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ABSTRACT

SiO,-Fe,O; mixture films and nanolaminates were grown by atomic layer deposition from iron trichloride, hexakis(ethylamino)disilane, and
ozone at 300 °C. Orthorhombic e-Fe,0; was identified in Fe,O; reference films and in Fe,0; layers grown to certain thicknesses between
amorphous SiO, layers. SiO,-Fe,0; films could be magnetized in external fields, exhibiting saturation and hysteresis in nonlinear magneti-
zation-field curves. Electrical resistive switching, markedly dependent on the ratio of the component oxides, was also observed in films with
proper composition. For relatively conductive films, application of small signal measurements allowed one to record memory maps with
notable squareness and defined distinction between high and low conductance states.

Published under license by AVS. https://doi.org/10.1116/6.0000212

I. INTRODUCTION

Multilayers, superlattices, and nanolaminates consisting of dif-
ferent metal oxides are attractive for many applications ranging
from optical filters to mechanically resistant coatings. Multilayering
chemically and structurally distinctive materials may allow one to
tailor physical properties characteristic of component layers. For
instance, electrically or magnetically functional nanomaterials can
be combined and the degree of their structural ordering can be
controlled in periodical stacks with mechanical constraints or elec-
tronic charge barriers. Henceforth, one could simultaneously
modify the growth of magnetic nanocrystalline materials and
improve insulating properties in the composites. In this regard, one

can propose that nanolaminate structures consisting of oxides of
silicon and iron enable materials demonstrating saturative magneti-
zation in a medium exhibiting tunable insulating behavior.

Layered composites of amorphous SiO, and structurally
ordered Fe,0; particles containing hematite, a-Fe, 05, maghe-
mite, y-Fe,05,”" and magnetite, Fe;04,% as crystallographic
phases have earlier been fabricated and studied in several works.
In these composites, nonlinear magnetization of the solid media
was achieved and recorded. It is also worth noting that, besides
magnetic materials, also other, mostly catalytic, applications of
powdered SiO,-Fe,O; composites have been found prospective,
whereby the composites were prepared by sputtering,” hydro-
thermal synthesis,” and coevaporation of Si and Fe in an oxygen
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of Fezo 3.

With regard to the behavior of single metal oxides as resistive
switching media in electric fields, both Si0,''~'* and Fe,0;'” have
earlier been separately studied. Spintronic effects in Fe,O; films
became observable due to the current-induced magnetic ordering
followed by decreased scattering of polarized electrons, allowing a
current-controlled low resistance state (LRS) and a voltage-
controlled high resistance state (HRS)."” Demonstration of both
tunable conductivity and magnetic polarization in as-deposited
material layer of any particular compound should be of interest.
Evaluation of resistive switching in SiO,-Fe,O; composites or
layered stacks has not yet been specifically targeted, though. Some
papers have, however, described the performance of memristor-
type devices comprising both SiO, and Fe,Oj; films in double-layer
structures.' '

Earlier, in a few studies, electrical control of ferromagnetism
has been addressed and, partially, described. Coexistence of nonlin-
ear saturative magnetization and resistive switching has been
observed in pulsed laser deposited HfO,/Nb:SrTiO; based films,'
in pulsed laser deposited TiO, film based structures,'” and also in
far more complex quaternary metal oxide layers prepared by wet
chemistry and spin-coating.”” In the latter case, the oxide films
consisted partially of ferrite compounds. Very generally, iron oxide
thin films may be considered one of the natural choices for easily
and remanently magnetizing media, but they have not been consid-
ered and exploited as insulating dielectrics. As was mentioned
above, resistive switching in iron oxide based media has in a few
cases been already reported.'”™'” The otherwise interesting phe-
nomenon observed and described as multilevel switching in such
films may have been, partially, caused also by internal heterogene-
ity of the iron oxide phase composition. Nevertheless, the exploita-
tion of iron oxide in the form of both magnetizing and resistively
switching material layers appears as an intriguing task, provided
that the electrical leakage currents through iron oxide components
can be reduced. In addition, the application of chemical gas-phase
deposition routes to homogeneous large-area thin films, in particu-
lar, atomic layer deposition (ALD), should be adapted, in order to
conveniently enable multilayering of constituent compounds at
moderate process temperatures.

ALD as a method generally suited to the growth of uniform
thin films on arbitrarily shaped substrates can be applied for the
growth of artificially structured multilayers composed of different
oxides. SiO, films have earlier been grown by ALD from
Si,(NHEt)s and O; (Ref. 21) and studied as constituent in AlSiO,
mixtures.”” Growth of e-Fe,O; films by ALD from FeCl; and
H,O has also been reported earlier.”’

In the present study, mixed films and nanolaminates of crys-
talline iron oxide and amorphous silicon oxide were grown by ALD
from iron trichloride, FeCls;, hexakis(ethylamino)disilane, i.e.,
Si,(NHEt)s, and ozone, Os, precursors at a substrate temperature
fixed at 300 °C. Magnetization in external magnetic fields as well as
resistive switching behavior under electrical voltage pulses were
separately examined in materials in their as-deposited state. The
relative contents of iron and silicon oxides were modified in super-
latticelike nanolaminate structures in order to initiate the crystal
growth in the iron oxide constituent layers intensely enough to give

The latter composites contained the hematite phase
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rise to hysteretic magnetization. Concurrently, it was of interest to
study, whether the combination of silicon oxide in the multilayers
with leaky iron oxides could lower the leakage currents at levels
low enough to allow switching between high and low resistivity
states under alternating sampling bias voltages.

