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Comprehensive investigation of the phase state and the electrophysical properties (resistivity and tem-
perature coefficient of resistance (TCR)) of [Py/Ag]./S multilayer film systems with a constant total thick-
ness of 54 nm in a range of bilayer repeats from 1 to 16 was presented. Thin films based on permalloy
NigoFezo (Py) and Ag were prepared by the electron-beam layer-by-layer evaporation method in a vacuum
10-4 Pa at room temperature. Their phase state was studied using electron diffraction methods. Samples
after deposition show phase state corresponding to the combination of face-centered cubic (fcc) NisFe and
fee-Ag lattices. The film phase state remained unchanged within the entire range of Py/Ag bilayer repeats.
It was demonstrated that the process of the heat treatment also did not affect their structure. The samples
after deposition were annealed in a vacuum during two cycle “heating < cooling” up to the temperature of
healing defects. The heat treatment of the samples was done in the automated mode that allowed to con-
trol the speed of heating, experimental data (resistance and temperature) recording and processing. Re-
sults of the study of electrophysical properties demonstrate that metallic behavior of resistivity tempera-
ture dependences is observed for all films. The values of resistivity and TCR have an order of
p~10-70hmm and f~ 10-3 K-1, respectively, that are typical for components of investigated samples.
At the same time, the increase of the number of the bilayer repeats from 1 to 16 leads to the increase of re-
sistivity value from 0.7810-7 to 2.40-10-7 Ohm ‘m, and to the decrease of the TCR value from 4.70-10-3 to
2.23:10-3 K-1. The mean reasons of such change of p and f values can be associated with the growth of
probability of electron interface scattering and the breaking of individual layer continuous at the increase
of Py/Ag bilayer numbers at the constant total thickness.
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1. INTRODUCTION

Permalloy NisoFezo (Py) is a soft magnetic material
which is characterized by high saturation magnetiza-
tion, high susceptibility and low coercive force, and can
be used in read heads, magnetic memory and spin de-
vices [1, 2]. Practical application of the Py thin films
has been widely expanded by addition of the third con-
stituent element [3, 4]. Permalloy based thin films can
be applied in magnetic sensors based on anisotropic,
giant or tunneling magnetoresistive effects. As a result,
the broad practical application of the Py based thin
films stimulates intensive investigation of their mag-
netic and magnetoresistive properties [5, 6]. One of the
priority areas of research is improving temperature
stability of magnetic parameters. Formation of the
functional elements of various purposes with improved
thermal stability of magnetic performance characteris-
tics allow to produce highly efficient devices [7].

The measurements of thermoresistive (resistivity
(p) and temperature coefficient of resistance (TCR, f))
or strain (integral and differential strain coefficients)
properties of permalloy and permalloy based thin films
have been conducted rather occasionally (see, for ex-
ample Ref. [8, 9]). Though, such parameter as resistivi-
ty is one of the base characteristic which affects the
electronic, strain, magnetic, etc. properties of thin film
materials. An analysis of the literature devoted to the
study of thin film structures reveals that their electro-
physical properties strongly depend on preparation
conditions, thickness, and concentration of crystal
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structure defects. A composition of two or more thin
metal film phases can improve the thermoresistive and
strain properties [10-12]. This fact stimulates investi-
gations of temperature, concentration and size depend-
ences of resistivity and TCR of thin film structures
prepared by co-evaporation or layer-by-layer methods.

In our previous work [13] we investigated electro-
physical properties of thin film systems based on
permalloy and silver prepared by co-evaporation meth-
ods. It was shown that the change of concentration of
non-magnetic atoms in the range from 20 to 85 at.%
leads to appear minimum or maximum respectively on
the dependences of p and S at the concentration of Ag
atoms of 48 at.%. This peculiarity is connected with
changes in crystal structure of the samples.

In this paper, the experimental investigation focus-
es on electrophysical properties of multilayer film sys-
tems based on permalloy and silver. The basic frame-
work was two-layer thin film Py(16)/Ag(38)/S (S is sub-
strate, the thickness in the brackets is in nanometers).
The selection of layer thickness was made based on the
results for structures prepared by co-evaporation
method and corresponded to the composition of Ag
atoms of 48 at.%.

