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A comparison of the single and multilayers ordered arrays of magnetic nanoparticles (NP) Fe3O4, NiFe2O4
and CoFez04 by the methods of dripping, Langmuir Blodgett and spin coating was presented. Their structure,
surface morphology, and the possibility of use for the functional elements of flexible electronics were studied. To
investigate the structure of the obtained layers with NPs, we used the methods of transmission and scanning
electron microscopy, as well as atomic force microscopy. The formation of the conductive matrix on top of the NP
array occurred by the thermal evaporation of Cu or Ag in the vacuum chamber at a residual atmosphere pres-
sure of 10-3 — 10-4 Pa. Without annealing, the size of the nanoparticles is too small, and they are in a superpa-
ramagnetic state. In the case of NiFe20O4, annealing at a temperature of 1100 K leads to the formation of several
phases (Fe, Ni, FeNis), whereas Fes0s NPs become Fe-nanoparticles. It was established that after high-
temperature annealing at 1100 K, traces of a-Fe203 oxides are observed, which indicates the formation of a thin
oxide shell on the surface of single phase particles. Directly heat treatment leads to the enlargement of NP,
which provides for an increase in the amount of magnetic material in a separate particle and, as a consequence,
an increase in their magnetic moment. The method Langmuir - Blodgett showed the best efficiency for the
formation of perfectly ordered single and multilayers. However, the technique is the most difficult to use,
low-productive and not feasible for manufacturing on an industrial scale. At the same time, the dripping
method showed its effectiveness when an ideal monolayer is not a necessity. Spin coating allows to obtain a
variety of structures, controlling the speed of rotation and concentration of nanoparticles. Therefore, the
use of the method is justified if the presence of the monolayer is not critical, because even at low concentra-
tions of nanoparticles the formation of the monolayer is not observed. The maximum value of the magneto-
resistance, which was obtained in the Ag matrix is 12 %.
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1. INTRODUCTION

Chemical methods of obtaining metal nanoparticles
with a small dispersion of technological parameters,
such as size and shape have been well developed [1, 2].
Nanoparticles (NPs) can be used as separate functional
units for the precise delivery of drugs [3, 4], and as
blocks for constructing complex structures [5], or for
further introduction into thin metal films, for example,
for systems of ultra-dense magnetic recording of infor-
mation.

Magnetic nanoparticles are most widely used and
are usually found in organic or polymeric matrices. Sep-
arately, it is worth highlighting the methods of applying
nanoparticles to substrates of different types, which is
an important stage in the technology of manufacturing
functional elements of different nature. There are a
many of methods, both purely physical and chemical
methods [6]. In addition, the methods are both vacuum
and vacuum free. Magnetic nanoparticles of metal ox-
ides are interesting precisely because they are resistant
to oxidation, and therefore do not require the presence
of a vacuum. The most widely used methods for apply-
ing thin layers of NPs are Langmuir-Blodget, spray-
pyrolysis, spin coating, chemical vapor deposition. In
addition, it is worth highlighting the method of simply
dripping the solution from the NPs to the surface.

Separately, it is worth noting the use of nanoparti-
cles in flexible electronics. This technology is increasing-
ly used in some cases when light weight, favorable die-

PACS numbers: 68.55.Nq, 71.20.Be, 71.20.Eh

lectric properties, reliability, and high density of electri-
cal circuits are needed. To replace conventional solid sub-
strates, flexible substrates should offer properties such as
transparency, dimensional stability, low thermal expan-
sion coefficient, elasticity, etc. The main limiting factor is
the high temperature of most of the usual technological
processes inherent in traditional electronics. According to
this, the use of simple and efficient non-vacuum methods
of applying nanoparticles is ideal for devices of flexible
electronics. That is why the article presents three widely
used methods that allow one to obtain single and multi-
layers of nanoparticles under atmospheric conditions and
over large areas of the substrate.

The purpose of the work was to make a comparative
assessment of some of the methods of applying nanopar-
ticles to the substrate. The nanoparticles were applied
from a solution of chloroform, which quickly evaporates
in the air.

2. EXPERIMENTAL DETAILS

Nanoparticles of metal oxides were obtained by the
method of chemical synthesis by the authors of work [7]
and used unchanged. As application methods, the modi-
fied Langmuir-Blodgett technique, the method of simply
dripping the solution of NP to the substrate surface and
the method of spin coating were used. These methods ob-
tained monolayers from nanoparticles for further intro-
duction into the conducting matrix, and subsequent use in
instrumental structures of the spin-valve type. In the fol-
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lowing sections of the article, the conditions for obtaining
for each method will be described in more detail.

