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Abstract: Thin Cu films with a thickness of ~0.5-2.5 mkm were obtained on the surface of Fe, V, and Ti metals
using the Plasma Focus (PF) setup. The Cu film thickness was determined on an Ambios XP-200 profilometer.
The distribution profiles of Cu, C, O2, N2 and Hz in initial metal samples: Fe, V, and Ti were studied by layer-
by-layer analysis on a GDS 850A atomic emission spectrometer. It is shown that the distribution profile and
the depth of occurrence of elements depend on the type of metal. Using the method of Rutherford
Backscattering Spectrometry (RBS) of 4He* ions, it was shown that for Cu atoms the depth of occurrence in Fe,
V, and Ti, accordingly, is ~106, ~120, and ~160 nm. The depth of occurrence of C atoms in metals: Fe, V, and Ti
is ~150, ~120, and ~200 nm, accordingly. From the data of layer-by-layer analysis on an atomic emission
spectrometer in the initial samples of metals: Fe, V and Ti, a transition layer with a thickness of ~0.01,
accordingly, was found; 0.5 and 1 mm. The presence of this layer is connected with the mechanical processing
of metal samples, and the presence of a large number of admixtures in the thin layer of the metal. Thus, Cu
atoms are located in the transition layer under the metal surface, which imparts adhesion and electrophysical
properties of Cu films.

Keywords: Rutherford backscattering; plasma focus; films; metals

1. Introduction

At the present time, in connection with the further miniaturization of microchips elements,
refractory metals and their alloys are used, which are functionally better than traditionally used
copper and aluminum. However, the common disadvantage of materials is their lower conductivity
and poor adhesion to the semiconductor surface [1-6]. Partly, these problems are figure out by
applying thin films of Au, Pd and Ag on the surface of refractory metals, or by selecting composite
layers from various metals. For these purposes, the method of magnetron sputtering or ion-beam
doping is usually used [7-12]. However, these metals are expensive and therefore, in the production
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of microchips, they seek to replace these metals with cheaper ones - Al, Cu. While quite often, poor
adhesion of Cu and Al with surface of a refractory metal is observed [13,14]. To improve the quality
of films, it is necessary to apply additional processing methods: chemical etching and high-
temperature processing, which leads to a decrease in the quality of microchips and a decrease in the
yield of suitable products. In this work, we consider the possibility of applying Cu films on the
surface of a number of refractory metals using a Plasma Focus (PF) setup according to a previously
proposed technique [15]. A feature of PF installations is the generation of high-temperature plasma
flows containingionsand particles Cu, which come during ablation from a copper anode. Under high
plasma flow ratesof ~107sm/s, Cu particlesandions can penetrateunder the metal surfacetoa depth
of about tens of nanometers or more, which should ensure good adhesion of Cu films. The aim of the
work was to obtain thin Cu filmson the surface of metals: Fe, V and Ti at the PF facility and the study
of the distribution profile of chemical elements in these metals.

2. Materials and Methods

Depositionof Cu films on metals: Fe, V, Ti on a PF-4 installation (LPI) of the Mather type, which
is one of the modifications of the Z-pinch devices [16]. The capacitor battery of the installation had a
capacity of 48 mkF and, at a voltage of ~12 kV, provided an energy contribution to the discharge of
~3.6 KJ. Ablation of the anode Cu under the influence of a high-intensity electron beam forms a
cumulative plasma jet containing Cu ions and particles ranging in size from tens to hundreds of
nanometers. The plasma flow speed varies from ~107 to 10® cm/s and depends on the energy
contribution to the discharge. Metal samples: Fe, V, and Ti were irradiated with 10 plasma pulses at
300 K with an interval between pulses of ~3 min. The energy density of the plasma flow was
controlled by theamplitude of the feature on the oscillogram of the derivative of the discharge current
[16].

Method of deposition of copper films: The deposition of Cu films on the surface of metal
samples: Fe, V, and Ti was performed on a plasma-chemical reactor according to the procedure [15].
When depositing metal films, a tube made of stainless steel of the HISN10T type, 70 mm long, was
used. The inner diameter of the tube was 12 mm. For research homogeneous Cu films of size ~1 cm?.

