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Multicomponent spinel films were deposited on Ag/Si substrates by magnetron sputtering. Two substrate
temperatures were used. XRD diffraction measurements show that the layers are composed of three metals oxides
(Mn20s, NiO, CoO). The presence of spinel phase is poorly visible. However, electron diffraction measurements
(RHEED) clearly confirmed the presence of nanostructured spinel structure on top of the samples. Moreover,
AFM measurements show that nanostructured spinel islands are present on the sample surface. The
measurements validated that indeed, hierarchically organized spinel-oxides nanostructures were obtained.
A possible model growth of the spinel nanostructures at different temperatures is discussed.
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Introduction

In designing, synthesis and productions of new,
functional materials, the control of their structure on the
nanometer level (nanoscale) has a crucial importance.
Theses hierarchical structures are composed of elements
belonging to different scales, mainly organized in such a
way, that the larger elements contain smaller ones [1]. In
this case, it is possible to develop functional materials
with various properties using one technology, in which
the control of the composition, morphology and structure
of the sub-elements, on one or several levels, is realized
by self-organizing processes. The obtained nanomaterials
or hierarchical structures are widely applied in practice in
different areas, such as production and energy storage
[2], environmental sciences and environment protection
[3,4], catalysis [5] etc.

Multicomponent oxides are currently used for
producing a variety of highly efficient sensors [6, 7, 8]
and photoelectric elements [9]. In the last years they
were also thought as perspective materials for
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applications in spin-dependent electronics, which utilizes
both charge and spin degrees of freedom of carriers for
realization of their functionalities [10, 11]. Spintronic
devices should be realized thin films on silicon substrates
to ensure their compatibility with classical electronics.

Spinels, based on the oxides of transitional
3d-metals, are assumed to be appropriate for this
purpose. Proper choice of the components and their ratio
is of main importance to develop dilute magnetic
semiconductors (DMS) exhibiting  ferromagnetic
properties up to above the room temperature (RT). We
consider a quinary oxide spinel:
(MnA|zo4)o,o5(NiMn204)o,5(COZSi04)0,05(C02Ti04)o,1(|\/|n
C0204)0.2 as a model system for the investigations.

Herein multicomponent spinel films were deposited
on Ag/Si substates by RF magnetron sputtering at two
substrate temperatures. We report for the first time the
growth of multiphase hierarchical nanostructures
independently from the substrate temperature. The
influence of the substrate temperature is also discussed.
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Fig 1. XRD Diffractograms obtained from of the target and the films deposited in two temperatures showing the
presence of a nanostructured spinel phase.

. Experimental

The solid
solution
(MnAI1204)0.05(NiMN204)0.6(C02S104)0.05(C02TiO04)0.1(Mn
C0204)02) was prepared by typical ceramic technology
(isothermal annealing at 1100°C for 1 hour). For
synthesis carbonic salts and oxides with purity higher
than 99.9 % (NiCOs, MnCO3;, CoCO3, Al,O3TiO,, SiOy)
were used.

Layers of complex oxides were obtained using a
sputtering system with a magnetron power unit power of
8 W/cm? during 50 min. The substrate temperature
during the deposition was room temperature (RT) and
500 °C. The thicknesses of the films were 180 nm and
340 nm, respectively. As substrates 100 nm thick Ag
layers deposited on Si(001) silicon wafer were used. The
gas pressure (Ar) in the chamber during sputtering was
0.9 Pa.

A Pananalitycal X-pert diffractometer with a Cu
lamp and a wavelength of 1.541 A was used to obtain
XRD diffractograms. A Tescan Vega LMU scanning
electron microscope equipped with an energy dispersive
X-ray spectrometer (EDS) from Oxford Instruments with
Inca software was used to image the surface topography
and determine the composition of the target and layers
and target. The thickness of the layers was measured
with a Dektak mechanical profilometer. The AFM
images were obtained by LS5600 (Agilent) atomic force
microscope. Electron diffraction patterns were obtained
by AK-100 electron diffractometer with working voltage
of 80 kV.