To study the structure of the obtained layers with
NPs, we used the methods of transmission and scanning
electron microscopy, as well as atomic force microscopy.
The formation of a conductive matrix on top of the NP
array occurred by the thermal evaporation of Cu or Ag
in the vacuum chamber at a residual atmosphere pres-
sure of 10-3-10-4Pa. The thickness of the deposited
material was controlled using a quartz resonator. We
used monocrystalline silicon plates with orientation
(100) with a layer of silicon dioxide SiO2 (500 nm).

2.1 The Technique of Dripping the Solution on
the Substrate

The technique of dripping the solution is simple and
effective for applying a layer of nanoparticles from solu-
tion. In our case, the nanoparticles were in chloroform
solution. Due to its high volatility, chloroform evaporates
very quickly in air after dripping onto the substrate. Both
silicon substrates and carbon films were used as sub-
strates for examination in a transmission electron micro-
scope. Fig. 1 shows the structure and diffraction patterns
of the nanoparticle layer. In addition, the effects of anneal-
ing up to 1100 K on the layer properties are shown. This
temperature is optimal for observing the effect of giant
magnetoresistance (GMR) after applying a conductive
matrix. Without annealing, the size of the nanoparticles is
too small, and they are in a superparamagnetic state. The
results for flow annealing temperatures were discussed in
our paper [8], in which it was shown that the magnetore-
sistance begins to manifest itself from 600 K and reaches
its maximum at 1100 K. In order to minimize the occur-
rence of diffusion processes between the layers, prior to its
application, thermal processing of the NPs arrays was
carried out. In the case of NiFe204, annealing at a tem-
perature of 1100 K leads to the formation of several phas-
es (Fe, Ni, FeNis), whereas Fe3Os NPs become Fe-
nanoparticles. It was established that after high-
temperature annealing at 1100 K, traces of a-Fe203 oxides
are observed, which indicates the formation of a thin oxide
shell on the surface of single phase particles. Directly heat
treatment leads to the enlargement of NP, which provides
for an increase in the amount of magnetic material in a
separate particle and, as a consequence, an increase in
their magnetic moment. NPs increase in size by almost 3-
4 times (from 10 nm to 40 nm).

2.2 Modified Langmuir-Blodgett Technique

Despite the fact that the dripping method is the
simplest and at the same time satisfactory from the
point of view of obtaining homogeneous layers of nano-
particles, it is possible to obtain high-quality homogene-
ous layers using special equipment. One such method is
the Langmuir-Blodgett method [9, 10]. In our studies,
we used a modified Langmuir-Blodgett technique devel-
oped by the authors [11].

The method makes it possible to obtain ideally or-
dered single and multi layers of nanoparticles at the
liquid/air interface over a relatively large area of the
substrate under atmospheric conditions. This becomes
possible due to the constant computer control of such
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parameters as surface tension P from the active surface
area of the formed nanoparticle array on the water sur-
face S in the process of obtaining samples [12].

Fig. 1 — Structure and diffraction images of a monolayer of
nanoparticles FesOs (a, b) and NiFe2O4 (¢, d) obtained by the
dripping method before annealing (a, ¢) and after annealing (b,
d) up to 1100 K

Using this technique, layers of nanoparticles FesOu,
NiFe204 and CoFe204 were obtained. The SEM images
of the resulting nanoparticle arrays are shown in Fig. 2.

As can be seen from Fig. 2, the layers obtained by
this method are more uniform, and also completely fill
the surface, in contrast to the dripping method. Anneal-
ing of such structures leads to a similar method of
dripping results.

2.3 Spin-Coating Methods

The Langmuir-Blodgett technique loses its effective-
ness when using substrates with a hydrophobic surface,
since not all materials can be equally applied to them.
The nanoparticles FesO4, CoFe204, and NiFe204 are
used in studies.
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Fig. 2 - SEM images of ordered arrays of Fe304 (a), CoFe204 (b) and NiFe204 (c) nanoparticles formed on the surface of the wa-
ter/air separation by the Langmuir-Blodgett method and deposited on a Si02(500 nm)/Si substrate

In this case, if it is necessary to deposit a layer of NPs
on a hydrophobic surface, it is appropriate to apply the
spin coating technique [13, 14]. This technology consists
in the distribution of the solution over the surface of the
substrate under the action of centrifugal forces.

The nature of this distribution depends on the speed
of rotation, the density of the solution, the type of sol-
vent and the surface. In our case, the SCI-10 spin coater
was used.

Before applying the NPs, a series of experiments
was carried out to establish the optimal rotation speed
and concentration to obtain a single layer of NPs over
the entire surface of the substrate.

