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Abstract—The Al,05/Ge-p/Al,05/Co system with an Al,O; buffer layer deposited by ion-plasma sputtering
has been experimentally investigated. The dependences of the magnetic properties of cobalt on the rate of its
deposition by ion-plasma sputtering and rate of deposition of preceding layers have been established. It is
shown that the technique used to obtain buffer layers can significantly reduce the surface roughness of the
next layers. The obtained buffer layers can be used as artificial substrates for growing heterostructures with

tunnel junctions.
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INTRODUCTION

Recently, a study of the mechanisms responsible
for the formation of physical properties of ferromag-
netic metal/insulator/semiconductor (FMM/I/SC)
thin-film structures has been of great importance.
The transport properties of the FMM/SC structures
can be controlled by manipulating the electron spin
states [1—3]. For instance, it becomes possible to
store, process, and transmit data in a single electronic
chip. A highly promising research direction is the giant
magnetoresistance effect.

In particular, it was demonstrated [4] that the pres-
ence of a transition layer affects the magnetic behavior
and magnetoresistive effect in the Co/Ge FMM/SC
bilayer. Such an interface between layers, depending on
the deposition rate and substrate temperature, can be
fairly diffuse, since it is strongly affected by synthesis
conditions, structure roughness, and, consequently, the
presence of several magnetic phases. The transition
layer can reduce the magnetic anisotropy; i.e., there is
competition between the contributions of the transi-
tion and cobalt layers.

Another promising direction is forming thin
dielectric (oxide or other) spacers. The aluminum
oxide has high application potential as a dielectric gate
of field-effect transistors [5, 6], an antireflection layer
for optical mirrors of semiconductor lasers [7], etc. [8, 9].

Embedding of insulating layers in an FMM/SC struc-
ture can lead to the formation of tunnel structures.

Dai et al. [10] showed that in an FMM/Si0O,/Si
system with CoSi or FeSi as a ferromagnetic metal, the
resistance undergoes a sharp transition in a very thin
metallic layer at the film/silicon substrate interface at
250—270 K [10]. Here, a certain role is played by the fer-
romagnetic state of the metallic layer, which is very
unusual for spin-dependent electron tunneling through
the SiO,/p-Si interface. These features were explained by
the existence of a Schottky barrier in the metal/insula-
tor/semiconductor system.

Therefore, it is no surprise that the magnetic tunnel
structures and thin-film structures with tunnel junc-
tions where a current flows along the interfaces attract
close attention of research [11—15].

Meanwhile, forming high-quality interfaces between
the structural layers with required properties is quite a
challenge.

The deposition of aluminum oxide thin films by
ion-plasma sputtering has been understudied. The
well-proven techniques for synthesizing Al,O; are
electron beam evaporation [8] and magnetron sputter-
ing [16]. The condensation of alumina is accompanied
by phase transformations, the degree of completion of
which and, consequently, the operational properties of
the material depend on the condensation method
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Table 1. Rates and thicknesses of Al,0;/Ge-p/Al,05/Co structural layers

Film tvpe Al,O; deposition Ge-p deposition Al,O; deposition Co deposition
P rate/thickness rate/thickness rate/thickness rate/thickness
1 0.05 nm/min/33 nm 2.4 nm/min/54 nm | 0.05 nm/min/4.7 nm | 1.2 nm/min/104.7 nm
2 0.55 nm/min/220 nm | 14.4 nm/min/31 nm | 0.55 nm/min/16 nm | 7.2 nm/min/106 nm

used, substrate temperature, film thickness, purity of
alumina, and other factors.

Thus, in such systems, of primary importance is to
study the effect of interfaces between layers on the for-
mation of a structure and its physical, including mag-
netic, properties and spin-dependent transport in it.
As objects of study, Al,0,/Ge-p/Al,0;/Co samples
were chosen. The semiconductor was boron-doped
germanium with p-type conductivity. The material of
the insulating layer between the substrate and Ge-p
was Al,Os, since it exhibits unique electrical and opti-
cal properties, high hardness, heat stability, chemical
inertness, and heat-protective properties.

EXPERIMENTAL

Al,0,;/Ge-p/Al,0,;/Co structures were deposited
by ion-plasma sputtering under a base pressure of P =
0.1 Pa in argon atmosphere. The substrate material
was Si(001) pre-cleaned by ion-plasma etching in a
working chamber right before sputtering. The deposi-
tion was performed onto a rotating substrate with a
temperature of 7= 373 K.