Il. EXPERIMENT

The films were grown in a commercial hot-wall flow-type
F120 ALD reactor’ (ASM Microchemistry, Ltd.). The iron oxide
films were grown using FeCls, and silicon oxide films using hexakis
(ethylamino)disilane, Si,(NHEt)s, also denoted as AHEAD (Air
Liquide). Ozone was exploited as the oxygen precursor. Ozone was
produced with a Wedeco Ozomatic Modular 4 HC ozone generator
from oxygen (99.999%, Linde Gas). The estimated ozone concen-
tration output of the generator was about 100 g/m3. Si,(NHEt)g
was evaporated at 65-67 °C and FeCl; at 145-150 °C. The growth
temperature was held at 300 °C. The deposition cycle sequences for
both Fe,O; and SiO, were 2.0-1.0-2.0-1.0s for cation
precursor-purge-ozone-purge lengths.

The substrates were cut out of wafers of undoped Si(100)
covered with a 1.5-2.0nm thick wet chemically grown SiO,.
Electrically conducting substrates were also used, based on (100)
silicon with a resistivity of 0.014-0.020 Q cm, i.e., Si boron-doped
to the concentrations up to 5 x 10*8-1 x 10'°/cm?, and coated with
a 10 nm thick titanium nitride layer. TiN had been chemical vapor
deposited using TiCl,/NH; process in an ASM A412 Large Batch
300 mm reactor at Fraunhofer IPMS-CNT. The SiO,-Fe,O; films
were grown to thicknesses ranging from ~30 to 50nm. The
numbers of SiO, and Fe,O; deposition cycles were varied sepa-
rately in order to change the thicknesses of the constituent metal
oxide layers and the Fe to Si ratio of the films. In this way, films
having different artificial structures were deposited, ranging from
those with SiO, doped or mixed in low amounts with Fe,O; to
S$i0,-Fe,O; nanolaminates enabling the growth of Fe,O; nanocrys-
tals. The growth cycle sequences applied for the different samples
are presented in Table I.

Energy dispersive x-ray spectrometry (EDX) was applied for
the measurement of the relative iron and silicon contents by a
Hitachi S-4800 scanning electron microscope (SEM) equipped with
an Oxford INCA 350 EDX spectrometer. In order to avoid interfer-
ence from the silicon substrates while measuring the silicon
content, all the samples were, in parallel, grown on pieces of silicon
wafer and aluminum foil. The EDX spectra were measured at

TABLE . List of Fe;05-SiO, films grown to the thicknesses and possessing iron to
silicon elemental ratios measured by EDX.

ALD growth cycle sequences Thickness Fe:Si ratio

500 x Fe,Os3; a reference iron oxide film 28 nm

250 x Fe,05 + 20 x Si0, + 250 x Fe,0; 50 nm 11:1
4 x [100 x Fe,O3 + 20 x SiO,] + 100 x Fe,O;3 47 nm 5:1

4 x [75 x Fe;O3 + 50 x SiO,] + 75 x Fe,O3 37 nm 2:1

10 x [25 x Fe,O3 + 2 x SiO,] + 25 x Fe, O3 48 nm 6:1

10 x [25 x SiO, + 4 x Fe,05] + 25 x SiO, 44 nm 0.7:1
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20 keV from films deposited on the Al foil. The beam current and
spectrometer gain were determined from a calibration measure-
ment performed under the same beam conditions. The calculations
were done on the basis of Fe K, and Si K, x-ray lines using a
GMREILM program.”’ Contents of residual light elements in the
selected samples were determined by time-of-flight elastic recoil
detection analysis (TOF-ERDA).”® TOF-ERDA was performed with
a 5MV tandem accelerator using 50 MeV '*’I* ion beam. For the
film thickness calculations, the film densities were estimated based
on the Fe:Si ratios.

The thicknesses of the films were evaluated either by x-ray
reflectometry (XRR) or by EDX spectroscopy. XRR was performed
using a PANalytical X’Pert Pro MPD x-ray diffractometer with Cu
Ko source using a 1/16° divergence slit, Cu attenuator, and parallel
plate collimator slit. The density, thickness, and roughness of the
layers were acquired by fitting a theoretical model to the measured
data using either RerLECTIVITY 1.2 (PANalytical) or REFLEX35
(Ref. 27) software. By using the same equipment, grazing incidence
x-ray diffraction analysis was carried out in order to determine the
phases formed in the iron oxide layers, using CuKo radiation
(1.5406 A), 1/4° divergence slit, and parallel beam optics. The
reflection peaks were indexed and phases were determined after
Rietveld analysis using the program prorex (ver. 3.11.1).”° Lamellae
of selected nanolaminates on different substrates were prepared for
transmission electron microscopy using FEI Helios Nanolab™ 600
DualBeam™ scanning microscope equipped with a focused ion
beam module and an Omniprobe model 100.7 in situ nanomanipu-
lator. High-resolution transmission electron microscopy studies for
the characterization of the cross sections of the nanolaminate struc-
tures were carried out using FEI Titan Themis 200 instrument with
a field emission gun operated at 200 kV.