For this purpose, solutions of Fe304, CoFe204 and
NiFe204 NPs with concentrations of 1, 5, 10, 25, 50, 75,
100 pg / ml in chloroform were prepared. Before using
the NPs was in a solution of toluene. For a better dis-
tribution on the substrate surface, it must be replaced
with chloroform, which has a high evaporation rate and
is ideal for applying NPs.

The study of the distribution of NPs on substrates
showed the possibility of the formation of various
nanostructures from small nanoclusters to continuous
networks. Fig. 3 illustrates the AFM images obtained by
the method of spin coating of nanostructures.

Fig. 3 - AFM images obtained by the spin coating technique of
CoFe204 nanoparticle layers using different parameters:
1 pg/ml, 50 rev/s (a); 25 pg/ml, 50 rev/s (b); 50 pg/ml, 25 rev/s
(c); 75 pg/ml, 10 rev/s (d)

At high rotational speeds, nanostructured layers of a
predominantly cluster character are observed. An in-
crease in the concentration of nanoparticles in chloro-
form solution leads to the formation of networks with
low frequencies uniformly distributed over the substrate
surface even at high rotational speeds. In our studies,
the formation of clusters with NPs was observed at con-
centrations of less than 10, 25, 50, 75 ug/ml for rotation-

al speeds of 10, 25, 50, 75 rev/s, respectively. Moreover,
at a constant rotational speed and when using solutions
with a high concentration, the cluster size increases
with decreasing distance between them. Figs. 4 and 5
show the results of the study of the contact angle and
roughness as a function of the rotational speed of the
spin coater and the concentration of nanoparticles ob-
tained using Brewster microscopy method [15].

3. COMPARATIVE EVALUATION OF LAYERS
OBTAINED BY DIFFERENT TECHNIQUES

Research allows us to talk about the possibility of us-
ing the method for certain technological tasks and under
certain conditions. Table 1 shows the comparative char-
acteristics for different techniques of producing single
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Fig. 4 — Generalized measurement results of changes in the
contact angle from the concentration of the NP solution for a
rotation speed, rev/s: 10 (a), 25 (b), 50 (¢) and 75 (d) immedi-
ately after application (m) and after annealing at 520 K (e),
900 K (A) and 1100 K (V)
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Fig. 5 — Generalized measurement results of the roughness
value from the concentration of the NP solution for a rotation
speed, rev/s: 10 (a), 25 (b), 50 (c) and 75 (d) immediately after
application (m) and after annealing at 520 K (e), 900 K (A)
and 1100 K (V)
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Table 1 — Comparison of parameters of nanoparticles layers obtained by different techniques

Method
Dripping Langmuir-Blodgett Spin Coating
Parameters
Substrate surface filling, % 80-85 99 50-80
Relative receiving rate Fast Slow Medium
Vacuum Not required Not required Not required
Simplicity Simple Hard Relatively simple
Opportunity to use on large sub- Not Limi Limited installation Available when using
ot limited . . .
strates area industrial centrifuges

Ordered monolayers

Ordered monolayers

Type of structure formed
tilayers

and disordered mul-

and multilayers Clusters and wires

Using flexible substrates

Not limited

Only possible for hy-

drophilic substrates. Not limited

Maximum value of magnetore-
sistance of ordered single layer ar-
rays of nanoparticles in the conduct-
ing matrix Ag according to the data
of the work [16]

NiFe204 — 10%
CoFe204— 12%

=)
Fes04 - 6% The method is not

applied

and multilayers of nanoparticles. From data analysis it
becomes clear that the most effective technique for obtain-
ing homogeneous layers is the Langmuir-Blodgett. How-
ever, the technique is the most difficult to use, low-
productive and not feasible for manufacturing on an in-
dustrial scale. At the same time, the technique of simple
dripping of a nanoparticle solution onto the surface of a
substrate is the simplest and most effective, allowing to
obtain ordered single and unordered multi layers of NPs
with the right choice of their concentration in solution.
The disadvantage is incomplete filling of the surface.

Separately, we single out the spin coating method.
With its relative simplicity, depending on the parame-
ters used (concentration of NPs and rotational speed),
structures of completely different types with different
distribution on the substrate can be obtained. However,
we did not succeed in obtaining a homogeneous layer of
nanoparticles, since even at low concentrations of NPs
in solution, the formation of clusters of different sizes
was observed.

