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Due to the several applications of biosensors, such as magnetic hyperthermia and magnetic resonance
imaging, the use of superparamagnetic nanoparticles or thin films for preparing biosensors has increased
greatly. We report herein on a strategy to fabricate a nanostructure composed of superparamagnetic
thin films. Ruthenium-doped iron oxide thin films were deposited by using atomic layer deposition at
270 and 360 °C. FeCls and Ru(EtCp), were used as metal precursors and H,O/O, as the oxygen
precursor. Doping with ruthenium helps to lower the formation temperature of hematite (a-Fe,Os3).
Ruthenium content was changed from 0.42 at% up to 29.7 at%. Ru-doped films had a nano-crystallized
structure of hematite with nanocrystal sizes from 4.4 up to 7.8 nm. Magnetization at room temperature
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Accepted 7th February 2021 was studied in iron oxide and Ru-doped iron oxide films. A new finding is a demonstration that in a Ru-
doped iron oxide thin film superparamagnetic behavior of hanocrystalline materials (a.-Fe,O3) is observed

DOI: 10.1039/d1ra00507c with the maximum magnetic coercive force H. of 3 kOe. Increasing Ru content increased crystallite size
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Introduction

The most basic principle of magnetism, i.e. magnetic interac-
tion at a distance, empowers the development of applications of
biosensors, such as cancer and gene therapy, developmental
biology or as protection layers of materials against viruses,
SARS-CoV-2, etc. A popular example, superparamagnetic nano-
particles will be more and more used in a wide range of
biomedical applications, such as magnetic hyperthermia and
other magnetism-based health applications."”* However, several
effective magnetic particles present a danger to living organ-
isms because nanoparticles may have direct toxic properties
and also due to other factors, such as particle aggregation.*®
These circumstances can have catastrophic consequences, as
clustered particles may block blood flow if applied in vivo.
However, by inducing nanoparticles inside a thin film
substance it is possible to increase the safety and stability of
magnetic nanoparticles. By using atomic layer deposition (ALD)
it will be possible to achieve conformal deposition with atomic
precision on various nanostructured architectures, for example,
different sizes of nanocrystals (nanoparticles) with large or
complicated surfaces.® ALD is a chemical vapor phase technique
capable of producing thin films, which are based on sequential,
self-limiting reactions. ALD offers an exceptional conformality
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of hematite and resulted in a lower blocking temperature.

on high aspect ratio structures, also the thickness control on the
atomic level.”

Iron oxide in the hematite phase (a-Fe,03) in the form of small
nanoparticles with superparamagnetic behavior can be said to be
one of the most studied nanomaterial."**#° Also, the iron oxide in
the form of ALD thin film is quite well known,” but nanocrystalline
hematite thin film showing superparamagnetic behavior and,
deposited at lower temperatures, has not yet been shown.

In the present study, the target material of nanocrystalline
hematite thin films was achieved at a quite low temperature of
270 °C (instead of typical 360 °C).*® For achieving such a low-
temperature crystallization the doping with ruthenium was
used. Thickness, nanostructure, morphology, and magnetic
behavior of the deposited thin films and, complementarily,
cross-sections of the selected films deposited on three-
dimensional (3D) substrates were examined.

Morphology and structure

On a planar Si(100) substrate, the mean growth rate of the iron
oxide films grown at 270 up to 360 °C in FeCl; + H,O process was
~0.09 £ 0.01 nm per cycle. The growth rate of iron oxide in the
FeCl; + H,0/O, process was slightly higher, 0.10 & 0.02 nm per
cycle, most probably because the oxygen activates the oxidation
process of iron precursor. The growth rates of iron oxide were
calculated from X-ray fluoresence (XRF) measurements, only Fe
mass thicknesses were presented in Fig. 1. The second oxidizer
O, was included to the process for dopant metal precursor
Ru(EtCp),."* At 270 °C, the mean growth rate was as low as
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Fig.1 Mass thicknesses measured by XRF inside the films deposited at
different temperatures and processes.

0.022 nm per cycle for 500 cycles Ru films on the Si substrate
made with cycle times 5-2-5-5 s, being similar to the growth
rate observed previously by Kukli et al.,'* but at T = 360 °C, the
growth rate was somewhat increased up to 0.03 nm per cycles.
Thicknesses and composition of thin films deposited at
different temperatures are presented in Table 1. When
increasing the amount of ruthenium into iron oxide, the growth
rate was changed and one could see that the estimated actual
growth rates for iron oxide layers tended to decrease with the
number of the Ru deposition cycles.

