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Investigation results of crystalline structure, phase composition and diffusion processes in film systems
based on Co and Ru in the thickness range 5+60 nm before and after annealing to temperature 600 K are
represented. It was shown that the film system Co/Ru/S and Co/Ru/ Co/S consist of a phase hcp-Co
and hep-Ru. Film systems consisting of Ru layers before and after annealing have a nanodispersed crystal-
line texture. The average size of crystallites samples before annealing does not exceed 3+5 nm, after an-
nealing the maximum average size was 16 nm for samples with layer thicknesses 60 nm. The results of the
study of the diffusion process of two-layer film systems Co/ Ru/ in different thickness ranges showed that
before and after annealing the relative individuality of separate layers is preserved since the calculated
values of thermal diffusion effective coefficients for relatively thin and thick films lie in the range from 0.1

to 1.1 - 10-19 m2/ sec.
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1. INTRODUCTION

A necessary condition for obtaining a simple metal
spin-valve-type device structures according scheme
«magnetic working layer 1/ non-magnetic layer / mag-
netic working layer 2» for the needs of modern func-
tional solid-state and flexible electronics is to ensure
the stability of the interface between magnetism and
nonmagnetic layers. Traditional application of thin
nonmagnetic layers Cu [1], Ag [2] or Au [3] for separa-
tion of magnetic Co, Fe or their alloys working layers is
accompanied by problems arising from the intensive
condensation-stimulated and thermal diffusion be-
tween these layers, the destruction of interfaces and
the formation of disordered solid solutions. As a result,
the magnetic layers lose the ability to be reversed indi-
vidually and the entire structure ceases to function as a
spin valve. This phenomenon was investigated by the
authors of works [1, 3-5] on the example of metal pseu-
do-spin-valve structures.

Solving this problem by the authors of the works
[6, 7] application of additional buffer thin layers was
considered. But the result is a reduction in the effective
performance of such structures. Authors [8] offer a
technique for additional thermal treatment of individ-
ual layers of these metals in the process of receiving
spin-valves although this only achieves a temporary
beneficial effect. An alternative may be to use a layer
material from other metals, such as a Gd or Dy layer as
shown in the works [9, 10]. According to the data
[11, 12] reliable layer separation Co or NiFeCuMo pos-
sible by using thin layers with Ru thickness from
0.2 + 3 nm. Such structures were proposed to be used to
form synthetic antiferromagnetic layers for creating
spin-valves because they are realized strong indirect
exchange coupling and perpendicular magnetic anisot-

ropy.
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But the application of such a combination is compli-
cated by the complexity of obtaining homogeneous crys-
talline Ru layers and Limited data on the structural
and phase state of two- and multi-layer film systems
based on Ru and Co. The purpose of this study was to
establish the optimal conditions for obtaining three and
multilayer film systems based on Co and Ru with tem-
perature-stable interfaces between separate layers for
the formation of simple spin-valve type functional met-
al structures.

2. EXPERIMENTAL TECHNIQUE

In the study received film system in a single-layer
films Ru/S (S — substrate) and Co/S, two-layer
Ru/ Co/ S and three-layer systems Co/Ru/ Co/ S and
multi-layers [Ru (2)/ Co (2)]5/S (in brackets the
thickness is specified in nm). The thickness of individ-
ual layers was 5+60 nm and controlled by the quartz
resonator method in the process of samples forming.
Layers metals condense on the substrate by electron-
beam gun in a vacuum (pressure of the residual atmos-
phere 1075 Pa). The substrates were carbon flexible
thin films of a thickness 20 nm (for the electron micro-
scopic studies by transmission electron microscopy device
IIEM-125K) and silicon single crystal plate with silicon
dioxide layer (Si/SiO2 (500 nm)) 1 x 1 sm format (for the
study of diffusion processes between separate layers by
the method of secondary ion mass spectrometry (SIMS)
by the device MS-7201M). To study the influence of heat
treatment on the structural characteristics of the
formed samples, annealing was carried out to a tem-
perature T, =600 K with constant heating and cooling
speed 4+5 K/ min. in vacuum (the pressure of the re-
sidual atmosphere 10~ ¢ Pa). Value 7. =300 K meets
the samples without annealing.
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3. EXPERIMENTAL RESULTS

