To find the concentration of the C1 and Co components
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of the alloy at the M point of the substrate, one can use
the obvious relations:

Dydyuz*

C. = Dydypzt _
1 - -1 -1
Dydipy +Dydap;

Dydipi +Dydapz

C, (2.2)
where D1 and Dz are the film densities of each of the ma-
terials; s and e are the molar masses of evaporated
metals.

Taking into account that in bulk samples Dxi ~ Dcu,
(Dni=8.897 glem?, Dcu = 8.932 g/em? [12]) and assuming
that the same is true for films, relations (2.2) are trans-
formed to the form:

d d
Cl—liﬂz R S

= = g (2.2
dypp+dapg dippt+dapg

E1 E2

Fig. 1 — Geometry of the «substrate-evaporators» system
for calculating the concentration of the alloy components:
S1, S2 — screens; E1, E2 — evaporators; P1, P2 — glass
plates "witnesses" of thickness

Since the concentration of the alloy components was
determined by the thicknesses di and ds, the error in
determining the concentration of the components is the
same as for the thickness.

2.2 Method for Studying the Elemental Composi-
tion of Film Samples by X-ray Microanalysis

The study of the elemental composition of thin films
of the CuNi alloy was carried out using an X-ray micro-
analyzer based on an energy dispersive spectrometer
(EDS) included in the REM-103-01 scanning electron
microscope. The main advantages of X-ray spectral mi-
croanalysis are its high local sensitivity, depth and
transverse locality, and non-destructive effect on the
sample. The possibility of local determination of the ele-
mental composition of a substance is realized through the
use of an electron beam of a microscope focused into a
narrow zone. Thus, it is possible to isolate a certain mi-
cro-section of the sample, obtain (if necessary) its electron
microscopic image in reflected electron beams, and at the
same time record the generated X-ray radiation from this
section [13].
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The characteristic X-ray radiation of the atoms of the
elements of the sample was measured using the EDS
with subsequent processing of the information using the
software of the X-ray microanalyzer. The EDS scheme is
shown in Fig. 2.

Electron
beam

X-ray radiation

Sample

Fig. 2 — Scheme of the spectrometer with EDS

The characteristic X-ray radiation, which is generated
in the sample when its surface is probed with a high-
energy electron beam, passes through a thin beryllium
window (1) into the cryostat (4), where a cooled (to reduce
the noise level) detector (2) is located in vacuum. Further,
the signal is amplified in amplifiers (3) and (5) and enters
the multichannel pulse analyzer (6). Information is ex-
tracted from it using special computer software (7) and
presented in the form of a spectrum of dependence of the
number of pulses (X-ray intensity) on the energy of X-ray
photons. Methods of X-ray spectral analysis using EDS
can determine the concentration of almost any element
from beryllium to californium in the concentration range
up to tenths of an atomic percent.

Since the amount of substance in the film samples
studied by us is extremely small, especially for films with
effective thicknesses d ~ 10 nm, the characteristic X-ray
spectrum of the film substance was excited by scanning a
film section with dimensions of 300 x 300 pm with an
electron beam. This made it possible to obtain integrated
data on the elemental composition of the film without
overheating it with an electron beam. For thicker films, it
was possible to reduce the size of the film section to
1x1pm.

Although the theory of quantitative elemental X-
ray spectral analysis of thin films is based on the
same prerequisites as for bulk samples (model ideas
about the physical processes of the interaction of elec-
trons with matter), the X-ray spectral microanalysis
of thin films has its own characteristics due to differ-
ences in the absorption and transmission of X-rays in
bulk samples and samples in the form of thin films.

In quantitative measurements of the elemental
composition of thin films of binary CuNi alloys, we
used a thin Ni film as a standard in accordance with
the recommendations set forth in [13]. Nickel is in-
cluded in the alloy films under study, and the densi-
ties of copper and nickel are close.

3. RESULTS AND DISCUSSION

On Fig. 3 shows the characteristic X-ray spectra of
CuNi sample film alloys of various thicknesses and com-
ponent concentrations. The left side of the spectrum is
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the characteristic X-ray emission corresponding to the
composition of the glass substrate, since the depth of X-
ray generation when the sample is probed by an electron
beam with an energy of 20 keV or more is on the order of
pm [13], which is much greater than the thickness of the
films under study. The right part of the spectrum corre-
sponds to the composition of the alloy film sample.
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Fig. 3 — Characteristic X-ray spectra from film samples of the
CuNi alloy: d=34nm, Ccu=27.79at.% (a); d=>54nm,
Ccu=3.17 at.% (b); d = 127.5 nm, Cc, = 80.5 at.% (c)

The results of such an analysis indicate a rather high
purity of the film samples (the absence of impurity atoms
of other metals), and allowed us to evaluate the accuracy
of determining the concentration of the alloy components
by the calculation method. In Table 1 shows for compari-
son the concentrations of CuNi film alloys of different
thicknesses and compositions, calculated using relation
(2.2), and the results of X-ray microanalysis of these sam-
ples.