This could be expected, considering that, at the beginning of the
ALD growth, the dependence of the film thickness on the number of
cycles most often remains sublinear and the growth rate somewhat
retards, due to the nucleation issues at the early stages of the growth.

Regarding the results of micro-Raman spectroscopy (Fig. 2)
at 270 °C deposited iron oxide, the main bands at 703 and
1400 cm™ ", which are typical for e-Fe,O;, were observed.’ At
360 °C deposited iron oxide thin film the broad bands at 231,
300, 418, 621, 680 and 1342 cm ' were observed, which are
typical for a-Fe,03."* At 270 °C deposited Ru-doped iron oxide
thin films, the main broad bands of hematite (o-Fe,O3) at 418,
621, 680 and 1320 cm™* could be noticed. Since the films are
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Fig. 2 Room-temperature micro-Raman spectra of pure iron oxide
and Ru-doped structures, the recognized Raman bands are denoted
by labels.

very thin, some of the bands are hidden under the reflexes
caused by the Si substrate (200-521 cm ™).

GIXRD patterns (Fig. 3) confirmed that all thin iron oxide
films were crystallized already in the as-deposited state at both
deposition temperatures. The diffractogram of the pure iron
oxide thin film (Fig. 3, top panel) contained reflections attrib-
utable to the hematite a-Fe,O3 (PDF 00-033-0664), deposited at
360 °C and orthorhombic &-Fe,O; phase (ICSD 173024),
deposited at 270 °C. This metastable &-Fe,O; phase has been
found and synthesized only in nanoscale samples, including
specimens in a thin film form.>** In an ALD study the &-Fe,O3
phase was present in a lower deposition temperature range
(280-320 °C)," and at temperatures higher than 340 °C the
phase had changed to hematite."* In a pure Ru film the hexag-
onal Ru phase (PDF 00-006-0663) was detected and the GIXRD
peaks at 38.4, 42.1, 44.0, 58.3 and 69.4 degrees were observed.
Ru-doped iron oxide thin films have very broad reflections of
a hematite phase (Fig. 3, bottom panel), the main GIXRD

Table 1 Film recipes, thicknesses (by XRR), growth rates, Ru and Cl mass thicknesses (by XRF) of single oxides, and Ru-doped structures

Name of the sample with Thickness Ru, pg Cl, pg
deposition temperature ALD growth cycle sequence nm cm 2 cm 2
Iron oxide, at 270 °C 500 x (FeCl; — H,0/0,) 49.9 — 0.06
Ruthenium at 270 °C 500 x (Ru(Et(Cp),) — H,O/ 15.8 17.4 —
0,)
Ru-doped Fe,0; at 270 °C, 2 X (100 x (FeCl; — H,0/0,) 24.1 0.2 0.12
at% (Ru) = 0.42 +100 x (Ru(Et(Cp),) — H,O/
0,)) + 100 x (FeCl; — H,O/
0,)
Ru-doped Fe,0; at 270 °C, 25 X (10 x FeCl; — H,0/0, + 28.0 0.4 0.22
at% (Ru) = 0.98 10 x Ru(Et(Cp),) — H,0/0,)
Ruthenium at 360 °C 500 x (Ru(Et(Cp),) — H,O/ 20.1 22.5 —
0,)
Ru-doped Fe,0; at 360 °C, 25 X (10 x FeCl; — H,0/0, + 36.5 14.3 0.03
at% (Ru) = 29.77 10 x Ru(Et(Cp),) — H,0/0,)
Iron oxide at 360 °C 500 x (FeCl; — H,0/O,) 52.8 — 0.05
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reflection at 33.2 and 54.2 degrees were used for evaluating the
size of nano-crystallites in accordance with Scherrer's formula
and by using a standard reference material SRM-660 (LaBg) (the
instrumental broadening has to be considered, where the
standard deviation is ~1 nm). As expected from the diffracto-
grams presented in Fig. 3, in the case of Ru-doped iron oxide,
the estimated size of a-Fe,O; crystallites was 4.4 4+ 0.3 nm in Ru-
doped film (Ru 0.42 at%) and 7.8 £ 0.4 nm in Ru-doped (Ru 0.98
at%) film.