The results of the study of the crystalline structure
of Co, Ru, two- and multilayer film systems are pre-
sented as micro-images on Fig. 1. The crystalline struc-
ture of single-layer Ru films essentially depends on the
thickness. Before annealing in the whole range of film
thicknesses the average size of crystallites is of order
2+3 nm. After annealing, the average crystallite size is
significantly increased for samples thicker than 30 nm
(Fig. 1 b, b’). For Co films before and after annealing
can observe homogeneous hexagonal structure with
average crystallite size 5+7 nm (Fig. 1 a, a’). Only for
relatively thin Co layers with thickness near 5nm
samples have a nanodispersed structure.

Fig. 1 — Microstructure of single-layer films Co (30) / S (a, a’),
Ru (30)/ S (b, b’), two-layer Ru (30) / Co (30) /S (c, ¢'), three-
layer Co (30) / Ru (30) / Co (30) /S (d, d’) and multi-layer sys-
tems [ Ru (2)/ Co (2)]5/ S (e, e') at T =300 K (a, b, ¢, d, e) and
600K (a', b, ¢, d’, e

The study results summary of the phase composi-
tion and microstructure features of film systems based
on Co and Ru is given in Tabl. 1. This film structure
whose average grain size matter less than 3+5nm
nanodisperse called. Such systems approach to quasi-
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amorphous properties by their properties although they
still retain the long-range order of the atoms in the
crystal lattice. It is possible to trace the general ten-
dency that, after annealing no longer film systems with
nanodisperse structure that are composed of Ru layers
thicker than 30 nm and Co layers thicker than 5 nm.
Only in the case of a three-layer sample
Co (30) / Ru (5) / Co (30) / S nanodispersion of Ru layer
cannot be traced.

It should be noted that the nanodispersity of film
samples based on Ru layers is due to the influence of
impurity carbon atoms, serving as centers of amor-
phization [13]. These impurities get into the film from
the surface of the carbon substrate and the carbon cru-
cible during electron-beam condensing process. But the
content of these impurities in a total volume of films is
insufficient for the formation of carbides in quantity to
fix them on an electronogram. By increasing the thick-
ness of the layers of Ru influence of impurities is re-
duced. In the case of two- (Fig. 1 ¢, ¢’) and three-layer
films (Fig. 1d, d’) in the process of thermal annealing
as a result of recrystallization processes, the crystalline
structure acquires a labyrinthine form and increases
the contrast. The maximum average grain size after
annealing is about 16 nm. For comparison, the phase
composition and microstructure of the multilayer based
on Co and Ru with ultrathin layers before and after
annealing were investigated (Fig. 1 e, €').

Fig. 2 show the decoding of electron diffraction pat-
terns from single-layer Ru (30)/S and two-layer
Ru (30) / Co (30) / S films annealed up at 7. =600 K. A
clear electronogram corresponding to hcp-Ru without
oxide trace can be obtained at d > 20 nm with anneal-
ing to Te = 600 K (Fig. 2 a). The calculated values of the
mean values of the lattice parameters are
a=0.270+£0.001 nm and ¢=0.430+0.001 nm, which
are close to tabular values @o=0.2705nm and
co = 0.4281 nm [14].
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Fig. 2 — Electron  diffraction patterns of single-layer
Ru (30)/ S (a) and two-layer films Ru (30) / Co (30) /S (b) at
T.=600 K. DP — defect of packing

Two- and three-layer films based on Co and Ru con-
sist of phases hep-Co + hep-Ru with lattice parameters
close to table. This is most clearly seen in electron dif-
fractions from annealed samples with Ru layer thick-
ness more 30 nm (Fig. 2 b).