4. CONCLUSIONS

The parameters of layers of ferromagnetic metals
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@opmyBaHHA BIIOPAIKOBAHUX MACHBIB MATHITHUX HAHOYACTUHOK 3 BUKOPHCTAHHIM Pi3HUX Me-
TOAIB OTPUMAaHHA

0.B. Besmigpko, I.B. Yemxko, JI.M. Koctiox, C.I. IIponenxo

Cymcoruli deporcasruti yrigepcumem, 8yu. Pumcvrozo-Kopcarxosa, 2, 40007 Cymu, Yrpaina

IIpencrarsiene MOPIBHAHHSA OJHO- 1 6araToIapOBUX YIIOPSIIKOBAHUX MACUBIB MATHITHUX HAHOYACTHHOK
Fe304, NiFe204 Ta CoFe204 oTpumanux merogamu kanauus, Jleurmopa-Biomxer 1 cmin-koatuury. Busuena
iX cTpyKTypa, MOpdOJIOrisi MOBEPXHI, MOYKJIMBICTb BUKOPHUCTAHHS Yy (PYHKITIOHAJIHHUX eJIeMEeHTaX THYYKOl
esieKTpoHIkU. JJ1s mocmipreHHS CTPYKTYpy oTpuMaHux mapis 3 HY BuKopucTOByBaSIMCS METOIU IPOCBIUY-
0401 1 CKAHYI0UO0l €JIEKTPOHHOI MIKPOCKOITII, 8 TAKOYK aTOMHO-CHJIOBOI Mikpockorrii. DopMyBaHHS MIPOBITHOI
matpuill 3Bepxy macuBy HY BinbGysasocst nmpu tepmiunomy BunapoByBauHI Cu abo Ag y BakyyMHIM Kamepi
IpY 3aJIUNTKOBOMY THCKY aTMocepu 10-3-10-4 [1a. Bes Bimmasy po3mip HAHOYACTHHOK 3aHAJTO MAJIUH, 1
BOHU 3HAXOJATHCS B cymeprapaMmartHitHomy craui. ¥ Bumagkry NiFe:Os Bimmas mpu temmepatypi 1100 K
MPU3BOIUTE 110 yTBOpeHHs aekiabrox das (Fe, Ni, FeNis), Toxi sk HY FesO4 crators Hamouactunkamvu Fe.
BeranoBneno, mo micsisi BucororemmeparypHoro Binmaisy mpu 1100 K cmocrepirarorbest corinm oxcniin
a-Fe203, 110 BKasye Ha yTBOpEHHS TOHKOI OKCHIHOI 000JIOHKH Ha ITOBEpXHI ogHoda3HuX yacTHHOK. Beamoce-
pelHsa TepMiuHa 00pobKa TpU3BOAUTH 10 30inbirenns HY, mo 3abesmneuye 3011blIeHHS KITBKOCTI MATHITHO-
ro Marepiasy B OKpeMiil YacTHHII 1, SIK HACJIIIOK, 301JbIIeHHs X MaruaitHoro momenty. Merox Jlenrmiopa-
Bromxer mokasas kpariry epeKTUBHICTS Uit POPMYBAHHS 1/IeAJIHHO BIIOPSIKOBAHUX MOHO- 1 MyJIBTHIIAPIB.
OpHaxk 11e#t MeTo;] € HaWOIbIII CKIAJHUM Y BUKOPUCTAHHI, MAJIOMIPOJAYKTUBHUAM 1 He3IIHCHEHHUM JJIsSI BUPO-
OHMIITBA B IIPOMUCJIOBAX MAacIITabax. ¥ TOM se Yac MeTOJ KallaHHs IMOKAa3aB CBOI eeKTUBHICTE, KOJIH ie-
aJIbHUM MOHOIIAP He € HeoOXimHicTo. MeTos CIiH-KOATHHTY J03BOJISE€ OTPUMYBATH Pi3HI CTPYKTYPH, KOHT-
POJIIOIYH IIIBUAKICTh 00EPTAHHS 1 KOHIIEHTPAI[I0 HaHouacTHHOK. OTiKe, BUKOPUCTAHHSA METOJy BHUIIPABIA-
HO, AKIIO IPUCYTHICTh MOHOIIAPY HE € KPUTUYHHUM, OCKLJIBKY HABITH IPU HU3bKUX KOHIIEHTPAIIAX HAHOYAC-
THHOK YTBOPEHHS MOHOIIAPY He CIiocTepiraerbes. MakcuMaabHe 3HAUYEHHS MArHITOOIIOpPY, siKe OyJI0 OTpH-
MaHO B MaTpuili Ag, craHoBUTH 12 %.

Knwouosi cinosa: Haumouacruuku, FesOs, NiFe204, CoFe204, Kanauus, Jlearmiop-Biomker, Coiu-koaruur,
MarniToorrip.

03037-5