target (polycrystalline single-phase

I1. Results

2.1. Structural analysis by X-ray diffraction
The XRD diffractograms obtained from spinel films
and the target are presented in Fig.1l. In the target
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diffractogram eight diffraction peaks, which are
characteristic for the spinel structure (111), (220), (311),
(222), (400), (422), (511), (440) are visible. The lattice
constant of the target material calculated from data
obtained with XRD diffractogram is 8.367 A. The XRD
diffractogram obtained from the target confirms its
crystalline nature. On the diffractograms obtained from
the films, diffraction peaks, which are characteristic for
the used substrate: Si and Ag have the highest intensity.
However, also peaks corresponding to the three oxides:
manganese oxide Mn,Os (cubic, a, = 9.412 A), cobalt
oxide CoO (cubic, halite a, = 4.250 A) and nickel oxide
NiO (cubic, halite a, = 4.194 A) are observed. Moreover,
the spinel phase in the films could be identified by XRD
diffraction. For the sample deposited at RT, a small bulge
is visible in the diffractogram, inset in Fig, 1, and for the
sample deposited at higher temperature a small peak
located at position corresponding to the (311) plane
measured in the target, Fig. 1. The broad and low
intensity diffraction peaks strongly suggest that only a
very small amount of nanostructured spinel is present in
the samples. The intensity of the (311) peak for the film
deposited at higher temperature, shows that this film is
much better crystalized and oriented compared to the one
grown at RT as the film thickness increases.

2.2 Morphology analysis by Scanning Electron
Microscopy

The topographies of film surfaces are presented in
Fig 2. The surface of the film deposited at room
temperature is flat and smooth. Crystallites with sizes
below 100 nm are weakly visible. The topography of the
film deposited at high temperature is quite different. The
surface is not smooth and clearly structured, A few big
(700 nm approx.) and many smaller (100 nm — 300 nm)
crystallites are visible.

2.3 Morphology analysis by Atomic Force
Microscopy (AFM)

The surface of the silver film deposited on Si used as
substrate for spinel film growth is presented on Fig 3a. It
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Fig. 2. SEM images of the surface of spinel films deposited at room temperature (a) and at 500°C (b).
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Fig. 3. AFM topography images of the deposited films with the corresponding profiles: a-al) silver on Si substrate,
b-b1) spinel film deposited at RT, c-c1) spinel film deposited at 500°C.

Fig. 4. RHEED pattern of the spinel films deposited at room temperature and at 500 °C.

is composed of homogenous spherical crystallites with
diameter between 20-25nm and a height a few
nanometers, which is confirmed by the profile, Fig 3al.
The AFM surface topography images of spinel film
deposited at room temperature with the corresponding
profile are presented on Fig. 3b and 3bl. The crystallite
size is between 120 and 150 nm. The topography of the
spinel film deposited at 500°C, Fig. 3c is quite different
from the film deposited at room temperature, which was
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already observed by SEM. The corresponding surface
profile, presented in Fig 3c1, shows that the film surface
is mainly composed of big crystallites, which have a
horizontal length of 600 — 700 nm and a height from 20
to 30 nm. They are most probably composed of Mn;Os.
On the top of these crystallites, smaller crystallites with
sizes from 20 to 50 nm and a maximum height of 10 nm
are visible, as indicated by ovals in Fig 3c1. These form
the spinel structure.
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2.4 Reflection High Energy Electron Diffraction
(RHEED)

The electron diffraction patterns obtained from the
films are presented in Fig. 4. The patterns are almost
identical. On both patterns several bright arcs are clearly
visible. The presented patterns show that the samples
have a polycrystalline character, but the presence of
texture is clearly visible. The calculation of d-distances
shows that only the spinel phase is present, Table 1. No
other phases were detected. The lattice constants
determined by RHEED patterns are 8.34 A, and 8.28
A respectively. The calculated values of the lattice
constants are almost the same, as for the target material
(difference of 1 % approx.) and correspond well with the
one calculated from the XRD diffractogram: 8.367 A.