On the diffusion profiles presented on Fig. 3 and 4
observed shift the interface between the layers (I). This
shift is significant for thicker films (Fig.4) and is
20+24 nm. For samples with thinner layers (Fig. 3)
such shift is = 5+12 nm. This interface shift is ex-
plained within the concept of Kirkendall effect [15] and
the crater effect [16].
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Tabl. 1 — Features of microstructure of single-, two- and multilayer systems based on Co and Ru

Crystallite average
Film system (nm) Structural-phase state size, nm
T.=300 K Ta=900 K T.=300K | T.=600 K
Co(B) /S Nanodisperse hcp-Co hep-Co 2 5
Co(30)/S 6 8
Cg 260; /S hep-Co + fee-Co (DP) hep-Co + fee-Co (DP) + fee-Co 15 20
Ru(5) /S Nanodisperse hcp-Ru 2 3
Ru (30)/S Nanodisperse hcp-Ru heo-Ru 2 7
Ru (60) / S P 2 8
Ru (10)/ Co (20)/ S 2 8
Ru (30)/ Co (30)/ S hep-Ru+ hep-Co + fee-Co (DP) 3 14
Ru (60)/ Co (60) / S 5 16
Co (30) / Ru (5) / Co (30) / S | Nanodisperse hep-Ru + hep-Co 3 11
Co (30) / Ru (30) / Co (30) / S hep-Ru+ hep-Co + fee-Co (DF) 8 14
Nanodisperse hep-Ru+ hep-
[Ru(2)/Co(2)]5/S Co 2 4
c/e,,a.u. c/e,,a.u.
- - - T T r T . - "
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Fig. 3 — Diffusion profiles for Ru (30) / Co (30) / S (a) et T4, K:
300 (a) and 600 (b)

Diffusion profiles nonannealed samples reflect the
contribution the condensation-stimulate diffusion
(CSD). In the case annealed samples to 600 K added of
contribution of the thermal diffusion (ThD). In all cases
ion-stimulate diffusion (ISD) is present, the contribu-
tion of which into the total diffusion cannot be taken
into account, has a certain effect on a shape of diffusion
profiles while using the SIMS technique.

Given the following notation:

D, =CSD +ISD,
D= CSD +ISD + ThD,
Ds=ThD

and based on the obtained data (Fig. 3, 4), the effective
coefficients were calculated using the following rela-
tions:

le = (D112, @

Fig. 4 — Diffusion profiles for Ru (60) / Co (60) /S (a) et Ta, K:
300 (a) and 600 (b)

li= (D2w)'2, @
It —lc = (D3 )12, 3

where I and I; are the diffusion path lengths of atoms
for the cases of the CSD + ISD and the ThD, respective-
ly. They were determined as the thickness of scoured
lower layer, at which the signal from upperlayer atoms
on the SIMS-spectrum vanishes. 7. and 7; are the con-
densation and the thermal annealing times, respective-
ly. Appropriate effective diffusion coefficients for dou-
ble-layer films Ru/ Co/ S with relatively thin and thick
layers were calculated and are presented in Tabl. 2.

The difference of 2-3 orders received in the effective
diffusion coefficients in nonannealed samples related to
higher grain-boundary diffusion in films with thicker
layers.
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Tabl. 2 — Effective diffusion coefficients of atoms in two-layer
film systems based on Co and Ru

Diffusion D110, D2 10, D3 101,
couple m?/ sec. m? / sec. m? / sec.
Film system: Ru (30) / Co (30) / S
Ru — Co 2.1 0.3 0.1
Co — Ru 2.7 4.0 0.8
Film system: Ru (60) / Co (60) / S
Ru — Co 3.0 4.4 0.1
Co — Ru 1.8 4.5 1.1

4. CONCLUSIONS

The peculiarities of crystal structure and phase
composition of two- and three-layer film systems based
on Ru and Co in the range of layer thicknesses
5+60 nm before and after annealing to temperature
600 K. It is shown that the two-layer Co/Ru/S and
three-layer film systems Co/Ru/Co/S consist of
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phases hep-Co + hep-Ru. Summary results showed that
the film system composed of Ru layers with thickness
less than 30 nm have a nanodispersed structure with
an average crystallite size less 3+5 nm. After annealing
the average crystallite value is increased to the maxi-
mum value 16 nm.