In order to «carry out electrical measurements,
metal-insulator-metal type structures were prepared on the conduct-
ing substrates. Top electrodes with an area of 0.052mm?® were
formed by electron beam evaporation of 120 nm thick Al/Ti dots
through a shadow mask, with the Ti layer directly contacting the
SiO,-Fe,05 nanolaminates. Admittance-voltage and current-voltage
measurements were carried out in a light-proof and electrically
shielded box. Samples were electrically characterized in both d.c.
and a.c. regimes using a Keithley 4200SCS semiconductor analyzer.
The bias voltage was applied to the top electrode, while the bottom
electrode was grounded. To record the admittance parameters, a
small signal of 30 mV r.m.s. was superimposed with the d.c. bias
voltage. In accord with the observations, the experimental frequency
did not affect the resistive switching behavior in the range of
20 kHz-1 MHz. Magnetic measurements were performed using the
vibrating sample magnetometer option of the Quantum Design 14T
Physical Property Measurement System by scanning the magnetic
field from —50000 to +50 000 Oe (from —397.9 to +397.9 kA/m)
parallel to the film surface at 5K and at room temperature.

I1l. RESULTS AND DISCUSSION
A. Structure and composition

XRR measurements were conducted on selected samples to
examine whether the component oxide layers were distinctively
deposited in the stacks. The measurements revealed that multilayer
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structures have feasibly been formed (Fig. 1). The relatively high
maxima in the pattern were unambiguously characteristic of super-
latticelike structures and indicative of sharp interfaces between the
constituent material layers, whereas the distance between the
shorter period oscillations was inversely proportional to the total
nanolaminate thickness. In general, the period of the superlattice
maxima becomes gradually longer or shorter as the bilayer thick-
ness decreases or increases, respectively.””> The measured pat-
terns were in a good agreement with the simulations giving proof
of not only a nanolaminate structure but also of appreciable layer
thickness uniformity (Fig. 1).

The XRR patterns of SiO,-Fe,O3 nanolaminates were satisfac-
torily fitted (Fig. 1) using a model with four equal bilayers and an
Fe,0j; top layer. An SiO, layer with a thickness of 1.9-2.2 nm and a
roughness of 0.3-0.6 nm between the nanolaminate and the silicon
substrate had to be taken into account in order to reach the satis-
factory match between the measured and modeled curves.

Selected nanolaminate films were analyzed by TEM (Fig. 2).
The TEM results visualized that the films indeed consisted of
defined periodical multilayers. Nanolaminate structures were grown
on all substrates: SiO,/Si substrates (used in magnetic measure-
ments), TiN/Si (used for electrical evaluation), and Al (used in
EDX measurements to enable the measurements of Si in the films).
One can notice the somewhat wavy and rough nature of the alter-
nating layers and diffuse interfaces between the constituent oxides.
This is most probably caused by the strong tendency of Fe,O; to
crystallize, which increases morphological nonuniformities. The
roughness caused by the nanocrystalline nature of the iron oxide
component is also reflected in XRR curves that are deformed at 20
angles higher than 3° (Fig. 1).

The Fe,O; films grown in this study clearly started to crystallize
in their as-deposited states (Fig. 3). The extent of crystallization and
the phase composition was markedly influenced by the content of
SiO, in the mixed or laminated films, as expected. It is to be noted,
at first, that most of the reflections in the diffractograms could be
assigned as those of either the cubic maghemite (ICDD card 4-755)
or rhombohedral hematite (ICDD card 33-664). Apparently, the
crystallized part of the thin film material contained a mixture of iron
oxide phases. However, the clear reflection peaks at 37° and 61° did
not match with any of the common phases, i.e., maghemite, magne-
tite, or hematite. At the same time, all the reflection peaks apparent
in the diffractogram of 25-30 nm thick Fe,O; film grown without
SiO, additives could be attributed to the nanocrystalline orthorhom-
bic e-Fe,05 (ICSD card 173024) [Fig. 3(a)].

Furthermore, in a triple-layer structure comprising two Fe,O3
films embedding a single very thin SiO, layer, the phase unambigu-
ously recognized was €-Fe,O3 [Fig. 3(b)], as concluded on the basis
of diffraction peaks with somewhat lower intensity and larger
width compared to those of the bare Fe,O; film. Expectedly, inser-
tion of even small amounts of SiO, into the host iron oxide
decreased the intensity of crystallization in the as-deposited Fe,O;
films. The e-Fe,05; polymorph has earlier been obtained with the
ALD process using FeCl; and H,O as precursors.”” It has also been
stated that €-Fe,O; is an intermediate phase on the polymorphous
route from y-Fe,O3 to a-Fe;Os, and e-Fe,Os exists only in the
form of nanocrystalline material due to surface energy related
factors.”> Since ALD proceeds via gas-phase deposition forming

