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Amorphous ferromagnetic materials with the variable composition are promising candidates for application in rapidly-
growing technological fields, such as spintronics. However, the significant downside of current state-of-art materials is a

conductivity mismatch between injector and semiconductor which often is associated with the unavailability to control and

precisely tailor magnetic properties and conductivity. We report on the synthesis of soft-magnetic SiC,N,:Fe films with the

saturation magnetization of 20 e.m.u./cm? and conductivity similar to the one of Si, which is crucial for possible applications.

XRD with synchrotron radiation and EXAFS revealed the complex composite structure of the films: crystals of Fe;Si, FesSis,

SiC and graphite are embedded into the amorphous matrix of SiC,N,. The variation of deposition conditions allowed us to

separately control the magnetic properties through the iron concentration and the conductivity of the material through the

amorphous SiC,N, matrix composition. The reported results revealed a significant potential of SiC,N,:Fe films as a prospective

object for analysis of spin-polarized transport in amorphous semiconductors and for application in field of spintronics.

Introduction

The development of new technology fields requires new
materials with the wide variety of functional properties. The
multi-functional materials are designed in a way, so one can
tailor their properties by changing the composition,
temperature, electromagnetic field, and etc. An exciting
example of properties to combine is the ferromagnetism and
semiconductivity. Tunable charge transfer properties combined
with ferromagnetic ordering may solve existing problems in
semiconductor spintronics and magnetic sensor materials.
Different approaches were used in order to obtain the materials
possessing the desired combination. One of the most widely
investigated examples of magnetic semiconductors is ZnO or
A"BY doped with atoms of d-elements'~®. Despite the fact of
achieving ferromagnetic ordering in these materials several
problems, such as low Curie temperature (lower than room
temperature) and limited solubility of metals in the
semiconducting matrix, remains unsolved’=. The control over
ferromagnetic material conductivity is another essential task for
spintronics. The contact resistance of spin injector is to be
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engineered at the optimum level, otherwise, the conductivity
mismatch will result in the absence of spin-polarized
currentio1l,

The ferromagnetic semiconductors with amorphous matrix are
considered as the possible solution for these problems?!2. These
materials possess properties, exceeding one of the crystal
analogies. The subclass of ferromagnetic semiconductors with
amorphous matrix is the granular systems, where magnetic
particles are embedded into the amorphous matrix of the
insulator. Magnetic metal particles combined with the insulator
matrix gives the rise to the formation of a semiconducting
composite with magnetic ordering?314. Unfortunately, the goal
to control the conductivity and magnetic properties of these
composites in a precise way remains unsolved. The possible
solution to this obstacle is the application of an amorphous
matrix with variable composition, such as SiCN,, instead of
ones with the fixed stoichiometry. One can tune the
conductivity of SiC,N, in a very wide range'>6. Through the
variation of matrix conductivity, one can control the
conductivity of composite material where magnetic iron-
containing particles are embedded into the SiC,N, matrix. It will
allow one to create ferromagnetic semiconductors or
insulators, which is useful either for injection or detection of
spin-polarized tunable conductivity of
ferromagnetic material is a useful tool for overcoming the
conductivity mismatch problem?.

The earlier reports devoted to the creation of magnetic
materials based on the SiC,N, were focused on the ceramics®,
while the films and other low-dimensional materials are
required for building of spintronics devices. Also, no

current!’18 The

information about the conductance of these composites, which
is essential for spintronics, was provided.
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It is worth noting, that study conductivity mechanism and origin
of ferromagnetism in these materials is of the essence for
potential application in spintronics. Considerable advances in
studying of these mechanisms were achieved for materials with
the ordered crystal structure, such as diluted magnetic
semiconductors based on ZnO and A'"BY compounds?®21. Still,
this work is on-going and requires more efforts before the origin
of room temperature ferromagnetism will be established??. The
conductivity and ferromagnetism mechanisms are significantly
less studied for materials with an amorphous structure. This
work provides new insight into the electron transport and
magnetic properties of complex materials with an amorphous
structure. Presented results may become a basis for the more
detailed study of spin-polarized transport mechanisms in
amorphous semiconductors useful for spintronic technology.