It is also known that electrophysical properties
strongly depend on number of interfaces in multilayer
system [14]. Thus, at the formation of subsequent sam-
ples [Py/Ag]./S, the number of bilayers Py/Ag (n) in-
creases from 1 to 16. The total thickness and concen-
tration of components remained unchanged
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2. EXPERIMENT TECHNIQUE

The sample preparation was carried out by electron-
beam sputter deposition onto substrate at the tempera-
ture 300 K in HV chamber with a base pressure of
10-4 Pa. Amorphous glass-ceramic plates (for investi-
gation of electrophysical properties) and copper grids
with predeposited layer of carbon (for investigation
crystal structure of samples) were used as substrates.
Firstly, the sample with nominal composition
Py(16)/Ag(38)/S were obtained. All samples were pre-
pared at the same vacuum condition with the use of a
cylindrical substrate holder. The sputtering rate was
0.1 nm/s. The thickness of each layer (accuracy of up to
10%) was monitored by the method of the quartz reso-
nator.

Secondly, the samples with nominal composition
[Py/Ag]+/S were prepared. The number of bilayer Py/Ag
was increased from 2 to 16. The total thickness re-
mained unchanged. As a result the following samples
were obtained: [Py(8)/Ag(19)]2/S; [Py(4)/Ag(9.5)]4/S,
[Py(2)/Ag(5)]s/S, and [Py(1)/Ag(2.5)]16/S. The schematic
diagram of the multilayer thin film structures
[Py/Ag]./S is presented in Fig. 1.

Fig. 1 - The schematic diagram of the multilayer thin film
structures [Py/Ag]./S with  the total  thickness
d =54 nm = const and different numbers of repeats of bilayer
n: 1 (a), 2 (b), 4 (c), 8 (d), and 16 (e). The basic structure is
[Py(16)/Ag(38)]/S

The samples after deposition were annealed during
two cycle “heating «<» cooling” up to the temperature of
healing defects. The annealing was performed in a vac-
uum chamber at 10-4Pa. Note, that the heat treat-
ment of the samples was done in the automated mode.
It allowed to control the speed of heating, experimental
data (resistance and temperature) recording and pro-
cessing. The value of temperature coefficient of re-
sistance has been calculated on the base of tempera-
ture dependences of resistivity by the equation:
L= 1/pin) (AP/AT), where pin is the initial value of resis-
tivity, AT =5 K.

3. EXPERIMENTAL RESULTS
3.1 Phase State

In order to study the effect of diffusion processes
during condensation and annealing on electrophysical
properties of multilayer systems based on Py and Ag, it
is necessary to have a good understanding of their
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phase state in as-deposited and heat treatment condi-
tions. So, at the first stage of this work, the investiga-
tion of the phase state of thin film structures [Py/Ag]./S
was done.

Fig. 2 shows electron diffraction patterns for
[Py(8)/Ag(16)]2/S thin film systems after deposition and
heat treatment to 550 K. It is clear that diffraction
rings of the as-deposited sample (Fig. 2a) correspond to
fee-NisFe and fee-Ag reflections. NisFe (111) reflection
overlaps with Ag (200) reflection, but all others are
well-defined that confirm their crystalline nature. No
other reflections corresponding to the solid solutions,
intermetallic structures or impurities like oxides or
hydrides are not observed. Thus, obtained samples
have a two-phase state with relatively high purity. At
the annealing up to 550 K, the diffraction rings become
sharper, and the phase state of the total system does
not change (Fig.2b). It corresponds to the fcc-

NisFe + fcc-Ag. After the heat treatment at 550 K, lat-
tice constants increase from 0.3552 nm for fce-NisFe
and 0.4080 nm for fcc-Ag to 0.3562 nm and 0.4084 nm,
respectively.

fee-NiyFe
(111)
D

fce-NiFe
(111)
A hE A

a b

Fig. 2 — Diffractions patterns of the two-layer thin films
Py(16)/Ag(38)/S after deposition (a) and heat treatment at
550 K (b)

It should be noted that a two-phase state of as-
deposited and annealed thin film systems remains the
same for all investigated samples.

