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The results of experimental studies of the temperature dependence of the resistance and the temperature
coefficient of resistance (TCR) for nanoscale two-component film alloys based on Fe, Pd or Pt, Mo and Ni atoms are
present. These materials have low sensitivity to deformation (strain coefficient 1.8-2.2 units) in the range of
deformations up to 10 %, which makes them promising materials for sensor and flexible electronics. It was established
that the properties of the films are affected by the processes of structural ordering under the influence of temperature,
as well as surface and grain boundary electron scattering. It is shown that the TCR of film materials depends on the
phase composition of the films and when the total thickness of the system changes from 10 to 80 nm in the temperature
range of 300-850 K, it is (2.0-9.5) 10-+K-! (phases FePd, FePt, FePds, FePts) and (8.0-9.8) 10-4K-1 (NisMo). The TCR
measurement results confirm the high temperature stability of these systems.

Keywords: Nanoscale materials for affordable energy-efficient electronics, Phase formation processes,
Temperature coefficient of resistance (TCR), High thermal stability, Low sensitivity to deformation.
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1. INTRODUCTION

At the modern stage of developmentof sensor and
flexible electronics (see, for example, [1-4]), the main types
of film materials for forming sensitive elements can be
distinguished [5-7]: multilayer film systems and
multilayers (alternating magnetic and non-magnetic
layers); granular film materials; film alloys; combined
multilayer systems of nanosized magnetic layers in the
form of granular nanocomposites of magnetic
nanogranules embedded in a non-magnetic matrix, non-
magnetic interlayers and intermediate layers of a solid
solution. In addition to the above, crystalline phases with
certain features can be formed in metal/metal (Me/Me)
systems: the chemical compound has a clearly defined
ratio of element atoms, which corresponds to the
stoichiometric composition; the chemical compound has a
crystal lattice that may differ from the lattices of the initial
components and have a constant melting point or certain
unique properties.

The authors of [8] developed a general concept of
ordering  mechanisms in  thermostable  binary
nanocrystalline alloys. The dependences of the long-range
order parameter of alloys on pressure and temperature
confirmed the presence of order-disorder phase
transformations; the influence of temperature changes
and near- and far-range magnetic orders on the scattering
pattern of various types (electron, X-ray) waves in alloys
based on metals with fcc and bcee lattices was revealed.
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It has been established [8] that binary substitution
alloys are characterized by a number of physical and
mechanical properties that significantly depend on the
concentration of atoms of individual components and heat
treatment regimes. The volume of the unit cell of the L.10
phase increases by an average of 2 % with an increase in
the concentration of Pd atoms from 50 to 60 at. %.

Due to their high temperature stability, two-component
film alloys based on ferromagnetic, noble and refractory
metals are used to form passive elements of hybrid ICs by the
method of multilayer metallization with the ability to predict
the structure of individual layers and microregions by the
value of contact resistance and operating characteristics of
devices. Due to their high functionality, such materials have
found wide use as sensitive elements of sensor technology
(thermistors, strain gauges, etc.), and the prospects for their
use are associated with the thermal stability of ordered
structures and the stability of physical characteristics in a
wide temperature range under the action of deformation and
magnetic fields.

The development of modern flexible -electronics
involves the transition to new electronic devices and
systems, such as small-sized and lightweight
multifunctional sensors, electronic information storage
and display devices, photovoltaic panels and
reconfigurable antennas, flexible biological electronic
implants, printed power batteries and accumulators. The
distinctive features of flexible electronics devices [2, 9, 10]
are thermal stability and low sensitivity to deformation.
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The aim of the work was to determine the temperature
coefficient of resistance of two-component film materials
with low sensitivity to deformation based on Fe and Pd or
Pt and Ni and Mo from the point of view of the possibility
of their practical application as thermally stable elements
of flexible electronics.

2. METHODOLOGY AND TECHNIQUE

For obtain two-component film alloys based on Fe, Pd or
Pt and Ni and Mo, a vacuum installation of the VUP-5M
type (p ~ 10 - 3-10 ~ 4+ Pa) was used. Film materials were
formed by varying the condensation rate, substrate (S)
temperature, and annealing temperature. Evaporation was
carried out by electron beam (Ni and Mo) and
thermoresistive (Fe, Pd and Pt) methods.