Experimental part
Deposition procedure

The SiCN,:Fe films were synthesized using a chemical vapor
deposition technique by the thermal decomposition of three
different gaseous mixture. Tris(diethylamino)silane (TDEAS) and
ferrocene were used as sources of Si, C, N, and Fe, respectively
and were common for all the mixtures. In order to tailor the
composition of the films in a precise way, we used either
helium, or hydrogen, or ammonia as the third component of gas
mixture. The first one in an inert gas, while the other two may
change the composition of the deposited films, e.g. in the SiCN,
synthesis procedures introduction of ammonia results in
nitrogen concentration rising2324,

The deposition procedure was carried out in a horizontal quartz
tube. The deposition conditions are described as follows: the
deposition temperature range of 800-1000 °C, the partial
pressure of components Prpgas = 5%1072 Torr, Peerrocene = 3%1072
Torr and Pg,s = 3x10°2 Torr. The residual pressure was about (7-
8)x10* Torr. The preliminary degreasing followed by chemical
treatment in HF of the Si (100) wafers were used for all the
specimens obtained.

Characterization methods

The microstructure of the surface of the film was studied by
scanning electron JSM-6700F microscope with a resolution of 1
nm, and the elemental composition was examined by energy
dispersive spectroscopy (EDS) with an EX-23000VU detector for
this microscope. All the IR absorption spectra of the films were
recorded on an FTIR SCIMITAR FTS 2000 spectrometer in the
range 300—4000 cm™L. The FTIR spectra were normalized to the
film thickness and fitted with Gaussian profile function using
Origin software. The Raman spectra were recorded using
Triplemate, Spex spectrometer equipped with the argon ion
laser with wavelength of 488 nm. The phase composition of the
films was studied on the “Precision diffractometry and
anomalous scattering” station of "Siberian Synchrotron and
Terahertz Radiation Centre" (Novosibirsk, Russia) using Bragg-
Brentano experimental geometry. The incident beam
wavelength was set at 1.5410 A.

2| J. Name., 2012, 00, 1-3

The EXAFS (extended X-ray absorption fine structuyg) spectsa of
the SiC,Ny:Fe films were measured atPthelOBRA20-VéearAMe
channel, ESRF, Grenoble, France. Plates with films were glued
to a table and placed under a monochromatic synchrotron
radiation beam at an angle of about 32. The spectra were
measured at FeK absorption edge in the energy range 6867 —
8091 eV, which corresponds to the wavenumber k range up to
16 A1 (X-ray FeK absorption edge is 7112 eV). The spectra were
measured under fluorescence conditions with a 12-channel Ge
detector. Si(111) was used as a crystal-monochromator. Two
mirrors with Rh coating were used to focus a beam in the
horizontal and vertical planes. The quantum flux in recording
spectra was approximately 7 x 10'° photons/s in a beam 200um
x 5mm in size. The local surroundings modelling was carried out
using EXCURVE 98.
EPR spectra were recorded on the modified Varian E-109
spectrometer at 9.5 GHz and Bruker ELEXSYS 500 at 9.44 GHz.
The 2,2-diphenyl-1-picrylhydrazyl (DPPH) and Mn?* were used
as g-factor standards, respectively.
Magnetic properties of the films were investigated with torque
magnetometer. The procedure of the measurements is
described elsewhere?>. The equation

YH/L= 1My + H/2k v,
where L is the torque moment, H — external magnetic field, M,
— saturation magnetization, V — specimen volume, K, -
perpendicular anisotropy constant, is suitable in the case when
the direction of the magnetic field applied to the specimen
forms a small angle W with the specimen plane. Studying the
WH/L as a function of H allows one to determine a M, and K.
All measurements were carried at room temperature in the
magnetic field range of 0 - 2000 Oe.
The I-V curves analysis of the Al/SiC;N,:Fe/Si structures allowed
us to determine the conductivity of the SiC,N,:Fe films at room
temperature. In order to create such a multilayer structure the
Al was deposited as an electrode on the surface of
SiC«N,:Fe/Si(100). The surface of Al electrode was 0.7x0.7 mm?.
Since the thickness of the films may vary due to the different
deposition rates at various temperatures, the electric
conductivity was determined at the electric field of 10° V/cm.