Sample preparation and elemental composition measurement: Samples of Fe, V and Ti had
sizes of ~2x20x20 mm. Samples of metals grinding and polishing to a mirror finish with GOI paste.
The samples were washed with distilled water and degreased with ethanol. The elemental
composition on the surface of the samples was monitored using an EVO-40 scanning electron
microscope with an attachment for X-ray microanalysis. The distribution of chemical elements and
the depth of their occurrence in the initial samples of Fe, V, and Ti were controlled by quantitative
layer-by-layer analysis on a GDS 850A glow-discharge atomic emission spectrometer (LECO). The
distribution profiles of chemical elements and the depth of Cu in the samples: Fe, V and Ti were
determined by the Rutherford backscattering of helium ions with an energy of 2.451 MeV (JINR,
Dubna) [17,18]. The Cu film thickness was determined using an XP-200 digital profilometer
manufactured by AMBIOS (USA).

The distribution profiles of elementsin Cu films were studied using a Rutherford backscattering
(RBS) facility (Dubna, JINR) [9,10,13]. Helium ions with an energy of 2.451 MeV were used. The
detector resolution was 25 keV. The results were processed according to the standard method on a
computer using the SIMNRA 7.02 program [14]. The registration scheme for backscattered helium
nuclei ‘He* is shown in Fig. 1.
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Figure 1. Scheme of registration of He* ions backscattered in the sample: n is the normal to the
sample surface; a is the angle between the incident ion beam and the normal n; 3 is the angle
between the normal n and the beam of scattered ions flying into the detector; 0 is the scattering
angle, equal to the angle between the ions that have passed through the sample and the scattered
ions flying into the detector.

The figure shows the geometry of the detector location relative to the analyzing beam of helium
ions and the studied Fe sample, the angles were equal to a = 40°, 3 = 30°, 6 = 170°. For V and Ti
samples, the angles were equal, respectively: for V, a =10°, 3 =0°, 0=170°; for Ti, a =0°, = 10°, 0 =
170°.

Angle «a is the angle between the normal n to the sample and the direction of the incident beam;
B is the angle between the normal n and the scattering direction at which the spectrum is taken; 0 is
the angle between the direction of the beam passing through the sample and the scattering direction
(backscattering angle).

The H: distribution profile was measured using the Elastic Recoil Detection Analysis (ERDA).
In this case, an Al foil was placed in front of the detector, the thickness of which was chosen so that
the helium ions scattered by the nuclei of all elements at an angle of 30° were absorbed in it almost
completely, and the recoil protons lost the minimum energy. Model calculations were used to
determine the atomic concentration and the depth of occurrence of elements in samples of Fe, V, and
Ti. To determine the depth of occurrence of elements, the values of the atomic densities of the
chemical compounds Fe, V and Ti were used [8]. The depth of occurrence of elements was calculated
based on the average density of the layer using formula (1):

G
b=2 1)
is the average density of the layer [at./cm3], Ci is the atomic concentration of the elementiin the layer
(a fraction of 100%), Piis the atomic density of the element i [at./cm?].
For hydrogen and oxygen, tabular Pi values were taken for gases in the molecular state.

3. Results

Figure 2 shows the spectrum of elements on the surface of the Fe sample when Cu is sprayed
through a stainless steel tube. It can be seen that elements are observed on the Fe surface: copper
(Cu), silicon (Si), aluminum (Al), carbon (C) and oxygen (O). Chemical elements — C, Si and Al come
from the anode unit of the installation [19].
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Figure 2. The spectrum of elements on the surface of the Fe sample when the Si film is sprayed
through a stainless steel tube of type HISN10T.

Figure 3 (a - f) shows the distribution profiles of elementsin the initial samples — Fe, V and Tij,
obtained by quantitative layer-by-layer analysis. Impurities are visible on the surface of the samples:
C, Oz, Hz and Nz, the main components of air and water. At depths of more than 5 nm, pure Fe, V
and Ti are observed, as well as an insignificant concentration of Si. A transition layer is visible on all
samples, the thickness of which depends on the density of the metal —0.01 microns (Fe); 0.5 microns
(V); 1.0 microns (Ti).
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Figure 3. Distribution profiles and concentrations of elements in initial samples: (a, b) Fe, (c, d) V,

and (e, f) Ti according to layer-by-layer quantitative analysis.
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It can be seen that the surface of the initial metal samples contains large amounts of N2 and C,
while Oz and H: are observed in lower concentrations. The presence of these elements is associated
with the absorption of gases by the films: CO2, N2, and H2O vapors from the atmosphere. Fe and Si
particles get into the V and Ti samples during grinding on a glass plate and from a fixture made of
steel. The penetration depth of impuritiesin Fe reaches ~60 um (Fig. 3a);in V and Ti is ~5 um (Fig.
3¢, e). Parameter I* (Fig. 5b) is the plasma currentin the glow discharge atomic emission spectrometer
GDS 850A. Up to 0.005 microns, the current is stabilized and all indicators should not be taken into
account.