J. Vac. Sci. Technol. A 38(4) Jul/Aug 2020; doi: 10.1116/6.0000212
Published under license by AVS.

38, 042405-3


https://avs.scitation.org/journal/jva

JVSTA

ARTICLE avs.scitation.org/journalljva
Journal of Vacuum Science & Technology A
10° b= . d P o
4 x[100 x Fe,O5+ 20 x SiO,] +
. X [100 x Fe,05+ 20 x SIO,] Fe,0;, 6.4 nm, 4.9 g/cm3, 1.5 nm
10- L N x 100 x Fe203
2 E [
= F | |
3107k .
g ,-
; 103 _ i Si0, 3.0 nm, 1.97 g/cm?, 1.2 nm
2, af 4x4
3 10 3 ' Fe,0;, 6.3nm,5.1g/cm3, 1.5 nm
& 10 [ | © measured data : FIG. 1. Measured and fitted x-ray
E |— fit to the data native SiO,, 2.3 nm reflection patterns from  SiO,-Fe,03
4070 Lo by nanolaminate films grown using ALD
Si(100) substrate cycle sequences indicated by the
1 2 3 4 L
labels (left column) and schematic rep-
20, degree resentation of the nanolaminate struc-
tures with layer thickness, d, mass
10° density, p, and roughness, o, as fitting
4 x[75 x Fey03 + 50 x SiOy] + Fe,05, 4.9 nm, 4.4 g/cm3, 1.4 nm results (right column). In both panels
10"k +75x Fe,04 (@) and (b) of the left column, every
2 u other data point is omitted for the sake
5102k - of clarity.
el E n
8 10° F !
= E H
Sk © Si0,, 5.9 nm, 2.23 g/cm3, 1.0 nm
% 10 F 4 x| 2 , g/
= 5 '
¢ 10 £ [ o measured data i Fe,05 4.4nm,4.5g/cm3, 1.2 nm
10° = fitlothedata | ., g native Si0,, 1.9 nm
1 2 3 4 5 .
20 . degree Si(100) substrate

layers with slowly and monotonously increasing thickness, stabili-
zation of intermediate phases in their nanocrystalline form can
indeed be expected.

The appearance of the e-Fe,O; phase in the composites and
mixture films with silicon oxide has also been observed before. For
instance, magnetic colloidal rod-shaped mesoporous particles have
been made of silica (SiO,) and iron oxide (e-Fe,O;) using a
solvent-free melting impregnation method to form iron oxide
nanocrystals inside silica nanopores.”* e-Fe,O5 nanoparticles have
been formed by heat-treating amorphous Fe-Si-O films deposited
by magnetron sputtering of (0-Fe,O3); — «(SiOy)x composites.”
Furthermore, €-Fe,O; has also been formed by implantation of
iron oxide particles in SiO, glass’® or impregnation of mesoporous
silica matrix by iron nitrate.”’

To examine the stability of the polymorphs and distinction
between the different phases, that is y-Fe,O; (maghemite),
e-Fe, 03, and o-Fe, O3 (hematite), selected films were heated in air
at 800 °C. Expectedly, the e-Fe,O3; was turned into the hematite
phase, that is clearly distinguishable from the orthorhombic poly-
morph e-Fe,O; [Fig. 3(¢)].

In the Fe,03-SiO, films consisting of relatively thinner compos-
ite layers, the crystal growth of iron oxide became naturally
restricted, as revealed by the XRD. Figure 4 depicts diffractograms
measured from Fe,05-SiO, nanolaminates and mixture films with
increasing relative silicon content. In these structures, certain,
although weak, crystallographic ordering was still observable, owing

to the onset of crystallization in the thin, but chemically still distinct,
iron oxide layers. In such cases, the ambiguity of the phase determi-
nation increased. However, the reflections apparent in the diffracto-
grams could still be assigned as those characteristic of e-Fe,Os
(Fig. 4). One can also presume that the probability of the formation
of metastable crystalline oxide polymorphs increases with the
decrease in the layer thickness of these oxides. Thus, the assignment
of the XRD patterns to e-Fe,O5 (Fig. 4) becomes justified.

Figure 5 represents scanning electron microscope images of the
surfaces of the as-deposited Fe,03-SiO, films. One can see that the
surface of a 28 nm thick Fe,O; film, not mixed with SiO,, consists of
uniform features, which may well characterize a polycrystalline mate-
rial with grain boundaries developed up to the very surface and thus
clearly visible. A decrease in the thickness of the topmost Fe,O; layer
in the nanolaminates apparently caused a slight decrease in the grain
size on the surface. However, the XRR results (Fig. 1) did not reveal
any significant differences in the roughness of the top layers of the
laminate structures. At the same time, the average grain size, as esti-
mated from the SEM images, also decreased along with the increase
in the number of intermediate SiO, growth cycles. Surfaces of the
films where the topmost layer was amorphous SiO, (Fig. 5) remained,
expectedly, relatively featureless and smoother compared to the multi-
layers terminated by iron oxide.