Results and discussion

Structure and morphology of SiC,N,:Fe films

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. Elemental composition of SiC,N,:Fe films deposited at different temperatures
(denoted at the bottom) from gaseous mixtures, containing He, H, or NH3

As it was mentioned earlier, the control over the functional
properties of SiC,N,:Fe films is possible through the variation of
structure and elemental composition. By changing the
deposition temperature and gas phase composition we were
able to synthesize films with different elemental composition as
depicted on Fig. 1. In case of deposition from gaseous mixtures
containing helium or hydrogen, the dominance of carbon in film
composition is obvious. Elemental composition of the films
obtained from the helium-containing mixture changes with the
deposition temperature growing: carbon concentration grows
from 45 at. % to 60 at. %, while silicon concentration becomes
lower from 38 at. % to 20 at. % (Fig. 1). The nitrogen
concentration remains approximately constant ~15 at. %.
Deposition from a mixture of ferrocene, TDEAS, and hydrogen
leads to the same tendencies for elemental composition vs.
deposition temperatures. It is worth mentioning, that such a
dominance of carbon in film composition may originate from
the presence of free carbon phase2s. The composition of the
films deposited from the ammonia-containing mixture differs
significantly from the composition of the films mentioned
earlier. The main element, in this case, is the silicon with the
concentration of 40-45 at. %. Nitrogen concentration is about
25-30 at. % which is significantly higher than for the films
deposited from the helium or hydrogen-containing mixtures.
The Fe concentration growth with the deposition temperature
rising is the general tendency for all gaseous mixtures. Films
deposited at 800 °C contain ~2-3 at. % of iron. Higher deposition
temperatures allow one to obtain films containing up to 10 at %
of iron. The variation of Fe concentration provides an
opportunity to control the magnetic properties of the films.
Oxygen presents in the films as an admixture with a
concentration of 0-2 at. %.

Previous studies of amorphous SiCN, indicated that this
substance can be described as tetrahedral coordination of Cand
N atoms to Si atoms. Thus, structural fragments of Si-C-Si, Si-N-
Si, and Si-C-C-Si is the main building blocks of amorphous
SiCkN,27-2. According to this structure model, C-N bonds are
absent in this material. Therefore, we assume that the structure
of amorphous matrix of SiC,N,:Fe films are similar to one of
SiCiNy films. This suggestion was confirmed by the FTIR spectra
analysis of SiC,N,:Fe films (Fig. 2).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2. (a) — FTIR spectra of SiC,N,:Fe films deposited from gaseous mixture of
TDEAS, ferrocene, and helium at different temperatures, (b, c) — FTIR spectra (in the
range of 500-1300 cm?) of SiCiN,:Fe films deposited from hydrogen and ammonia-
containing gas mixtures, respectively

The common feature of FTIR spectra of SiC,N,:Fe films
deposited in this work is the asymmetric peak with a maximum
at 850 cm™. This broad peak consists of two components
related to the vibration of Si-C and Si-N bonds centered at 800
and 950 cm™, respectively (Fig. 2a). As one can see, peaks of C-
N related fragments are absent. We concluded that the
amorphous part of the material has a structure similar to the
one of SiCiN, described earlier: Si atoms with C and N
tetrahedral coordination.
In order to compare the FTIR spectra of the films deposited in
different  experimental conditions  (e.g.,  deposition
temperature, gaseous mixture composition) its intensity were
divided on the film thickness. Since the broad peak intensity
does not depend on the deposition temperature, we concluded
that the composition of SiC,N, matrix does not depend on the
deposition temperature. Therefore, it can be concluded, that
rising concentration of carbon with growing deposition
temperature promotes the formation of free carbon phase. The
small peak around 1500 cm™ emerging in case of deposition at
1000°C can be attributed to the disordered graphite phase. The
appearance of this peak is in agreement with the above-
mentioned conclusion. Due to limitations of the FTIR method
for analysis of carbon-containing phases, Raman spectroscopy
is required to study the formation of disordered graphite in
more detail. The most interesting tendency in FTIR spectra is
observed for intensity ratio /si.c/Isi.n. This ratio changes with the
gas mixture composition being varied. The deposition from a
gas mixture of ferrocene, TDEAS and helium results in Isi.c/Isi.n =
2.4-2.5. Such Si-C bond dominance in FTIR spectra of SiCN, films
synthesized by CVD technique at temperatures higher than 400
(a) (b) e

)
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Fig. 3. (a) - Raman spectra of SiC,N,:Fe films deposited from gaseous mixture of
TDEAS, ferrocene, and helium, (b, c) - detailed Raman spectra of the films deposited
at 800°C and 1000°C, respectively
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°C was mentioned earlier by Wrobel3%-32, While the substitution
of helium for hydrogen does not affect the intensity ratio (Fig.
2b), deposition from ammonia-containing mixture results in the
formation of films with the Si-N bond vibration peak having
similar intensity to the one of Si-C peak (Fig. 2c). The ratio of
Isi./lsi.n, in this case, is significantly lower (0.7-0.8). This change
indicates that the structure of amorphous SiC,N, matrix changes
from the one close to amorphous SiC, to the one enriched with
Si-N bonds similar to amorphous SiN,. We assume that control
over the amorphous matrix composition will provide us an
opportunity to change functional properties of the material
(e.g. relative conductivity).