The substrate temperature was varied in the range
Ts = 300-500 K, the annealing temperature was
Tan = 300-900 K. The annealing time at the maximum
temperature was 15 minutes, and the cooling rate was
3 K/min. The metal deposition rate was regulated by
changing the electric current (SM 7020-D device) and was
1-1.6 nm/s. The films were obtained by layer-by-layer or
simultaneous condensation methods.

The simultaneous condensation of two metals was
carried out with separate arrangements of evaporators,
substrates, and thickness sensors. Varying the thickness
of individual layers makes it possible to change the
concentration of components, which in a multilayer film
system is determined by the ratio:

Ddp; '
ijlDidi'u;l ,

where D and u— density and molar mass.

Obtaining the temperature dependence of the
resistivity and calculating the TCR of film materials was
carried out in automatic mode using a two-point scheme.
Sithal and glass plates with applied low-resistance contact
pads were used as substrates. A film with predetermined
geometric dimensions was deposited through a special
mask. The sample was placed in a quartz tube with a
tungsten spiral. Resistance was measured through low-
resistance pressure contacts with a multimeter HP
34410A at room temperature, for which a chromel-alumel
thermocouple with an Escort EDM3150 multimeter
(accuracy + 1 K) was used to control the resistance.

The calculation of the average value of the TCR was
carried out according to the cooling curve of the last
thermostabilization cycle on the basis of the experimental
dependences R(T) or p(T) according to the ratio:

1 AR
P=far ®7*

14
p AT’

where AT - temperature interval.

The phase composition was studied by electron
microscopy and transmission electron microscopy (PEM-
125K instrument).
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3. EXPERIMENTAL RESULTS

The thickness of individual layers of film materials was
chosen in such a way that, in accordance with the state
diagrams for massive samples, different phases should be
stabilized in the film systems depending on the atomic
concentration and temperature (see, for example, [11]).

During the annealing process, the following phases can
form in films based on Fe and Pd or Pt: (Fig.1): solid
solution (s.s.) of atoms Pd or Pt in bce Fe (is phase (a-Fe);
concentration cpa < 50 at. % and cpt < 15 at. %); FesPt
(phase L1g; cpt = 14-30 at. %); FePd or FePt (phase Llo;
cpd = 50-60 at. % and cpt = 30-60 at. %). Electronographic
studies indicate that the phase composition of the heat-
stabilized samples corresponds to the predicted one.
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Fig. 1 — Diffraction pattern (a), microstructure (b) and X-ray
diffraction patterns from the film alloy FePd/S

It was established that the character of the dependence
A1) is determined by the ratio of the thicknesses of
individual layers of the fragment (the total concentration
of metal atoms) (Fig. 2): at the ratio of thicknesses dpd/dre =
0.22-1.22 the following features of the resistivity
temperature dependence: p(7) is linear to temperature
T =700 K for system FesPd/S (d = 30 nm) and to 7'= 600 K
— for system FesPd/S (d = 15 nm). Film systems based on
Fe and Pt with different total concentrations of Pt atoms
were also studied: from 5 to 50 at. %. The following
features of the temperature and concentration dependence
of the TCR for the FePt phases were established. In all
cases, the dependence S~ 1/T was present in the interval
300-700 K, although its value has different meanings in
different concentration intervals.

For the phase s.s.(a-Fe), the maximum value of TCR is
observed: from 2.5:10-3 K-1 (300 K) to 1.4-10-3 K-1 (700 K),
which is consistent with the value g for single-layer films.

For phase FesPd (L.12) the TCR value changes from
2:10-3K-1(300 K) t0 9.0-10-4 K- (700 K). Minimum value
of TKO (i.e. the greatest thermal stability) takes place in
phase FePd (L.lo) — (2.0-8.0)10 -4 K -1, which can be
explained by the processes of structural ordering after
annealing. The concentration dependence of TCR for
systems based on Fe and Pd or Pt is shown in Fig. 3.
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TEMPERATURE COEFFICIENT OF RESISTANCE OF NANOSCALE MATERIALS...
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Fig. 2 — Temperature dependence of resistance (a, b) and
resistivity (c) and TCR for film systems: a — phase FesPt, film
thickness 80 nm; b — phase FePt, film thickness 50 nm; ¢ —
phase NisMo, film thickness 70 nm

For film materials of the ferromagnetic/noble metal
type, the value of the parameter TCR largely depends on
the chemical composition and type of crystal lattices of the
thermostabilized film material (see, for example, [12]),
since, most likely, a ballistic charge transfer mechanism is
implemented in them.