Selected samples were evaluated by ToF-ERDA in order to
determine contents of light residual elements averaged throughout
the film thicknesses. The triple layer grown using the ALD cycle
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FIG. 2. Transmission electron microscopy images of Fe,0;-SiO, nanolaminate films grown on SiO,/Si substrates [(a) and (d)], Si substrates covered by a TiN layer [(b)
and (e)], and aluminum foil p(c) and (f)]. The corresponding growth cycle sequences are indicated on the panels in the upper row. The layers of distinct chemical composi-

tion constituting the film stacks are labeled correspondingly.

sequence of 250 x Fe,O3 +20 x SiO, + 250 x Fe,O;  consisted  of
37.8+£04at. % Fe, 60.0£0.6at. % O, and 1.6+ 0.4 at. % Si. The con-
tents of residual impurities were measured as low as 0.27 + 0.04 at. %
chlorine, 0.18 +0.04 at. % nitrogen, 0.18 + 0.04 at. % carbon, and
0.44 £0.12 at. % hydrogen.

The nanolaminate grown on TiN using the ALD cycle
sequence of 4 x [100 x Fe,O3+ 20 x SiO,] + 100 x Fe,O3 consisted
of 23.2+0.3 at. % Fe, 52.6 £0.5at. % O, and 5.5+ 0.5at. % Si. The
residual impurities were detected as 0.39+0.04at.% Cl,
7.9+0.2at. % N, 0.26 £ 0.02 at. % C, and 0.74 +0.12 at. % H. In this
stack of the films grown on TiN-covered silicon substrate, the con-
tribution from the TiN electrode layer to the composition was as
high as 9.4+0.2at. % Ti, which also explains the high nitrogen
content detected in the film.

ToF-ERDA on the film that exhibited the most well defined
resistive switching behavior, i.e., the film grown using the
sequence of 4 x [75x Fe,O3+50 x SiO,] + 75 x Fe,05] (Fig. 8),
revealed that the film contained 18.7 + 0.3 at. % Fe, 61.8 1.7 at. % O,
and 9.90+13at.% Si. The contents of residual impurities were
2.10+0.17 at. % chlorine, 0.76 +0.20 at. % nitrogen, 0.40 + 0.22 at. %
carbon, and 5.8 + 2.8 at. % hydrogen.

The ToF-ERDA results indicated that the impurity contents
were appreciably low in the as-deposited laminate films. The pres-
ence of such impurities is, nevertheless, to be taken into account, as
they naturally affect the structure and performance of magnetic
and electric films by increasing the defect densities. However, to
improve the electrical performance of the SiO,-Fe,O; films, the
presence of silicon and iron oxides in comparable amounts or at
least in contents of the same order of magnitude seem to be neces-
sary in multilayers.

B. Magnetic behavior

Figure 6 depicts magnetization curves measured for selected
samples in an external magnetic field at room temperature. One
can see that the magnetization in the SiO,-Fe,O; films was easy,
proceeding nonlinearly against the external field, and tended to sat-
urate at sufficiently high fields exceeding 5000-10 000 Oe applied
in the plane of the film surface. Hysteresis in the magnetization-
field loops remained rather narrow, and the coercive field was thus
weak. Analogous behavior in some iron oxide-silicon oxide com-
posites has been observed earlier.”””® In the present study, the
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FIG. 3. Grazing incidence x-ray diffractograms from (a) 28 nm thick Fe,O; film,
(b) 50 nm thick Fe,O3 film embedding a 2-3 nm thick SiO, interlayer, and (c) a
nanolaminate film after annealing at 800 °C in air. Experimental and fitted dif-
fractograms are represented by bold gray and solid black curves, respectively.
Reflexes above the noise level are designated as those belonging to the Fe, 05
polymorphs and indicated by the corresponding labels for the epsilon-phase in
top and middle panels and hematite in bottom panel.

magnetization-field curves measured from the films grown using cycle
sequences of 4 x [75 x Fe,O3 + 50 x SiO,] + 75 x Fe,05 (Fig. 6) and
4 % [100 x Fe,O3 + 20 x SiO5] + 100 x Fe,O5 (not shown) displayed
insignificant coercive fields at room temperature. and saturation
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FIG. 4. Grazing incidence x-ray diffractograms from as-deposited Fe,O; films
mixed or laminated with SiO, with molar Fe:Si ratios (EDX), indicated by the
labels. For the description of the growth cycle sequences, see Table |.

magnetization did not exceed 2.5x10™* and 2.5x 107> emu/g,
respectively. At low temperature, ie., at 5K, the coercivity increased
noticeably up to 1.2kOe (not shown) and 4.6 kOe (Fig. 7), respec-
tively, whereas the saturation magnetization values remained in the
same order of magnitude as in the high-temperature measurements.

In accord with the literature, the orthorhombic e-Fe,O; has
emerged as possibly the most interesting phase of iron oxide,
mainly due to its ferromagnetic performance with a remarkable
coercive field at low and room temperatures, as well as magneto-
electric properties.”*™® As already noted, e-Fe,O5 has been recog-
nized as a metastable phase of iron oxide, which can be achieved
only in nanocrystalline material upon polymorphous transforma-
tion between maghemite (y-Fe,O;) and hematite (0-Fe,O3)
phases.”>”™" Magnetic e-Fe,O; nanoparticles have earlier been
prepared often by wet chemical synthesis.”>***>>%°!