As it was mentioned, in the case of helium and hydrogen-
containing mixtures carbon is the main element of the films. The
excessive C concentration leads to the formation of free carbon
phases such as amorphous carbon and graphite which was
confirmed by Raman spectroscopy. Raman spectra of SiC,N,:Fe
films (Fig. 3a) contain two main peaks: D and G modes related
to the different state of carbon phase33. The relative intensity
and position of the D and G modes provide valuable information
about the structure of carbon spices. In case of the films
deposited from helium-containing mixture in the temperature
range of 800-900 °C the D mode is centered at ~1360 cm™?, while
the G mode center positioned at 1520 cm (Fig. 3b). The
position of the peaks combined with the relative intensity of
Ip/lsc = 1-1.5 allows us to conclude that the majority of free
carbon exists in an amorphous form. Deposition at higher
temperatures results in a shift of the G mode center to higher
wavenumber (1580 cm™) which is an evidence of carbon
graphitization (Fig. 3c). This tendency for graphitization at
elevated temperatures is well known and may influence the
electrical conductivity of the films. Raman spectra of SiC,N,:Fe
films deposited from hydrogen-containing mixtures also have
the same D and G modes, but the shift of the latter one to higher
wavenumbers occurs at higher temperature of 1000 °C. Thus,
the hydrogen slightly influences the carbon phase composition
and has almost no effect on SiC,N, matrix. In case of deposition
using ammonia-containing gas mixture Raman spectra are less
intense, which outlines the lower carbon concentration. In
addition, G mode center shifts to higher wavenumbers at the
same deposition temperature as in the case of the hydrogen-
containing mixture. Thus, the variation of the gas mixture
composition by changing helium for hydrogen or ammonia
provides us an opportunity to control free carbon phase
composition in SiC,N,:Fe films.

Morphology of 2D materials, such as films, is a crucial
parameter which may have a great influence on its functional
properties. The surface of the films deposited from 3 gaseous
mixtures changes similarly with the deposition temperature
growing. The morphology of the films deposited in the
temperature range of 800-1000 °C with the AT = 50 °C from
helium-containing mixture depicted in the Fig. 4. Deposition at
800 °C leads to the formation of the surface similar to one of the
amorphous SiC,N, films. At this temperature, the rate of
ferrocene decomposition is low compared to the
decomposition rate (DR) of TDEAS. As it was mentioned earlier,
the concentration of iron does not exceed 3 at. %. Elevation of

4| J. Name., 2012, 00, 1-3
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deposition temperature up to 850 °C and higher. exertsothe
ferrocene decomposition with the rate stfficieMt>E0G T FGA
atoms concentration in film up to 10 at. %. Morphology of the
films obtained at 900 °C has a globule-like structure. As one can
see, the surface of the films deposited at 850 °C is composed of
nuclei of the globules which precedes the formation of the
morphology of the films synthesized at 900 °C. Further
deposition temperature elevation results in higher iron
concentration and formation of small grains on the film surface
with the size of 50-70 nm, while the size of globules obtained in
case of deposition at 900 °C varies in the range of 0.5 — 4 um.

Formation of globe-like structures can be described with a

500 nm 3 500 nm

e—
500 nm

Fig. 4. Surface morphology of SiC,N,:Fe films deposited from gaseous mixture of
TDEAS, ferrocene, and helium at (a) —800°C, (b) — 850°C, (c) — 900°C, (d,e) — 950°C, (f) —
1000°C

In

model of “core-shell” structure where the core is the nucleus of
the crystal phase and the shell is represented by an amorphous
substance. It was shown in our previous work34, that the
formation of crystallite inside the amorphous matrix begins at
temperatures around 900 °C making the scenario of “core-shell”
structure formation possible. The similar results were earlier
mentioned for different carbides, nitrides, and carbon
materials3>#1. At higher deposition temperatures, the DR of
ferrocene is much higher resulting in the formation of a large
number of crystal nuclei. Therefore, the surface of films
deposited above 900 °C has granular-like structure.

