ISSN 2616-8685. JOURNAL OF PHYSICS AND ELECTRONICS Vol. 31(2), 2023. DOI 10.15421/332317

PREPARATION OF Fe-Si-B-(Cu,Nb,Ni,Mo) FILMS BY QUENCHING
FROM A VAPOR STATE
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Using modernized three-electrode ion-plasma sputtering, homogeneous thin films of Fe-Si-B-(Cu,
Nb), and Fe-Si-B-(Ni, Mo) were obtained. The structure of the films was investigated by X-ray diffraction
and electron microscopy. It was established that as a result of sputtering, amorphous and nanocrystalline
phases with a coherent scattering region (CSR) size of 1.6 nm and 12 nm were formed in the Fe7sSiisB7-(Cu,
Nb)s and FerssSisB14-(Ni, Mo)1s films. The thermal stability of metastable states of the films, as well as the
electrical and magnetic properties of freshly prepared and heat-treated films were studied. The conditions
for obtaining films with small (modulo) values of the temperature coefficient of electrical resistance
(-0.9-10° K1) and coercive force (Hc ~ 11 A/m) were determined.
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1. Introduction

One of the main tasks is the creation of new materials with high functional
characteristics and methods for their production. The development of current information,
nano- and biotechnologies depends on its solution. In recent decades, researchers have paid
much attention to materials with an extremely nonequilibrium amorphous structure [1-2].
Modern methods of quenching from a liquid or vapor state, such as laser processing,
electrochemical deposition, three-electrode ion plasma sputtering, extreme plastic
deformation [3-7], have significantly increased the number of substances obtained in a non-
crystalline state. The study of the physical properties of thin metal films has been stimulated
by using metal condensates in microelectronics and microwave technology. The transition
from bulk materials to films makes it possible to place up to 100 million elements in 1 cm?.
By improving the production methods of such materials and changing the deposition
conditions (substrate temperature, flux density, composition of residual gases), it is possible
to purposefully influence the structure of films in a very wide range [9, 10]. The structural
characteristics of thin films are closely related to the kinetics of condensate formation and
secondary processes occurring during and after deposition [11]. Therefore, the development
and research of new film structures obtained by improved deposition methods is very
important. Of particular interest are multicomponent films based on the Fe-Si-B system,
which have excellent soft magnetic properties.

2. Experimental procedure

The method of modernized three-electrode ion-plasma sputtering (TIPS) [12] was used
to deposit the films. For this method, at an accelerating voltage of 2 kV, it is theoretically
predicted that the kinetic energy of the deposited atoms changes from 100 to 200 eV by
lowering the pressure of the plasma-generating gas from 0.053 to 0.016 Pa [13]. Moreover,
this method demonstrated the ability to produce uniform films of immiscible binary metal
systems [10, 12]. The targets for film deposition were rapidly cooled ribbons of the same
composition, obtained by quenching from a liquid state. The sputtered targets were
parallelepipeds 0.02 x 0.02 m in size and 0.02 mm high. The targets were in 16 cells, the
walls of which acted as electrostatic lenses. As a result, compared with the conventional
three-clectrode ion-plasma sputtering, the energy of the sputtered atoms before the collision
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with the substrate increases by a factor of 5—7. The relaxation rate of atom's energy under
such deposition modes is theoretically estimated at 10'2-10'* K/s [14], which is 7-8 orders of
magnitude higher than the maximum cooling rates achieved during fast quenching of metals
from a liquid state. This allows us to talk about ultrafast quenching from a vapor state.

The films were deposited simultaneously on glass-ceramic (sitall) substrates and on
fresh cleavages of a NaCl single monocrystals. The thickness was calculated from the
measured mass of the film and varied from 153 to 175 nm depending on the mode,
composition, and time of application. The deposition conditions are given in Table 1.

Table 1
The method of modernized three-electrode ion-plasma sputtering for film production
and its parameters
Sample number, film composition Ur, I, P, v, d, t,
(at. %) kv A mPa nm/s nm min
1, Fe+16%Si+7%B+1%Cu+3%Nb 2 0.8 17 0,16 153 16
2, Fe+6%Si+14%B+1%Ni+0,5%Mo 2 0.8 18 0,18 176 16

Note: Ut — accelerating voltage applied to the target; 1a — plasma discharge current; P — plasma gas pressure; v —
the film thickness growth rate; d — the film thickness; t — deposition time.

The structure of films deposited on single-crystal NaCl substrates was studied by
transmission electron microscopy and X-ray diffraction analysis in filtered cobalt Kq
radiation after dissolving the salt. The physical properties of nonequilibrium states were
studied on films deposited on glass-ceramic substrates. The electrical resistance of films was
measured by four probe method in a vacuum of ~10 mPa during continuous heating and
cooling of the sample at a rate from 4 to 18 K/min to study the electrical properties and
thermal stability of films. The magnetic properties of the samples were measured by a
vibrating sample magnetometer in a magnetic field with a maximum induction of 0.3 T,
parallel to the film plane, at room temperature.