Table 1

Comparison d-distances calculated from XRD and
RHEED patterns for target and spinel films

RHEED

Target (XRD) RT 500°C
hkl d [4] d [A] d [4]
111 4.836
220 2.959 2.95 2.91
311 2.522 2.52 2.48
400 2.091 2.09 2.05
422 1.710 1.70 1.71
511 1.609 1.60 1.61

2.5 Composition measurements (EDS)

The target composition was measured in the SEM
with electron beam acceleration of 20 kV, being a typical
energy for EDS measurements. However, for films this
energy was decreased to 5 kV. The excitation depth of
the sample material depends on electron energy and can
be calculated with Castaing formula:

_ 17 _ 17\ A
R = 0.033(E, E; )pz’

where: Eo— accelerating voltage, Ec— minimum emission
voltage, A — atomic mass, p — sample density, Z — atomic
number.

Using high electron energy causes excitation not
only of the spinel films, but of the substrate as well (Ag
film and Si). It can cause larger errors in the obtained
results and needs the application of a special correction
method for obtaining satisfying results [12,13,14]. In our
case for beam energy of 5 keV the excitation depth is
approximately 220 nm for Si and 280 nm for Ti and for
Mn. For comparison, for beam energy of 20 keV, the
respective depths are between 2.75 um for Mn and
3.04 um for Si. This means that the excitation depths are

comparable or exceeding the films thickness. In this case,
the measurements accuracy of the composition the films
is smaller compared to measurements in bulk samples.

The compositions of the target and the films are
presented in Table 2. Comparison of the results show that
the composition of the films and of the target is similar.
Magnetron sputtering allows to maintain the composition
of the films very close to the one of the target. However,
the data presented in Table 2, shows that during the film
growth, the oxygen content increases, while the content
of all elements decreases. It results from the presence of
a higher volume fraction of oxides instead of spinel in
the films.

I11. Discussion

Spinel films were deposited by magnetron sputtering
by numerous authors. For example, Rufening et. all. [15]
deposited pure Mn-Co-Ni-O spinel films on SiO/Si
substrates at 150°C. The magnetron power was
4.9 W/cm? and the gas pressure was set to 2 Pa. Similar
results were presented by Shou et. all [16], who
deposited pure spinel films at magnetron power of 2.8-
4.3 W/cm? at a substrate temperature of 200 °C and gas
pressure of 0.4Pa. However, the properties of thin films
presented in this paper, have a multiphase structure, as
well as a nanostructured and hierarchical character.

From the analysis of the obtained results and
comparison of properties of the films deposited at
different temperatures, we can conclude that
independently on the substrate, the films include mainly
three oxides: MnyOs;, NiO and CoO. However, the
increase of the substrate temperature results in growth of
the crystallite size, which is visible in the SEM images in
Fig. 2 and in spinel content in the layers, which is visible
on XRD diffractograms, Fig. 1.

The crystallites growth during substrate temperature
increase, is an effect often observed during film
deposition by magnetron sputtering. For example, this is
observed in the case of NiO films [17] and TiN films
deposited by magnetron sputtering [18]. The same effect
was presented by D. K. Pradkan for spinel ferrite
Nio.e5ZNo.35Fe204 films  deposited by Pulsed Laser
Deposition [19] and Prabhu Rajagiri et. all. who
deposited MnFe;0. spinel films [20]. The authors explain
crystallites growth and improving structural quality of
the films at higher substrate temperature, as an effect of
increasing surface mobility of adatoms on the surface
during the film growth. After being ejected from the
target, the atoms and ions reach the substrate and, if their
energy is adequate, the process of their diffusion over the
surface of the substrate begins. The layer grows by
adhesion forces or by Van der Vaals forces. The surface