Investigation of diffusion profiles of two-layer film
systems Co/Ru/S showed that before and after an-
nealing the individuality of the layers remains.

Based on the results obtained, it can be argued that
the best conditions in terms of stability performance
characteristics synthetic antiferromagnetic film func-
tional layers based on Ru and Co for metal spin-valves
there is a choice of Ru layer thickness 5+30 nm and the
thickness of the Co layers 30 nm and followed anneal-
ing up to 600 K.

The work has been performed under the partial fi-
nancial support of the Ministry of Education and Sci-
ence of Ukraine (project No 1170003925 (2017-2020)).

CrpykrypHO-(hasosuil crad Ta qudya3iiidi mpomecu B MIiBKOBUX CTPYKTypax Ha ocHOBi Co i Ru

1.B. Yemro!, A.M. Jlorsunos!, A.I. Canxturxosa?, C.I. IIpomenxo?!

1 Cymcoruil 0epoicasHuil yrigepcumem, 8ys. Pumcvrozo-Kopcakosa, 2, 40007 Cymu, Yipaina
2 Cymcvruil depocasruli nedazo2ivnuil yHisepcumem im. A. C. Maxapenka, 8yn. Pomerncora, 87,
40002 Cymu, YVrpaina

IIpencrasiieHi pesysbTaTh MOCITIIKEHHS KPUCTAIIYHOI CTPYKTYpH, pasoBOTO CKJIAAY Ta TUPY3IAHUX
poIleciB y IUTIBKOBUX crcTeMax Ha ocHoBl Co Ta Ru B miamasoni TomuH 5+60 HM 10 1 MiCJIS BiATATIOBAHHS
1o remmepatypu 600 K. Byio mokasano, mo mriskosi cuctemu Co / Ru/IT ta Co/Ru/ Co / II cknamatorses 3
dasu I'IIII-Co ta I'IIII-Ru. ITmiBkoBi cucTeMu 10 CKIaMy AKUX BXOIATH MIapu Ru 70 1 micJisa BiAIAIIOBAHHS
MAaTh HAHOAUCIIEPCHY KPUCTAJIUHY CTPYKTYp. CepeaHiil po3aMip KPUCTAJIITIB 3pas3KiB J0 BiAMAOBAHHA He
mepeBHInye 3+5 HM, ITCJIS BiIHATIOBAHHSA MAKCUMAJIBHUN CepeaHill po3Mip CTAHOBUB 16 HM IS 3pasKiB 3
TOBIMMHOWIO IIapiB 60 HM Pesysbratu mocaimkeHHS MuUY3IAHUX MPOIECIB ABOIIAPOBUX ILJIIBKOBUX CHUCTEM
Co/Ru/ Il B pisHux miamasoHax TOBIIMH ITOKA3aJIH, IO [0 1 IMICJIS BiAIATIOBAHHA 30epiraeThCs BIIHOCHA
IHAUBIAYa IbHICT OKPEMHUX IIAPIB OCKIJIBKK PO3PAXOBAHI 3HAUYEHHS ePEeKTUBHMX KOe(IIi€HTIB TepMIYyHOI
nudpyail JJIs BIMHOCHO TOHKHUX Ta BIIHOCHO TOBCTHX IIIBOK JIesKATh B Meskax Bim 0.1 mo 1.1 - 10— m2/c.

Kirouosi ciosa: Touka mmska, Cunrernynnii antudepomaruitauii map, Kpucramiyua crpykrrypa, @aso-

Bui crian, Judyasis, Bropunaa mac-cnekTpomerpis
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