In the present study, the magnetic behavior of the triple
Fe,05-Si0,-Fe, 05 layer, in which the content of £-Fe,O; was sig-
nificant (Fig. 2), resembles that observed by Li et al.”* In the latter
work, iron oxide nanocrystals were stabilized within spaces con-
fined inside mesoporous silica after annealing in order to crystal-
lize the e-Fe,O; phase, and the coercivities were in the range of
2000-2500 Oe, as measured below room temperature, i.e., at
200 K. It is also worth noting that in another work by Kubic¢kova
et al.”’” devoted to the investigations of the properties of homoge-
neously mixed SiO,-Fe,O; suspensions, the magnetic coercivities
measured at 300 K were decreased down to zero, whereas the
coercivity of the reference e-Fe,O3 sample without SiO, extended
to 20 kOe in the same study.

One could notice certain deformation of the magnetization-
field loop measured on the triple Fe,O3-SiO,-Fe,05 layer (Fig. 6,
lower panel). When reaching zero fields during sweeping the exter-
nal field strength, the response of the magnetization intensifies,
even indicating a tendency to discontinuous response to the field
and a “kink” like feature close to the zero field. Such a kink in the
magnetization curve near the zero field has been proposed to be
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FIG. 5. Scanning electron microscopy images from the surfaces of Fe,05-SiO, films as-deposited using cycle sequences indicated by the labels.

indicative of the presence of ferrimagnetic y-Fe,O; polymorph
impurities.”” It is worth noting that analogous tendencies in the
development of such abrupt kinks have been observed in several
works,” %014 although structural analyses have not always
revealed a multiphase structure.

Figure 7 depicts magnetization-field loops measured from
selected samples at a low temperature, 5 K. One can see again that
the magnetization in the SiO,-Fe,0; films is easy, nonlinear, and
saturating with increasing fields applied in the film plane in both
opposing directions. The hysteresis in the magnetization-field loop
at 5K is considerably wider compared to that at room temperature
and the coercive field becomes comparable to those observed
earlier. In several cases earlier, composites containing iron oxide
had to be annealed markedly after their synthesis in order to prop-
erly crystallize the material and, concurrently, achieve appreciable
coercive field even at low measurement temperatures. For instance,
Popovici et al.”' observed coercivities exceeding 20kOe at room
temperature after annealing a Fe,0;-SiO, sample at 1100 °C,
whereas lower annealing temperatures did not provide sufficient
degree of crystallization and accompanying significant coercivity.

One approach has been to grow oriented €-Fe,O; layers by
laser ablation at 700-900 °C to the thickness of 50 nm on monocrys-
talline ferrite substrates, as reported by Thai et al®® In these films,
coercivity reaching 2kOe was measured at 350 K. Yet, in another
study conducted by Balaev et al,”” e-Fe,O; particles of about
5-10nm in diameter were incorporated in composites with porous
silica gel as the matrix and calcined at 900 °C. Coercive fields in the
range of 6-12kOe could be achieved in magnetization-field loops,
when measured at 300 K. Dubrovskiy et al*’ have described the
effect of the e-Fe,O; particle size to the magnetic response. In their
study, e-Fe,O; particles were impregnated in silica pores by wet
chemical synthesis from iron sulfate solution and heat treated at

900 °C for 4 h afterward. Upon that procedure, measurable amounts
of e-Fe,05 particles with diameters in the range of 5-10 nm were
produced, demonstrating coercivities within 5-6 kOe. Thus, the ref-
erence data seem to imply that high-temperature processing of
Fe,05-Si0, nanocomposites has been a prerequisite to effective
room temperature magnetic polarization and memory effects. In the
present paper, however, appreciable magnetic polarization has been
achieved in the as-deposited Fe,05-5i0, multilayer structures con-
taining e-Fe,03 nanocrystallites.

According to the knowledge published to date, £-Fe,O; is a
phase that can display complex magnetic properties. At ~490K,
e-Fe,05 changes from a paramagnetic state to an ordered, suppos-
edly canted, antiferromagnetic state. With decreasing temperature,
the coercivity of e-Fe,0O; rapidly increases and reaches ~20 000 Oe
(2T) at room temperature and a maximum of ~22 000 Oe (2.2 T)
at 200 K. Below 200K, the coercivity has been seen to decrease
drastically, reaching zero at ~100K. Below that, the coercivity
recovers and strengthens up to 5000 Oe (0.5T) at 2K.* In our
samples, the coercivity measured at room temperature was much
smaller than that expected for £-Fe,0;. The coercivity was close to
zero in the laminate and about 700 Oe for the Fe,03-SiO,-Fe,O3
trilayer structure. As mentioned above, the deformed shape of the
hysteresis loop of the trilayer at room temperature might indicate
the existence of more than one phase with different coercivities in
the films. It is to be noted, that even if the XRD results allowed one
to consider the formation of e-Fe,O; as the dominant phase in
some samples, formation and coexistence of additional hematite
phase cannot be excluded, and the multiphase character of the
nanocrystalline material is therefore still possible. Different phases
would all contribute to the physical properties of the phase
mixture. In this regard, Kant et al’” have synthesized stable
o-Fe,O3 particles with dimensions ranging from 13 to 63 nm and
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FIG. 6. Room temperature magnetization curves measured from periodical
Fe,03-SiO, nanolaminate (upper panel) and Fe,03-SiO,-Fe,O; triple layer
(lower panel) grown using ALD cycle sequences and with Fe:Si atomic ratio
described by the labels.