On Fig. 4 (a - ¢) shown the RBS spectra of the samples Fe, V, and Ti (experimental curve 1). The
calculated spectra (curve 2), which are the sum of all partial spectra associated with the scattering of

heliumions ‘He* by thenucleiof the elements that make up the Cu films on the surface of the samples:
Fe, Vand Ti - C, O, Cr, and Fe [20].
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Figure 4. Experimental (1) and calculated using the SIMNRA program (2) backscattering spectrum
of *He* ions in Fe (a, b), V (c, d) and Ti (e, f) samples: carbon (C) — solid black line; copper (Cu) —
dotted line; substrate material — Fe, V, and Ti — dash-dotted line.

It should be noted that other chemical elements also affect the RBS spectrum (Fig. 2, 3), but their
influence is insignificant due to the low concentration. Note that Cu films were not studied in the
work by layer-by-layer analysis on a GDS 850A atomic emission spectrometer, which was due to the
need to have fairly uniform films ~20x20 mm?2in size. It was not possible to obtain Cu films of such
sizes using the Plasma Focus PF-4 setup. On Fig. 5 (a, b) shows the distribution profiles of Cu on the
surface of metals: V and Fe.
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Figure 5. Copper film profile on (a) V sample and (b) Fe sample.

Copper films on sample V havea thicknessin the range of 0.5-2.5 pm. In the case of Fe and Ti
samples, it was not possible to determine the film thickness due to the insufficient planarity of the
samples. In this case, the profilometer scans the profile of the sample surface, against which it is
almost impossible to determine the thickness of the copper film (Fig. 5b).

4. Discussion

From the results (Fig. 4) it follows that the penetration depth of C atomsin Fe is ~150, V ~120
and Ti ~210 nm. The depth of occurrence of Cu atoms depends on the density of the metal: Fe (7.86
g/cm3) ~105,V (6.11 g/cm?3) ~120 and Ti (4.51 g/cm3) ~160 nm. The large depth of occurrence of Cu in
Ti is associated with a lower density of the metal and its oxides in comparison with Fe and V. These
considerations are confirmed by data on the density of the main metal oxides: Fe20s — 5.24 g/cm?,
V205 —4.87 g/cm® and TiOz2 — 4.25 g/cm? [21]. The initial samples of Fe, V and Ti metals in thin surface
layers of ~5-10 nm contain about several weight percent of various impurities: C, Oz, Hz, N2 and
others. The depth of occurrence of these impurities in Fe can reach 60 pm (Fig. 3a). In vanadium and
titanium, the depth of occurrence is about 5 pm (Fig. 3¢, e).

Thus, Cu particles, penetrating to a depth of about 100-150 nm, are in a metal layer with a
sufficientlyhighlevel of doping with variousimpurities. This metallayer willhavea significant effect
on the electrical and mechanical properties of Cu films. In addition, Cu filmshaveaninhomogeneous
structure, as indicated by the scanning profile (Fig. 5a). Given that microelectronics uses conductive
tracks with a thickness of the order of several hundred nanometers or less, one can expect Cu to
penetrate the entire thickness of the material, which should ensure good adhesion with conductors
made of refractory materials and their sufficiently high electrical conductivity.

5. Conclusions

The profiles and concentrations of the elements: C, Oz, N2, and Hz on the surface of the initial
metal samples: Fe, V, and Ti were determined by layer-by-layer quantitative analysis on a GDS 850A
glow-discharge atomic emission spectrometer. It is shown that a "loose" transition layer with a
thickness of ~1 um exists on the surface of metals in the initial state. Rutherford backscattering of
4He+ions with an energy of 2.451 MeV was used to determine the depth and distribution profile of
Cu and C atoms under the surface of Fe, V, and Ti metals. The penetration depth of Cu particlesin
Fe is~100nm;V ~120nm; Ti ~160 nm.Itis assumed that the physical properties of the transition layer
~1 pum thick in metals: Fe, V, and Ti will determine the properties of Cu films (adhesion, electrical
resistance, etc.). Usingan AMBIOS XP-200 type profilometer, the thickness of the Cu film on the metal
surface was determined to be ~0.5-2.5 um.
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