Fig. 4 shows cross-sectional STEM images of the Ru-doped
iron oxide film deposited at 270 °C. Fig. 4 (left panel) displays
the cross-sectional view of the bright field (BF) image of the film,
showing the areas with distinct lattice planes, which correspond
to the domains of different crystalline orientation. This
confirms that the crystallization of the iron oxide took place.
The film is estimated to be 24.5-27 nm thick, which is in
accordance with XRR measurements (Table 1). The thickness
variation is due to the roughness of the surface of the film. The
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Fig. 3 GIXRD patterns from the Fe,Oz and Ru thin films (500 cycles),
top panel and Ru-doped iron oxide thin films, bottom panel. Miller
indexes, assigned after crystallization, are indicated and * marked
reflection comes from substrate.
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Fig. 4 Cross-sectional STEM images of the sample (2 x (100 x Fe,Os
+ 100 x Ru) + 100 x Fe,Os3) structure overview bright field (BF) (left
panel) and the edges of one nanocrystal are illustrated. High-angle
annular dark field (HAADF) image of the same structure (right panel).

crystalline domains in the film vary in size, some of the larger
crystallites penetrate the whole thickness of the film, while,
smaller crystallites were more abundant. The high-resolution
HAADF image (Fig. 4, right panel) shows the presence of crys-
tallites with the size of 4 nm and smaller inside the film. At
some places, no crystal fringes can be observed, indicating that
some of the amorphous areas were also present in the film.

SEM images of pure Fe,O3 and pure Ru thin films, deposited
at 270 °C, are shown in Fig. 5. It can be seen, that Fe,O; thin film
(Fig. 5a) shows well-defined grains with rounded edges, which
uniformly cover the surface. The pure Ru film (Fig. 5b) also
shows the grain-like morphology, but the grains have a more
faceted shape, and they are smaller in size.

The SEM images of iron oxide films after incorporation of the
ruthenium during the deposition process are presented in
Fig. 6. It can be seen that the use of ruthenium has led to the
decrease in the size of the grains, however, in the case of a Ru-
doped structure, the distinct wedge-shaped grains can still be
well discerned in the image. The morphology of the higher Ru-
doped film has changed more dramatically, showing a very fine-
grain structure. The fine grains visible on the surface are
probably a structure of the top ruthenium layer deposited
during the last 10 cycles. It can be seen, that the surface under
the fine-grained top layer is not completely uniform, as would
be expected if only isotropic nano-sized grains would be
present. This indicates that at least at some places larger grains
were also formed inside the iron oxide film.*

Fig. 5 The bird-eye view of the SEM images of the reference objects
Fe,Os3, (a) and Ru (b) films, both films are deposited at 270 °C.
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Fig. 6 The bird-eye view of the SEM images of the Ru-doped iron
oxide films (0.42 at%, a) and (0.98 at%, b). Both films are deposited at
270 °C.

The conformality of ALD-deposited films is often the critical
factor in choosing ALD over the competing deposition tech-
niques. The conformality of high aspect ratio and three-
dimensionally-structured (3D) materials is achieved by its self-
limiting characteristic, which restricts the reaction at the
surface to no more than one layer of precursor. With suffi-
cient precursor pulse times, the precursor can disperse even
into deep trenches, allowing for complete reaction with the
entire surface (Fig. 7). For example, a good conformality of
Ru-doped iron oxide films (deposited at 270 °C with the same
cycle times 5-2-5-5 s) was achieved and is shown in Fig. 7c. The
thickness of the layer did not decrease noticeably towards the
bottom of the trench, though, indicating that the step coverage
could not reach 100% (the 3D trench along with its ~1.6 pm
depth). The top view of the 3D sample shows that the pore open-
ings were not closed in process of the deposition (Fig. 7a and b).

Magnetic behavior

In-plane magnetic measurements were performed for the pure
iron oxide and Ru-doped thin film samples. The hysteresis

ey S ——————
i d v 3 e

i g

Fig. 7 SEM images of the 3D substrate, top view (a) and cross-section
(b and c) of the Ru-doped iron oxide thin film (with recipe 25 x (10 x
Fe,Oz + 10 x Ru)) on 3D stack substrate.
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curves for the films, measured at room temperature, displayed
nonlinear magnetization with saturation and well-defined
coercive fields in most samples, demonstrating typical ferro-
or ferrimagnetic behavior (Fig. 8). a-Fe,O; exhibits a coercive
field of 2.8 kOe at room temperature, that increases to 5.5 kOe at
low temperature (5 K) (Fig. 8a). For comparison highest coercivity
value in case of o-Fe,O; nanomaterials reported so far is 6.2 kOe
measured at 300 K and 6 kOe at 4 K.*® e-Fe,O; demonstrates a more
complex hysteresis (Fig. 8b), that can be deconvoluted into
different contributions of different phases following the method
proposed by L. Corbellini et al.'” Linear contribution, major and
minor hysteresis loop can be extracted. Minor loop with zero
coercivity could be assigned to the smallest crystallites with
superparamagnetic behavior. Major loop exhibits a huge coercive
field of 18 kOe, which is expected in the case of &-Fe,03."®