also measured relatively moderate coercivity values, ~6000 Oe at
10K and ~27 Oe at 300 K. Therefore, magnetization in such nano-
laminates and nanocrystalline oxides can easily vary along with
small variations in the phase composition comprising different
polymorphs of iron oxide.

C. Electrical behavior

Resistive switching behavior was recorded and found to be the
most well defined in the SiO,-Fe,05 nanolaminate grown using the
ALD cycle sequence of 4 x [75x Fe,Os+ 50 % SiO,] + 75 x Fe,0;
(Fig. 8, topmost panel). The ratio between the high and low resis-
tance states was significant, extending over an order of magnitude
in the conventional resistive switching measurements.

It is noteworthy that Fe,O; films have less frequently been con-
sidered candidates for memristor media, likely due to their strongly
polycrystalline nature and accompanying inferior insulating charac-
teristics. Nevertheless, for instance, in a study devoted to the ALD of
relatively smooth, uniform, and finely grained Fe,O;,'" resistive
switching was studied and observed. Current and resistivity values in
the high resistance state could be tuned by varying the maximum
voltage used for breaking conductive channels (filaments) during
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FIG. 7. Magnetization-field curves measured at 5K from (a) periodical
Fe,05-Si0, nanolaminate and (b) Fe,03-SiO,-Fe, O triple layer grown using
ALD cycle sequences and with Fe:Si atomic ratios described by labels.

resetting the high resistivity. In the present study, however, the Fe,0;
films alone occurred too conductive and did not allow switching with
reliable distinction between low and high resistance states.

Silicon oxide has been studied as one of the most promising
switching media. In a study on cosputtering of silicon-rich silicon
dioxide films,”” conductive pathways formed were supposedly not
continuous but rather chains of partially separated silicon nanoin-
clusions in a highly substoichiometric oxide matrix. These
SiO4-based devices differed, at that time, from most of the other
materials studied in that diffusion of metallic ions was not involved
in the formation of the conductive paths.”” In the present study,
however, the as-deposited SiO, reference films did not exhibit
appreciable switching characteristics, which was likely due to the
impurities existing in the films.

In a reliable switching medium, the difference between the
low and high resistivity states should be at least an order of magni-
tude, which, in the present study, was observed in the case of the
ALD cycle sequence of 4 x [75x Fe,O3+ 50 x SiO,] + 75 x Fe,0;
[Fig. 8(a)]. In these measurements, rectangular sampling voltage
pulses were applied to the electrodes on the dielectric layer, with
the pulse amplitude increasing within the sequence of pulses.
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At the increasing voltage pulses, currents were recorded, forming
current-voltage envelope curves until the transition (switching) to
the low resistance state (SET) and back to the high resistance state
(RESET). However, alternatively to the conventional envelope
curves, currents were registered at low-reading voltages of 0.1V
after passing each sequential sampling voltage pulses. In this case,
the measured current values were even more clearly determined by
the two resistivity states than in the conventional measurements.
Thus, exploitation of the low-reading voltages provided two clearly
N R defined plateaus of current values that were recorded before and
-12 08 -04 00 04 08 12 16 after the sequential SET and RESET transitions (Fig. 8, second
30 Voltage, V panel). In this way, current-voltage loops (current memory map)
b) with pronounced squareness were formed by the applied voltages

with a distinct memory window between the high and low current

! states. This measurement method has become useful especially in
: such cases where the material possesses rather high conduction
I currents already in the virgin, supposedly high resistivity, state
: before the formation of the low resistivity state and, therefore,
I

exhibits too small ratios between the high and low resistance states
;o RESET ARESET SET in the conventional measurements. The method has been used
earlier to study the performance of some other resistively switching
oxides, such as Ta,05-TiO,-Ta,05 or ZrO,-Co;0,"" and
Nb,O5-SiO, nanolaminates” grown by ALD.
In order to evaluate the capacitive behavior in addition to the
Voltage, V direct currents through the dielectric stacks, differential capacitances
c) were measured at a frequency of 500 kHz, also between sampling
bias voltage pulses (Fig. 8). Admittance parameters were recorded
along with sweeping the sampling bias voltage. Conductance, G, and

| v capacitance, C, maps over low-reading voltage sampling were
| \.,“ recorded, applying a parallel admittance model.” In order to obtain
\.\ : \\ the memory maps for G and C, return-to-zero voltage pulse
% | sequences were used. Thereby positive voltage pulses of 1 ms dura-

o tion were applied while the sample was in its high resistance state.
‘ After each sampling voltage pulse, the voltage was returned to 0V,
and the admittance-derived conductance and capacitance values
20 <15 -1.0 05 00 05 10 15 were Itecorded at 0V bias on ac signal gnly. The a.mphtude of Fhe
sampling voltage pulse was increased linearly until the transition

Voltage, V from the high resistance state to the low resistance state occurred,

| d) SET and thereafter correspondingly decreased until the transition back to
. ‘°°°°°~ et the high resistance state. The plots of capacitance, C [Fig. 8(c)], and

conductance, G [Fig. 8(d)], as functions of the voltage, which can
also be termed as the programming voltage in this case, thus consti-
tuted the corresponding memory maps.