An analysis of the data presented in the table shows
that, in the range of film alloy thicknesses d < 100 nm,
the discrepancy between the concentrations calculated
using relations (2.2) and the measured values is about
10 %. For sample thicknesses d > 100 nm, the discrepan-
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cy decreases to 1 — 3 %. The decrease in the discrepancy 26.| 79.0 | 89.5 | 10.5 | 92.3 7.7 2.8
between the calculated and experimentally measured 27.1 80.0 | 65.0 | 35.0 | 59.0 41.0 6.0
results of determining the concentration of the compo- 28.] 81.0 | 92.0 | 8.0 | 93.8 6.2 1.8
nents is fully explained by the fact that with an increase 29.| 87.0 | 74.0 | 26.0 | 65.5 34.5 8.5
in the film thickness d, measured with the MII-4 micro- 30.| 93.5 | 48.0 | 52.0 | 55.3 44.7 7.3
interferometer and included in relation (2.2), the relative 31.] 95.0 | 59.0 | 41.0 | 65.9 34.1 6.9
error of its measurement decreases. 32.| 95.5 | 54.5 | 45,5 | 59.5 40.5 5.0
Table 1 — Calculated and measured concentrations C of the 33.1108.51 42.5 | 57.5 | 453 54.7 2.8
components of CuNi film alloys of different thicknesses gg 1(1)2(5) 222 iég ggg 4512(1) Zg

Component concentration, at.% | Discrepancy, 36.1122.5| 60.0 | 40.0 | 57.0 43.0 3.0
No | d, nm | Calculation | Measurements in % of the 37.1125.0 | 65.0 | 35.0 | 64.1 35.9 0.9

Ni Cu Ni Cu calculated 38.1125.5| 67.5 | 32.5 | 66.0 34.0 1.5
1. 34.0 | 62.0 | 38.0 | 72.2 27.8 10.2 39.1127.5] 17.5 | 82.5 | 19.5 80.5 2.0
2. 35.5 | 75.0 | 25.0 | 86.2 13.8 11.2
3. 370 | 63.0 1370 67.2 32.8 4.9 Unfortunately, X-ray microanalysis does not allow
4 | 385|790 210] 875 12.5 S5 obtaining information about the presence of chemical
5 | 41.0 | 73.0 | 27.0 | 80.1 19.9 71 compounds (hydrides, oxides, nitrides, etc.) in the sam-
6. | 425 8701130 965 35 95 ples, the formation of which is possible during the con-
7 14350 810 | 190 | 89.0 11.0 8.0 densation of samples during the interaction of the film
8. | 470 | 845 | 155 | 93.2 6.8 8.7 material with gases of the residual atmosphere (Hz, Oz,
9 | 51.0 1 86.01]14.0] 99.8 0.2 13.8 Ng, etc.) as a result of their sorption on the film surface.
10.] 52.0 | 885 [ 11.5 | 98.7 1.3 10.2 The presence of such compounds can significantly af-
11.1 525 | 86.0 [ 140 | 949 5.1 8.9 fect the physical properties of film samples (electrical
12.1 54.0 | 900 | 10.0 | 968 3.9 6.8 conductivity, phase composition, etc.).
13.] 60.0 | 85.5 | 14.5 | 95.9 4.1 10.4
14.] 64.0 [87.0 [13.0 | 969 | 3.1 9.9 4. CONCLUSIONS
12 24712 2(752 égg 2(758 443'% 196% . 1. The results of the study of the elemenjcal .composi-
17 1630 1890 110 973 07 33 tlpn of ﬁlm alloys.by X-ray microanalysis indicate the
18.] 69.5 | 905 | 95 | 964 | 36 5.9 high purity of the films. .
19.1 70,0 170.0 1300 | 59.0 110 1.0 2. Evaluation of ‘the accuracy of 'the ca'lculatlon
20.1 700 1890 11101 970 30 30 method for determining the concentration of film alloy
211 72.0 1 73.0 1270 | 63.6 36.4 94 components by comparing the rest.ﬂts of calculations and
221 735 | 755 | 245 | 66.8 33.9 37 the results of X-ray microanalysis showed that in the
23.1 750 1 61.0 1390 | 515 185 95 thickness range d <100 nm, the discrepancy is about
24 1 755 1 90.0 | 100 | 97.8 2.9 78 10 %, decreasing to 1 — 3 % at d > 100 nm.
25.| 78.5 | 68.0 | 32.0 | 60.0 40.0 8.0
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PenrrenocrnekrpagsbHUN MiKpoaHaJ i3 TOHKUX IJIIBOK MiJHO-HiKeJIeBHX CILIABIiB
B.B. JIo6oma, B.M. 3y6xo, C.M. Xypcenro, B.O. Kpasuenro, A.B. Yemxumnit