3.2 Electrophysical Properties

Consider the results of electrophysical properties
investigations for multilayer thin film structures
[Py/Ag]./S. Fig. 3 illustrates temperature dependences
of resistivity o(T) and TCR A(T) for thin film systems at
n=1, 2, 8, 16. Their character is conditional on pro-
cesses that occur in the volume of the samples, such as:
(i) an irreversible decrease of the resistivity value at
the first cycles of heating. This is closely associated
with the processes of recrystallization and the healing
of defects. These processes lead to an increase of the
electron mobility along with film samples and decrease
the probability of the electron scattering at the grain
boundaries and impurities. (i1) The following process of
cooling gives rise to the appearance of typical for the
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Fig. 3 — Temperature dependences of resistivity and TCR (in the insert) of the multilayer thin film structures [Py/Ag]./S with the
total thickness d = 54 nm = const and different numbers of repeats of bilayer n: 1 (a), 2 (b), 8 (c), and 16 (d). The basic structure is

[Py(16)/Ag(38)]/S

metals temperature dependence of resistance. The p
value decreases with a linear low at the samples cool-
ing to the room temperature. The temperature that
corresponds to the minimum of resistivity at the de-
pendence p(7) at the first cycles of annealing we define
as temperature of the healing of defects. The processes
of healing of defects, recrystallization processes, and,
especially, the condensation speed have an influence on
the values of datum temperature. Note, the dependence
of resistivity vs. temperature remains linear at second
cycles of cooling too. This is evidence of thermostabili-
zation processes completion in the system. At the graph
B(D) the value of TCR gradual decreases with the tem-
perature grows, that is g~ 1/T (the inserts at the
Fig. 3). The change of a number of bilayer repeats does
not change in the general the nature of p(7) curves.

It was found that values of resistivity and TCR
have an order of p~10-"Ohmm and g~ 10-3K-1,
respectively, regardless of n. This is associated with the
high defectiveness of the samples. Resulting evaluation
of resistivity and TCR at the increase of a number of
bilayer repeats for thin film structures [Py/Ag]./S pre-
sented at Fig. 4. It should be noted that resistivity of
the sample [Py/Agl./S grows from 0.78:10-7 to
2.40-10-7 Ohm 'm with an increase of n from 1 to 16. At
the same time, the value of TCR decreases from
4.70-10-3 to 2.23-10-3 K- 1. In the case, when the total
thickness is constant, such change of p and S associated
with the rise of the probability of electron scattering at

the interfaces with an increasing number of fragments
of the system.

Comparing the value of p and g for
[Py(1)/Ag(2.5)]16/S system (p=2.40"10-7 Ohm 'm,
pS=2.23-3K-1) and for the thin film based on Py and
Ag at the cag =60 at.% with thickness 55 nm prepared
by co-evaporation method [13] (p=2.50-10-7 Ohm 'm,
£=2.01-3K-1) allows concluding that they are very
similar. It is necessary to take into account the fact
that in the [Py(1)/Ag(2.5)]16/S system the effective
thickness of the layers does not exceed 5 nm. Each
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Fig. 4 — Resistivity and TCR values as a function of the num-
ber of Py/Ag bilayer repeats
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layer in the system became discontinuous at the stage
of condensation yet. Hence, the structure of the multi-
layer system become close to the structure of the thin
films prepared by co-evaporation technique.

4. CONCLUSION

The two-phase state is fixed in multilayer thin film
systems [Py/Ag]./S prepared by the layer-by-layer con-
densation method at n = 1-16. This phase state corre-
sponds to the combination of fcc-NisFe + fece-Ag and
does not change after the heat treatment up to 550 K.

The comparative analysis of the experimental de-
pendences po(T) and B(T) of film systems based on Py
and Ag with the same total thickness of 54 nm was
shown that the increase of the number of the bilayer
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Enexrpodisuuni B1acTuBocTi 0araronmapoBux ITIBKOBHUX CHCTEM HA OCHOBI IIepMaJsio Ta
cpiomaa

I.M. ITasyxa, J1.0. [llynsiperro

Cymcoruli Oepocasruil ynisepcumem, 8yJi. Pucmcevrozo-Kopcarkosa 2, 40007 Cymu, Yipaina