The samples of two types were obtained at deposi-
tion rates different by an order of magnitude for Al,O,
and by a factor of 5 for Ge-p and Co. The average rates
and thicknesses for the obtained structures are given in
Table 1.
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Fig. 1. TEM images of (a) Al,05/Ge-p/Al,03/Co films
and (b) substrate/Al,O5 interface for type-I samples.
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In addition, to analyze the obtained parameters of
the Al,0,;/Ge-p/Al,0;/Co multilayers, pure cobalt
films were deposited onto a similar substrate pre-
cleaned by ion-plasma etching:

Type-1 samples: a deposition rate of 1.2 nm/min
and thickness of ~100 nm;

Type-1I samples: a deposition rate of 7.2 nm/min
and a thickness of ~100 nm.

Cross-sectional transmission electron microscopy
(TEM) images of the structure were obtained on a
Hitachi HT7700 microscope. The images were used to
determine the averaged thicknesses. The film surface
structure was examined on a Veeco Multi-Mode
atomic force microscope (AFM) at a resolution of
1 nm. The magnetic data were obtained on a SQUID
magnetometer (Quantum Design MPMS_XL) oper-
ating in the temperature range of 7' = 4.2—300 K in
magnetic fields of H<800 Oe in the in-plane magnetic
field geometry. Before each measurement, the film
was first placed in a demagnetizer and then cooled in
zero magnetic field (ZFC mode). In addition, mag-
neto-optical Kerr effect (NanoMOKE-2) measure-
ments were performed.

RESULTS AND DISCUSSION

Figures la and 2a show cross-sectional TEM
images of the structure. It can be seen that after ion-
plasma etching of the substrate, solid and smooth (a
roughness of about 1—2 nm) interfaces formed
between the substrate and Al,Oj; layer in the films of
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Fig. 2. TEM images of (a) Al,03/Ge-p/Al,03/Co films
and (b) substrate/Al,O5 interface for type-II samples.
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Fig. 3. Atomic force microscopy of Al,03/Ge-p/Al,03/Co films. (a) Low deposition rate (type-I samples) and (b) high deposi-

tion rate (type-11 samples).

both types (Figs. 1b, 2b). A (4—5)-nm-thick silicon
oxide layer was observed on the substrate. Then, in
type-1 films (Fig. 1a), the roughness of interfaces
between the subsequent layers slightly changes and, in
type-II films, increases very sharply (Fig. 2b).

The morphology of Al,O;/Ge-p/Al,0,/Co films
was studied by atomic force microscopy. Figure 3 shows
the results for just-deposited type-I and type-II films.

In addition, roughness parameters of the top cobalt
layer for all pure cobalt and Al,O;/Ge-p/Al,0;/Co
multilayer samples were determined. The roughness
parameters of type-I and type-II films for some sam-
ples are given in Table 2. The analysis of these data
showed that the roughness of pure cobalt film halves
with decreasing deposition rate. At the same time, in
the Al,O;/Ge-p/Al,O5/Co multilayer film, the rough-
ness of the upper cobalt layer decreases by a factor of
3—5 with a decrease in the rate of deposition of each
layer. Thus, the rate of deposition of intermediate lay-
ers affects the upper layer roughness.

Images of the magnetization distribution in the
investigated films were obtained on an atomic force
microscope using magnetic cantilevers. Figure 4
shows magnetic contrast images of type-1 pure cobalt
and Al,05;/Ge-p/Al,05/Co films. Using the magnetic
contrast technique for determining the surface rough-
ness, one can estimate the degree of inhomogeneity of
the sample magnetic moment.

Table 3 gives magnetic roughness parameters for
the same samples as in Table 2.

It can be seen in Fig. 4 that the magnetic surface of
the type-I multilayer film, in contrast to the pure
cobalt film, is finer, regardless of the deposition rate
used. According to the data from Table 3, we may con-
clude that the magnetic roughness of Al,0;/Ge-
p/Al,0,/Co multilayer structures decrease by a factor
of 3—5 at a lower deposition rate. This can be explained
by a change in the magnetic phase composition and a
more uniform distribution of materials during deposi-
tion. The average grain size for Al,O;/Ge-p/Al,0;/Co
structures was found to be d = 0.84 nm.