In order to study the structure of the films in more detail, we
used XRD with a synchrotron radiation source. Conventional X-
ray diffractometers do not provide sufficient beam brightness
making it difficult to analyze the composition of composite films
with small crystallites. The SiC\N,:Fe films deposited at
temperatures lower than 900 °C has an amorphous structure
with no significant amount of crystallites inclusions (Fig. 5a). At
higher deposition temperatures formation of FesSis, FesSi, FeSi,
B-SiC, and graphite crystallites occur (Fig. 5b). Unfortunately, it
is difficult to conduct qualitative analysis due to the fact that the
major peak at 45° can be attributed to both FeSi and FesSis
phases. Therefore, additional structure analysis is required.

It is worth to mention, that the deposition of SiC,N, in the same
condition without the introduction of ferrocene leads to the
formation of amorphous films without any crystallites

embedded into an amorphous matrix*2. Therefore, we
W sic
(a) _ (b} e i
8 A FeSi,
A * Fesi
w
35
El-
2
S
2|
8
£ J X
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90

20 (deg.) 26 (degq.)
Fig. 5. XRD pattern of SiC,N,:Fe films deposited from gaseous mixture of
TDEAS, ferrocene, and helium at (a) — 800°C, (b) — 1000°C
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concluded that the formation of iron-containing spices serves
as a driving force for the silicon carbide and carbon
crystallization. This phenomenon could be described with the
formation of Fe-Si-C solid solution, which promotes the
crystallization of crystallites composed of light elements, such
as Siand C*3.

Non-equilibrium nature of the CVD process and the local
equilibrium is the reason why the mixture of silicides is formed.
The phase diagram of Fe-Si system has a field of Fe3Si and FesSis
coexistence in the temperature region of 800-1000 °C.
Moreover, there is a field of FesSiz and FeSi coexistence in the
same temperature region with slightly more silicon
concentration. The existence of this phase field might be the
reason for the formation of different iron silicides. Also, such a
variety of silicides is possible due to their interconversion,
described earlier#4.

Due to the presence of multiple iron-containing phases, it is
necessary to conduct additional analysis in order to establish
which phase is dominant. EXAFS was used as a tool for analysis
of the films deposited from the helium- and ammonia-
containing gas mixture. The modules of Fourier transform
magnitudes |F(R)| for experimental FeK EXAFS spectra of
SiCiN,:Fe films are presented in the Fig. 6. One can see that the
spectrum of the film deposited from He-containing mixture
differs significantly from the one deposited from NHs-
containing mixture. The higher intensities in case of the former
one reveal its better crystallinity. According to XRD of the
sample deposited from He-containing mixture it contains FeSi,
FesSi, FesSiz in unknown concentrations. The analysis of local
environment of iron atoms in this film pointed out the
dominance of Fe3Si phase (interatomic distances in 15t
coordination sphere R(Fe-Fe)=2.48 A; R(Fe-5i)=2.83 A) with the
concentration ~60 %, while the FeSi (interatomic distances in 15t
coordination sphere R(Fe-Fe)=2.76 A; R(Fe-Si)=2.35 A) has the
concentration of ~¥30%. These results allow us to conclude that
FesSis has rather low concentration of even absent in this case.
The analysis of the film deposited from NH3-containing mixture
revealed the dominant concentration of FesSi; phase with the
interatomic distances of R(Fe-Si)=2.35 A; R(Fe-Fe)=2.36; A; R(Fe-
Fe)=2.85 A. The presence of FesSi and FesSis crystals stipulates
ferromagnetic properties of SiC,N, films, but the reason behind
the crystal composition changing yet remains unclear. The
possible explanation for the coexistence of different silicides
was given earlier, but their interconversion is a question of
further study. The answer to this question may provide and
efficient tool to control phase composition of iron silicides and,