Table 2
Atomic composition spinel target and films with different thickness
Substrate Thickness . . .
Temp. [C] [nm] @) Al Si Ti Mn Co Ni
Target 55.85 1.52 0.87 0.5 17.13 11.62 12.52
RT 170 61.17 1.12 0.99 - 18.55 9.27 8.82
500°C 330 59.31 1.23 1.05 - 19.18 9.51 9.73
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of the substrate is not perfectly smooth, there are various
types of defects, such as contamination or point defects.
Surface irregularities, such as terraces, faults, etc., are
also important. They facilitate the binding of diffusing
atoms to the substrate and allow the formation of nuclei
through which the layers grow. The growth process
largely depends on the substrate temperature and the
energy of the incident particles. For low temperatures of
the substrate, the mobility and average free path are
small, which causes the growth of a large number of
randomly distributed and oriented islets, combining and
forming crystalline grains. Layers deposited at low
temperatures are often polycrystalline [21]. Increasing
the temperature of the substrate increases the probability
of the deposited particles binding with the substrate.
Higher initial temperature increases the mobility of the
atoms and their free path. If the relation between the
substrate energy and the energy of the incoming particles
is correct, the atoms at the substrate surface will bond
with it, forming nuclei, i.e. points from which the gas
phase condensation process begins. At higher
temperatures, the nuclei are larger and firmly attached to
the substrate, which can force them into a specific
orientation, which causes the growth of the textured
layers. Under favorable conditions, epitaxial growth is
possible. After more atoms are adsorbed to the surface of
the substrate, growth takes place, embryos connect and
islets are formed, which also grow and connect with each
other.

Growth of mixed monoxides films (CoO and FeO)
and spinel was presented by H.Le. Trong et all. [22]
during deposition of Co1.7sFe1.2504 spinel films with gas
pressure power density 1.3 W/cm? and argon pressure
2 Pa. The same effect was observed by B. Mauvernay
during deposition of FeO-Fez0, nanocomposites [23].
For magnetron power density changes in the range 0 -
110 mW/cm? and argon pressure of 0.5 Pa different
phases: FesO4, Fe1xO, and Fe are formed. Deposition of
different oxides instead of spinel films was explained as
an effect of overheating of the target during sputtering of
Ar ions having a high energy and its decomposition.
Gambino et. all [24] deposited films with spinel ceramic
Mn15C0150,4 target by pulsed laser deposition method.
The Authors observed columnar growth and multiphase
structure: (Mn,Co)O and pure Co (fcc). The presence of
this structure was explained as an effect of reduction of
target material at low oxygen pressure and phase
transformation during film growth. The Authors show
that during film deposition, the temperature and partial
pressure of oxygen increase at the deposited surface. This
causes a phase transition from a mixture of
(Mn,Co)O +Co to single phase (Mn, Co)O. A similar
effect i.e. a change of the obtained phase depending of
the magnetron power was presented in [25]. When
depositing cobalt oxide, the Authors obtained Co304 for
low magnetron powers and CoO for higher ones. For
film growth a pure cobalt target was used and the
deposition was conducted in aAr + O, atmosphere.
Simultaneously, the Authors underline, that bombarding
the film surface with ions of high energy can cause phase
transitions, texturing and stress.

Thermal decomposition of NiMn,Os with phase
segregation were described by Csete de Gyorgyfalva et.
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all [26]. The Authors showed that bulk NiMn;Os was
decomposed at 907 °C. As a result, they obtained three
phases: spinel, spinel type rock salt and cubic NiO. Gaur
et. all presented the effect of flash-sintering of MnCo0,04
powder. For a temperature above 1050 °C they revealed
the presence of cubic CoO [27]. However, the
decomposition of the spinel is possible at high
temperature, but in the presented paper this effect was
observed at room temperature. This means that
magnetron power was sufficient for the decomposition of
the spinel films.

The change of the substrate temperature during film
growth using magnetron sputtering, was analyzed by
Schengyang et. all. [28]. The Authors showed, that
during magnetron deposition of the films, a considerable
increase in the temperature of the growing films occurs,
being a result of the absorption of the heat flux emitted
by the target. The real temperature of the film surface
measured using an IR camera, was several hundreds of
degrees higher, compared to the temperature of the
substrate measured using a thermocouple. For example,
during the deposition of copper using a heat flux of
0.35 W/cm?, the temperature of the film surface reached
1000 °C. Similar results were presented in work [29],
where during the deposition of Cr using Ar pressure of
0.2 Pa and a power of 0.17 W/cm?, the temperature of the
film substrate measured using a thermographic system
reached 800°C, while the one shown by the thermocouple
did not exceed 250 °C. The increase of the temperature
during deposition considerably influenced the structure
of the obtained films.