Table 2. Roughness parameters of the films for type-I and II Al,05/Ge-p/Al,03/Co and Co films

Averaged Type I Type I1
parameter A1203/Ge-p/Al203/CO Co A1203/Ge—p/A12O3/C0 Co
Rms (Rq) 0.415 nm 2.850 nm 1.226 nm 4.589 nm
Mean rougness (Ra) 0.329 nm 2.000 nm 0.957 nm 2.835 nm
Max height (Rmax) 3.296 nm 27.115 nm 17.168 nm 30.616 nm
10 pt mean (Rz) 3.025 nm 15.970 nm 12.864 nm 20.453 nm
TECHNICAL PHYSICS Vol. 64 No.2 2019
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Fig. 4. Magnetic roughness of type-1 Co and Al,05/Ge-p/Al,03/Co samples.

The magnetic measurements on a SQUID magne-
tometer yielded hysteresis loops for type-1 and type-11
Al,O,/Ge-p/Al,O,/Co layers (Fig. 5a) and for type-I
and type-1I pure cobalt layer without sublayers (Fig. 6).

Analysis of the loops showed that the room-tem-
perature coercivity of the pure cobalt layer (Fig. 5) at
low deposition rates (type I) is about 50 Oe and
increases to 200 Oe as the temperature decreases to
4 K. At high rates (type II), the room-temperature
coercivity is about 70 Oe and increases to 250 Oe with
a decrease in temperature to 4 K.

In the Al,0,;/Ge-p/Al,0,/Co system (Fig. 6a), the
room-temperature coercivity at low rates (type I) is
about 100 Oe; with a decrease in temperature to 4 K, it
attains 160 Oe. At high rates (type 1I, Fig. 6b), the
room-temperature coercivity is about 160 Oe; with a
decrease in temperature to 4 K, it increases to 280 Oe.

As is known [17], with an increase in the cobalt
deposition rate, the average grain size of Co films
increases and the surface relief changes: it becomes
less uniform, as can be seen from microscopy and
magnetic measurement data. However, the tempera-
ture dependences of coercivity (Fig. 6b) for the
Al,0,;/Ge-p/Al,0,;/Co system show different coerciv-
ity variation rates upon temperature variation (the
curve slope).

It can be seen that at the same deposition rate of
pure cobalt and cobalt in the Al,O,/Ge-p/Al,0;/Co
system, the coercivities differ twofold or more (Fig. 6b).
As is known, with a decrease in the cobalt deposition
rate, the hexagonal phase fraction decreases and addi-
tional phases arise. Thus, the difference between coer-
civities of the samples and steepness of the tempera-
ture dependences of the coercivity can be related to the

Table 3. Magnetic roughness parameters of the films for type-1 and II Al,05/Ge-p/Al,0;/Co and Co films

T I T I1

Averaged ype ype

parameter Al,03/Ge-p/Al,0,/Co Co Al,0,/Ge-p/Al,0,/Co Co
Rms (Rq) 0.328 nm 0.816 nm 0.988 nm 1.072 nm
Mean rougness (Ra) 0.262 nm 0.599 nm 0.672 nm 0.816 nm
Max height (Rmax) 2.913 nm 12.813 nm 36.106 nm 14.383 nm
10 pt mean (Rz) 2.519 nm 11.583 nm 21.480 nm 12.508 nm

TECHNICAL PHYSICS Vol.64 No.2 2019
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Fig. 5. Hysteresis loops for the pure cobalt layer at 7= 300
and 4 K. (a) Type-I (slow) and (b) type-1I samples (fast).

rate of deposition of cobalt sublayers in the system,
since the surface relief depends on the rate of deposi-
tion of the preceding layer and, consequently, affects
the structure of the following layers. Specifically, the
change in coercivity of Al,O;/Ge-p/Al,0;/Co systems
is related to the anisotropy at the interface.

CONCLUSIONS

The study of the Al,0,/Ge-p/Al,0,;/Co system
showed the dependence of the magnetic properties of
cobalt on the rate of its deposition by ion-plasma sput-
tering and the rate of deposition of the preceding lay-
ers. Reducing the rate of layer deposition in a multi-
layer structure makes it possible to reduce the rough-
ness of interfaces between adjacent layers and average
grain size, as well as reduce and stabilize the coercivity.
This can be important for designing spintronic devices,
e.g., magnetic sensors. For a more detailed description,
it is necessary to consider the interfacial structure [18],
since the interface thickness is only a few nanometers
and new phases are formed in it.
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Fig. 6. (a) Hysteresis loops at 7= 300 K and (b) tempera-
ture dependence of the coercivity for type-1 and type-11
Al,03/Ge—p/Al,03/Co samples.
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