The multicomponent films of composition (in at. %): FenSiicBs-(Cu, Nb)s
(composition 1) and FerssSisBis-(Ni, Mo)is (composition 2) were the subject of this
investigation.

3. Results and discussion

In the films of composition 1 in the newly deposited state, an amorphous structure with
a fuzzy halo was observed, indicating a CSR size of approximately 1.6 nm (Fig. 1).

In the films of composition 2, a nanocrystalline structure was established with a CSR
size of L=12 nm (Fig. 2). These CSR sizes roughly match the grain sizes, which allows us to
categorize the structure as nanocrystalline [15]. The temperatures of the start and end of the
decay of the arising metastable states are estimated based on the points on the temperature
dependence, where the irreversible drop in electrical resistance starts (Fig. 3). The structure
of the films (composition 1) shows stability up to the temperature of 773 K. For these films,
the temperature coefficient of resistance is —21-10° K-!. Films of composition 2 are stable up
to 703 K and have the temperature coefficient of resistance —0.9-10° K'. At 773 K for
composition 1 and 703 K for composition 2, the onset of the decay of metastable structures is
seen with the emergence of a supersaturated solid solution of a-Fe (Fig. 1, 2).
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Fig. 1. Photometric X-ray diffraction profiles of the films: (a) Fezs5SieB1a-(Ni, M0)15 (composition 1);
(b) Fers5SieB1s-(Ni, M0)1,5 (composition 2) in the initial state.
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Fig. 2. Photometric X-ray diffraction profiles of the films: (a) Fe78,5Si6B14-(Ni, M0)1,5  (composition 1);
(b) FerssSisB1a-(Ni, M0)1,5 (composition 2) after heating to 893 K (b).

The temperature dependence (Fig. 3) of reaching the maximum value of the relative
change in electrical resistance ((R/Ro) was used to estimate the activation energy of the
relaxation processes of the initial metastable structures, if the same degree of relaxation of the
structure corresponds to the maximum values of R/R, for a single-phase interval, obtained at
different heating rates (Vhea). In this case, the parameter Tmax=(T"decomp/Vheat) follows an
Arrhenius-type equation and describes the kinetics of this process, (here Tuecomp 1S the
temperature at which the metastable structure starts to decompose). The activation energy
values are determined based on the slope of In(Tmax) to the axis (1000/ Tgecomp) for different
rates of cooling.

The activation energy values obtained by the Kissinger method are 10400 + 1200 K.
This value is four times lower than the activation energy values (43000 K) and the average
diffusion coefficient determined from the kinetic parameters in the Fe4NisP14Bs alloy
quenched from the liquid state [16].
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Fig. 3. The resistivity of the films of composition 1 (a) and composition 2 (b) as a function of temperature.

The literature has already reported such a difference between the activation energies for
films and bulk samples. This can be attributed to the near two-dimensionality of the films
studied compared to foils quenched from the liquid state and geometric factors.

The demagnetizing magnetic field strength (Hc) of newly deposited films of
compositions 1 and 2 (Fig. 4) is twice as large as the Hc of films of pure iron and equals to 11
and 10 A/m, respectively. After heating the films of composition 1 to 893 K, Hc rises by 1.1
times, and in films of composition it rises 2 by 1.2 times, which is due to the formation of the
optimal ratio between particles of nanocrystalline o-Fe and amorphous phase remnants.
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Fig. 4. Demagnetization plots for films aligned parallel to the field: 1 — initial state of composition 2; 2 —
composition 2 after heating to 893 K; 3 — initial state of composition 1; 4 — composition 1 after heating to
893 K.
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4. Conclusions

The structure and properties of FezsSiisB7-(Cu, Nb)s and FezgsSisB1s-(Ni, M0)15 films
produced by modernized three-electrode ion-plasma sputtering were studied under heating. It
was found that sputtering FezsSiisB7-(Cu, Nb)s alloy results in an amorphous phase with a
coherent scattering region size of 1.6 nm in the films. Sputtering FezgsSisB14-(Ni, M0)15 alloy
leads to a nanocrystalline phase with a coherent scattering region size of 12 nm in the films.
The emerging metastable structures are stable when heated to 773 K in FezsSiigB7-(Cu, Nb)4
films and to 703 K in FezgsSisB14-(Ni, M0)1s films. The activation energy of relaxation
processes of the initial metastable structures was estimated based on the temperature
dependences of electrical resistance at different heating rates. The activation energy values
obtained by the Kissinger method are 10400 + 1200 K. It is demonstrated that films of the
composition FersSieB1a-(Ni, Mo0)15 have a low temperature coefficient of resistance —
0.9-10° K-!. It was revealed that the coercive force of newly deposited films is 10-11 A/m,
which is more than twice the coercive force of films of pure iron and ribbons of a similar
composition quenched from a liquid state. These differences in physical properties can be
attributed to geometric factors (two-dimensionality of the sample) and the structure element
sizes.
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