The process of phase separation during film growth
was observed by F. Fritze et. all during deposition of
HfNbTiVZr thin films [30]. The Authors observed
growth of different phases on different substrate
temperatures without annealing, but the substrate
temperature was much lower than the temperature of
phase separation for bulk samples. The mobility of ad-
atoms on the film surface is much higher than within the
bulk sample (of the same type of atoms) at the same
temperature. This causes that segregation or formation of
a multi-phase structure is possible at lower temperatures
during thin film growth than during annealing of a bulk
samples.

Although an explanation of the presence of oxide
instead of spinel films is possible, however the presence
of nanostructured spinel and hierarchical structure
mainly on top of the films is not clear. High substrate
temperature favors the creation of nanocrystalline
hierarchical spinel structure and did not cause spinel
decomposition. The formation of a spinel layer on top of
the sample surface was presented in [24] as a result of
annealing the layer for 0.5 h at the temperature of
800 °C. Probably a similar process is possible in the
presented layers while cooling the layers.

This problem requires additional analysis and
measurements.
Conclusions

Multiphase,  hierarchical  nanostructures  were

deposited from monophase spinel target by RF sputtering
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method. The deposited films were composed of three
oxides and spinel nanostructure growing mainly on the
top the coating. The growth of this structure was an
effect of used high magnetron power (8 W/cm?) what
caused phase separation and decomposition of the spinel
material during film growth. The increase of the substrate
temperature causes a growth of the crystallites size and
spinel content in sample.
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Baacrusocti 6ararokommnonenTHoi (Mn-Ni-Co-Al-Si-Ti) okcua-mmiHe bHOT
iEpapxiyHO OpraHi3oBaHOI HAHOCTPYKTYPH, 0CAIK€HOI MATHETPOHHUM
PO3NUJIEHHSIM MPH ABOX TeMIlepaTypax

1lleHmp MIHCOUCYURTIHAPHUX 00CTiOdcenb, JTobnincoKull kamonuyvkutl yHisepcumem imeni fAna Iasna 11, Jlrobnin, Tonvwa,
piotr.s.lublin@gmail.com
2Hayionanvruil yuigepcumem “JIvsiscvra nonimexuixa”, Jlv6ie, Ykpaina,
S@axynomem mamemamuxu ma npupoOnuyux nayk Yuieepcumemy Xeuysa, XKeutys, Ilorvwa, gwisz@ur.edu.pl

BararokOMHOHEHTHI INMiHETBHIIUTIBKM HAHOCHJIM Ha MiAKIagkd Ag/Si MeToIoM MarHeTpoOHHOTO
po3mmieHHs. 3agaBany IBi TeMneparypH miakaankd. XRD-BuUMiproBaHHS MOKa3yIOTh, IO IIAPU CKIATAOTHCS 3
Tphox okcuaiB MertaniB (Mn203, NiO, CoO). HasBHictb mmiHenbHOI (a3 moraHo BisyamizoBaHa. OpHak,
BuMiproBaHHs audpakuii exekrpoHiB (RHEED) wiTko migTBepAniIv HasBHICTE HAHOCTPYKTYPOBAHOI CTPYKTYPH
mmiHeni moBepX 3paskiB. bimem Toro, ACM BUMIpIOBaHHS BKa3ylOTh, L0 Ha IOBEpXHI 3pa3ka NPUCYTHI
HAHOCTPYKTYpOBaHi OCTPIBII ITiHET. JocnimkeHHs MiATBEPIUITHOTPUMAHHS iepapxivyHO
OpraHi30BaHMXHAHOCTPYKTYP OKCHIIB mimiHeni. OGroBOpeHO MOIIMBHI MOJIENBEHHIN PiCT HAHOCTPYKTYP LIITiHEN
MIPH Pi3HUX TEMIIEpaTypax.

Ki1ro4oBi c10Ba: MarHeTpoHHE PO3MWICHHS, IUTIBKH, i€papXidHi CTPYKTYpH, OKCHIH IITTiHET.
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