Cymcoruli HauloHALHUT aepapHull yHisepcumem, 8y.Ji. Iepacuma Kondpamuesa, 160, 40021 Cymu, Yrpaina

V craTTi HaBeeHO PE3yIBTATH OCTIMKEHHS eJIEMEHTHOrO0 CKIaay IuniBok ciuraBie CulNi meromom penT-
TEeHIBCHKOTO MIKpOaHaII3y (PEeHTIeHIBCHKUHM MIKPOAHAaIi3aTop Ha 6a3i CIleKTpoMeTpa 3 JUcCIepcieio 3 eHeprii,
10 BXOJUTH JI0 CKJIAJIy PACTPOBOTO esekTpoHHOoro Mikpockoma PEM-103-01). [laiBku criaBiB TOBHIMHAME
30-150 HM OyJiv OTPUMAHI OJJHOYACHUM PO3ILIILHUM BUIIAPOBYBAHHAM KOMIIOHEHT (MIiIb Ta HIKeJb) Y BaKy-
ymi 10-4 ITa. Migs BumapoByBaJsiacs 31 CcTpiuky 3 BoabgpamoBoi dossru ToBmuHow 0,05 MM. Hikesnb Buma-
POBYBAaBCSI €JIEKTPOHHO-IIPOMEHEBHUM CII0COOOM 3a JIOIIOMOTOI0 eJIeKTPOHHOI jionHol rapmaru. lBuaxicTs
roHmencarii cranosuiaa 0,5-1,5 um/c. Yuerora BHIIapoByBaHMX METAJNB CTAHOBHJIA IMoHaiMenIne 99,98 %.
PospaxyHkoBuil cKjIaa KOHIIEHTPAIIM KOMIIOHEHTIB 3pa3KiB 3MIHIOBABCA B ITHPOKOMY Tialas3oHl. Xapakre-
PUCTUYHUN PEHTIeHIBCHKUN CIEKTDP PEUYOBHHU ILTIBKYU IIOPYUIYBABCS IIPU CKAHYBAHHI €JIEKTPOHHUM IIyYKOM
miaaHky wiiBku poamipamu 300 x 300 MKM; JJIsT TOBCTIIINX IIIBOK PO3MIP MIIAHKKA CKAHYBAHHS CTAHOBUB
1 x 1 mrm. dx eTasoHu IIpy IIPOBeIeHH] KIJIBKICHUX BUMIPIOBAHb €JIEMEHTHOI'O CKJIAy ILTIBOK CILIABIB IIE€B-
HOI TOBIIMHY BHKOPHUCTOBYBAJIACA TOHKI ILTIBKK Ni TaKOl 'K TOBIIUHHU. Pe3yIbTaTh PeHTTeHIBCHKOT0 MIKPO-
aHaJI3y CBIIYATH IIPO BHCOKY YHCTOTY ILTIBOK. 3ICTABJIEHHA PO3PaXyHKOBMX KOHIIEHTPAIIH CILIABIB Ta pe-
3yJbTATIB BUMIPIOBAHb PEHTTEeHIBCHKAM MIKPOAHAJII30M IIOKA3aJI0, 0 B 00JI1aCTl TOBIIMH ILTIBOK d < 100 HM
PO30IsKHICTD CTAHOBUTD 01u3bK0 10 %, sHMKyOUNCH 10 1-3 % Ipy TOBIIMHAX 3paskiB d > 100 HM.

Knrouori ciioBa: Pentrenocniexrpaspauit Mmikpoasastis, Torkil wrisku, MigHo-HiKeseB] CIIyiaBuy.
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