During annealing of fims based on Ni and at 750 K, a-
Mo crystallization occurs and the phase composition
corresponds to fcc Ni and bece Mo with lattice parameters
a=0.352 and 0.315 nm, respectively. After annealing, due
to the processes of defect healing and recrystallization, the
average size of Ni crystallites increases by up to 2 times
compared to non-anneling samples. For the Mo layer, the
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average crystallite size L = 10 x 10 nm. The TCR value for
the NisMo film alloy is (8.0-11.0) - 10-4K-1.
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Fig. 3 — Concentration dependence of TCR for film systems:1 —
phase FePd (d = 10 nm); 2 — FePd (d = 15 nm); 3 — phase FePt
(d = 15 nm); 4 — phase FePd (d = 20 nm). Magnitudes fpq, pt and
Pre correspond to thickness films 20 nm

4. CONCLUSION

1. The phase composition and thermoresistive
properties of film alloys based on Fe, Pd or Pt, Mo and Ni
atoms with low sensitivity to deformation (strain
sensitivity coefficient 1.8-2.2 units) in the range of
deformations up to 10 % were studied.

2. It was shown that the value of the TCR of film materials
depends on the phase composition of the films (formation of
phases of different composition) and when the total thickness
of the system changes from 10 to 80 nm in the temperature
range of 300-850 K is (2.0-9.5) '10-* K- (FePd, FePt, FePds,
FePts phases) and (8.0-9.8)10 - ¢+ K - ! (NisMo), which
confirmed the high temperature stability of the above
systems.
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Temneparypuuit koedinieHT OMOpy HAHOPO3MipPHUX MAaTepiaiB
JJIA €JIEMEHTIB TrHY4YKOI eJIEKTPOHIKU

LII. Bypux, J.I. Toscrirkos, JI.B. Ogaogsoperis

Cymcoruti Oeporcasruil ynisepcumem, 40007 Cymu, Yipaina

Y pobGori HaBemeHl pPe3yJbTATH EKCIEPUMEHTAJIBHUX JOCTIKEeHb TEeMIIEPATYPHOI 3aJIeKHOCTI Omopy 1
TEeMIIEPaTyPHOTO KOeIIlieHTy OII0py HAHOPO3MIPHHUX JTBOKOMIIOHEHTHHUX IIJIIBKOBHUX CILJIABIB Ha O0CHOBI atomiB Fe,
Pd a6o Pt, Mo i Ni. Ii maTepianu MaoTh HU3bKY YyTIUBICTE 0 Jedopmalrii (koedirfieHT TeH301yTanBocTi 1,8-2,2
omuHUIN) B iHTepBal medopmaliii 10 10 %, 1m0 poOUTH IX MMEPCIeKTUBHHMH MaTepiajaMM JIsi CEHCOPHOI Ta
THYYKOI €JIEKTPOHIKHM. YCTAHOBJIEHO, IO Ha BJACTABOCTI IUIBOK BIUIMBAKOTH IIPOIECH CTPYKTYPHOTO
VIIOPSIKYBAHHS II1]] €0 TEMIIEPATYPH, & TAKOK [I0OBEPXHEBE 1 36 PHOMEKOBE PO3CiIoBaHHs eslekTpoHiB. [lokasano,
mo BesuunHa TKO IuniBkoBHX MaTepiasiB 3aeKUTh Bl pasoBOr0 CKJIAAY IUIIBOK Ta IIPU 3MIiHI 3arajibHOL
ToBImHU cuctemu Bif 10 go 80 um B imTepBasi Temiepartyp 300-850 K cramosuts (2.0-9.5)10-4K -1 (dasu FePd,
FePt, FePds, FePts) Ta (8.0-9.8)10 -4 K -1 (NisMo). Pesynbraru BumipoBaras TKO minreeppxyooTh BHCOKY
TeMIIepaTypHy CTA0LIbHICTh BUIIEBKA3AHUX CUCTEM.

KmiouoBi ciosa: Hawmoposmipui MaTepianau Ui JOCTYIIHOI eHeproed)eKTHBHOI eJIeKTpoHikM, Ilpoiecn
dasoyrropenus, Temneparypuuit koedimient onopy (TKO), Bucora tepmiuna crabiibaicts, Husbka dyTiausicts
110 medopmartrii.
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