Analogous measurements were carried out on an

‘ Fe,0;-5i0,-Fe,O; triple-layered film grown using the ALD cycle
L "“'°° s WW,,NM sequence of 250 x Fe,Os + 20 x SiO, + 250 x Fe,O;. This film occurred
rather leaky compared to the nanolaminate grown using the ALD
Ty cycle ratio of 75:50, described above. The triple-layer sample exhibited
20 -15 -1.0 05 0.0 05 1.0 15 rather weakly detectable and thus less significant resistive switching

Voltage, V performance with a low ratio between the low and high resistivity
states [Fig. 9(a)]. In the SiO,-Fe,O; nanolaminate grown using the
ALD cycle sequence of 4 x[75x% Fe,O;+ 50 % SiO,] + 75 x Fe,O3
[Fig. 8(a)], the conducting current values measured at —1V during
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FIG. 8. Current-voltage loops measured (a) in the conventional resistive
switching mode, (b) small signal current-voltage memory map, (c) small

signal capacitance memory map, and (d) small signal conductance memory the RESET pulses in low and high resistance states were 2.8 and
map (bottom panel) against sampling voltage pulses applied on 30 nm 1.1x 107" A, respectively, making the LRS to HRS ratio equal to 2.6.
thick Si0p-Fe,0; nanolaminate deposited with a cycle sequence of In the case of the triple layer [Fig. 9(a)], the corresponding values
4x[75x Fep05+50 x Si0;] + 75 x Fe,03]. were 2.8 and 2.0 x 10~* A, lowering the LRS to HRS ratio to 1.4.
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Figure 9 also represents the current-voltage loop measured at
low-reading voltages [Fig. 9(b)], as well as capacitance [Fig. 9(c)]
and conductance [Fig. 9(d)] memory maps obtained from the
admittance measurements at return-to-zero voltages, similar to the
case of the nanolaminate described above. From these, one can see
that even if the conventional resistive switching property manifests
itself poorly, the current measurements in the low-reading regime
and admittance measurements at the return-to-zero voltage enable
recording memory maps with well defined squareness and distinct
differences between the low and high conductivities as well as
sharp SET and RESET transition events.

IV. CONCLUSIONS

The atomic layer deposition method was exploited to grow
SiO,-Fe,05 nanolaminate and mixture films on silicon and tita-
nium nitride substrates. The elemental composition of the films
could feasibly be modified by changing the ratio of successive
ALD cycles for the SiO, and Fe,O3; component oxides. The crystal
growth of Fe,O; was initiated and intensified with the thickness of
Fe,O; layers in the SiO,-Fe,0; films. Along with the increment in
the relative content of iron oxide and its crystallization, nonlinear
and saturative magnetization in the films was detected at room
temperature and enhanced at 5 K. The Fe,O; layers tended to crys-
tallize in the metastable orthorhombic e-Fe,O; phase, although
some contribution of hematite to the phase composition could not
be excluded.

Response of the films to the external electric fields was exam-
ined. Resistive switching performance with a pronounced window
between the low and high resistivity states was recorded in the
structures grown using proper ratios between SiO, and Fe,O;
growth cycles. Admittance measurements in a small signal regime
allowed one to enhance the distinction between the low and high
resistance states as well as the squareness of the memory maps.

Among the structures examined, the nanolaminate grown using
the ALD cycle sequence of 4 x [75 x Fe;O3 + 50 x SiO,] + 75 x Fe, O3
was the one exhibiting clear responses to both magnetic and electric
fields. The film consisted of ~4.4 nm thick Fe,O; and 5.9 nm thick
SiO, layers, was nanocrystalline, possibly comprising orthorhombic
e-Fe,O; phase, and demonstrated saturative and nonlinear magneti-
zation with rather narrow hysteresis at room temperature, as well as
resistive switching behavior with the most prominent distinction
between low and high resistivity states.

The study has demonstrated that Fe,O; films, which are
deposited alternately with SiO, films in multilayered structures,
can resemble ferromagnetic nanocrystalline materials, and the
electronic leakage currents may become, to a certain extent, sup-
pressed by controlling the contribution from the wide bandgap
SiO,. The latter also enables the appearance of resistive switching
in the multilayers. In relatively leaky materials, application of
small signal measurements still ensure recording of distinct and
defined memory performance. With further and more detailed
parametrization and scale-up of the process in the future, one
may seek the effect of electrical conductivity on magnetization
and vice versa, that is, to identify a coupling effect between con-
ductivity and magnetic polarization.
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