At the same time, the Ru-doped hematite film show a curve
typical of a superparamagnetic material (Fig. 9), but the Ru-
doped iron oxide thin film, deposited at 360 °C, has a para-
magnetic nature of the material (not shown). Although the Ru-
doped films deposited at 270 °C demonstrated a behavior
characteristic of a superparamagnetic material (Fig. 9a), the
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Fig. 8 Magnetization vs. external magnetic field curves at room (300
K) and at low temperature (5 K) for the selected as-deposited samples
deposited at 360 (a) and 270 °C (b). Substrate diamagnetism has not
been subtracted from the data. Deconvolution of different contribu-
tions to the hysteresis loops are depicted in the inset of (b).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Magnetic moment versus magnetic field loop measured at 300
K and at 5 K for films on Si substrate. The curves measured from Ru-
doped thin films: (2 x (100 x Fe,O3z + 100 x Ru) + 100 x Fe,Os3) (a)
and (25 x (10 x Fe,Os + 10 x Ru)) (b) thin films deposited at 270 °C.
The samples were measured on the Si substrate and the measured
signal of the diamagnetic substrate is not removed (for illustration one
hysteresis without Si substrate is depicted in the inset, (b)).

finite hysteresis width (coercive field H,) of roughly 3 kOe (Fig.
9b) emerges at low temperatures in the Ru-doped film where the
Ru content was 0.42 at%.

Superparamagnetic behavior is often expected in the case of
small particles of magnetic materials, but it is also observable in
a thin film containing nanocrystals.** The fact that the
structures contain nanocrystals was confirmed by GIXRD
(Fig. 3) and was visible from STEM images (Fig. 4). Similar size
development of nanometer-sized magnetic ferrite particles
powder (in &-Fe,O3) was observed by Shin-ichi Ohkoshi et al.*®
Saturation magnetization in the present study was, however,
observed already at room temperature. Zero field cooled (ZFC)
and field cooled (FC) temperature dependence of susceptibility
at applied field of 1000 Oe was measured in Ru-doped thin films
with the recipe: 2 x (100 x Fe,Oz + 100 X Ru) + 100 x Fe,O;
and 25 x (10 x Fe,O3 + 10 x Ru). The blocking temperature
estimated from the maxima in ZFC susceptibility for the Ru-
doped film (Ru 0.42 at%) was 295 K, while in Ru-doped (Ru
0.98 at%) film much lower, 140 K (Fig. 10). Clearly, with
increasing Ru content the superparamagnetic blocking

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Field cooled and zero-field cooled susceptibility curves
measured from Ru-doped iron oxide structures (Ru content denoted
by labels). Arrows indicate the estimated superparamagnetic blocking
temperature of the nano-crystallites.

temperature decreased, which can be explained by the decrease
of nano-crystals sizes of the film.

Conclusions

In conclusion, the atomic layer deposition of nano-
crystallized Ru-doped iron oxide thin films containing
hematite nanocrystals with size from 4 to 7.8 nm was realized
in FeCls;, Ru(EtCp), and H,0/O, process. The studies on
three-dimensional, trenched structures confirmed that the
Ru-doped Fe,O; thin films could also be deposited to the
inner regions of the 3D structures, which might be regarded as
a pre-requisite to its possible medical applications. The structures in
pure iron oxide films in the as-deposited state demonstrated
ferromagnetic-like behavior at room temperature. The magnetiza-
tion was nonlinear, with saturation and hysterese with well-defined
coercive fields in most samples. The strongest coercive fields were
determined in the samples where the &-Fe,O; phase dominated, and
the highest H. value was 18 kOe. Although the Ru-doped iron oxide
thin films also demonstrated a behavior characteristic of super-
paramagnetic material, the finite hysteresis width was measured at
low temperature. The strongest coercive field (3 kOe) was deter-
mined in Ru-doped samples at 5 K temperature, where the Ru
content was 0.42 at% and crystallite size 4 nm.
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