TIpesgcraBieHi pe3ysibTaTH KOMILJIEKCHOTO JOCJIPKEHHST (Da30BOT0 CTAHY TA €JIEKTPO(I3WIHUX BIJIACTHU-
BocTe# (mmromuii omip Ta TepmiuHmit Koedimiert omopy (THO)) OaraTtormrapoBmx IIJIIBKOBHX CHCTEM
[Py/Ag]/I1. I1niBrOB] 3pas3ku Ha ocHOBI mepmasoeBoro ciiaBy (Py) ta cpibia Oysim oTpuMaHl METOIOM eJIeK-
TPOHHO-IIPOMEHEBOr'0 IIOIMAaPOBOT0 ocaskeHHs y Bakyymi 10-4Ila 3a xkiMHATHOI Temmeparypu. 3arajabHa
TOBIIMHA 3PA3KIB 3aJIMINAETHCS HE3MIHHOI 1 CTAHOBUTH 54 HM, a KLIBKicTh moBTOpiB Oimmapy Py/Ag 3apocrae
3 1 mo 16. HocmimxeHHsa ¢ga3oBOro CTaHy ILTIBOK IIPOBOIMJIOCS METOIOM eJIeKTPOHHOI audpaxriii. Paszosuit
CTaH IUIIBOK ITic/isa KoHOeHcall Bigmosigae komoinamii aox ['IIK rparox (I'TIK-NisFe ta I'IITK-Ag) Ta 3aman-
LIA€THCA HEe3MIHHMM IPH 30LIBIMEHHA KiJBKOCTI IIOBTOPIB Oimapy y cucremi. Tako:m Oyso moxasaHo, IIO
IpoIlec TePMOOOPOOKH 3pasKiB He BILIMBAE iX (pasoBmii ckiaand. TepmooOpobka 3paskiB IMiC/sa KOHIEHCALIl
IPOBOAMJIACA Yy BAKYYMHIM KaMepi IPOTArOM ABOX IIMKJIB «HATPIBAHHSA <> OXOJIOIKEHHS» 0 TeMIIePATypPH
3aTIKOBYBAHHA OeEKTIB y ABTOMATHYHOMY PEKHMI, 10 JO3BOJIAJIO KOHTPOIOBATH IIBUAKICTH HATPIBAHHS,
IPOBOIMTH 3AINC EKCIePUMEHTAJILHUX NaHuX (OImp Ta TeMmeparypa) Ta ix oOpoOky. Pesyiabrarm mociri-
JKEHD eJIEKTPOI3UUHIX BIACTHBOCTEH TIOKA3aJIH, 0 IS BCIX 3PA3KiB CIIOCTEPIraeThest MeTaJeBUN Xapak-
Tep 3aJIeKHOCTI IIMTOMOrO OIIOpy Bif Temmeparypu. Besnwuwmna muromoro omopy 1 THO marors mopsimox
10-70Om ™ Ta 10-3 K-1 BiAmOBIIHO, 110 € TUIIOBAM JJIS CKJIQJOBUX KOMIIOHEHT JIOCJIIJKYBAHUX CHCTEM. Y
TOM ke Jac 30LIbIIeHHs KiJIbKOoCTI moBTOpPiB Oimapy Py/Ag 3 1 mo 16 mpuBOAUTEH 40 3POCTAHHSI BEJINYNHN

7

nuTomoro omopy 3 0,78-10-

mo 2,40.10-7Om™ Ta 1m0 3menmenHs Beamunmau THKO 3 4,70:10-3 1o

2,2310-3 K-1. OcHOBHMME IpUYMHAMU 3MIHU BeJIMYUHU p Ta [ MOsKe OyTH 301JIbIIIEHHsT HMOBIPHOCTI 1HTe-
pdeticHOTO pPO3CIIOBAHHS €JIeKTPOHIB HA MEJKl IOJUIY INapiB, 4 TAKOMK MOPYIIEHHS CYIILILHOCTI OKPEMHUX
mapisB Ipu 301IbIIEHH] KIIBKOCTI IOBTOPIB Oimapy Py/Ag mpu He3MIHHIHM 3arasbHIN TOBIMHI IIAPIB.

Kmouori cnosa: Bararomaposa cucrema, [Tommaposa koumencarrist, [Turomuit omip, Tepmiunmit koedirieHT

omopy, IHTEpdeiicHe poacioBaHHs.
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