0 2 4 6
R (A)
Fig. 6. Modules of Fourier transform magnitudes |F(R)| for experimental Fek EXAFS
spectra of SiC,N,:Fe films deposited from gaseous mixture of TDEAS, ferrocene, and
helium at 1000°C (red line), or NH3 at 1000°C (blue line), and reference Fe foil (black
line).
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therefore, magnetic properties of SiCiN,:Fe films,, in @ very
precise way. DOI: 10.1039/C9TC0O0299E
EPR was used to carry out a general analysis of magnetic
ordering in SiC,N,:Fe films. EPR spectra of the film deposited at
850 °C from helium-containing mixture has one broad peak with
g-factor 2.056 (Fig. 7). This value indicates the existence of
paramagnetic centers with an electron spin s = 1/2. According
to earlier research®, this signal may be assigned to Fe3*
embedded into the amorphous matrix of silicon carbonitride.
According to EDS analysis, the iron concentration in films
deposited in the temperature interval of 800-900 °C is about 2-
3 at. %. In these conditions formation of iron-containing
crystallites is unfavorable, thus, iron exists as an Fe3* ion
distributed in the amorphous SiC,N, matrix. The absence of
crystal phases of any kind which may possess paramagnetic
properties was confirmed by XRD with synchrotron radiation.
Also, it is worth noting, that undoped SiCN, films deposited
from the mixture of TDEAS and helium also possesses
paramagnetic resonance with significantly lower intensity. It
may be due to the formation of dandling bonds in amorphous
matrix or existence of small crystals (<5 nm) of defective
graphite®®. Still, the iron-doped films have EPR signal with
higher intensity when the iron concentration is about 2-3 at. %.
Qualitative analysis of EPR spectra of the film deposited at 900
°C pointed out the ferromagnetic nature of the specimen. The
signal with g = 9.9 relates to ferromagnetic resonance which
originates from iron-containing phases. The formation of FeSi
crystallites starts in these conditions. According to the phase
diagram of Fe-Si binary system*? at temperatures close to 900
°C FeSi may coexist with FesSiz, which is ferromagnetic*’.
Moreover, FeSi itself may possess ferromagnetic properties
while exists in nanocrystallite state*®4°. The signal with g ~ 2 still
presents, but its intensity is lower than the one of signal
described above. When the deposition temperature is elevated
to 1000 °C, the intensity of the signal with g ~ 2 becomes
negligible compared to the signal with g = 9.9. The formation of
ferromagnetic phases, in this case, was confirmed by XRD and
EXAFS analysis. The similar tendencies were observed for
gaseous containing hydrogen or

mixtures ammonia.

(a)

g=2.056

2500 3000 3500 4000 o 1250 2500 3760 5000 8250
Magnetic field (Oe)

"0 000 4000  egoo 8000
Magneti field (Oe)

Fig. 7. EPR spectra of SiC,N,:Fe films deposited from gaseous mixture of
TDEAS, ferrocene, and helium at (a) — 800°C, (b) — 900°C, (c) — 1000 °C
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Functional properties of SiCN,:Fe films

More detailed analysis of magnetic properties was carried out
using vibration magnetometer technique. Fig. 8 represents the
magnetization vs. magnetic field dependencies for the SiC,N,:Fe
films deposited in the temperature range of 900-1000 °C. The
saturation magnetization for ferromagnetic films deposited at
temperatures of 900 °C and higher grows with the deposition
temperature rising. Films deposited at temperatures lower than
900 °C do not possess ferromagnetic properties due to the low
iron concentration and absence of ferromagnetic phase. Low
iron concentration results in low magnetization values below
detection threshold. The coercivity of ferromagnetic films
deposited above 900 °C does not exceed 20 Oe, making these
films soft-magnetic materials. The value of 20 Oe is in an
agreement with previously reported coercivity for nano-sized
FesSis and FesSi phases?’. Curie temperature of the sample
containing FesSis is close to 400 K which is higher than room
temperature®®, which makes this material promising for
spintronic applications. Table 1 summarizes the saturation
magnetization of the SiCiN,:Fe films synthesized in different
conditions. One can see, that the tendencies of magnetization
changing are general for all gas mixtures: the magnetization
grows with the deposition temperature rising.

Thus, it can be concluded, that iron silicide phases formed in the
composite material is the main reason of the ferromagnetic
properties of the films. Despite the fact of different iron atoms
distribution between iron silicides in case of deposition from
He- and NHs-containing mixtures the magnetic properties of the
films remains similar. This fact is due to the similar magnetic
properties of FesSiz and FesSi phases. The saturation
magnetization of latter one is higher than the one of FesSiz, but
overall magnetization of the films is the same due to lower
concentration of FesSi phase as it was shown with EXAFS. The
saturation magnetization of SiC,N,:Fe films are close to one of
the materials based on ZnO and A"BY compounds making
SiCiN,:Fe films an interesting and promising material for further
study.

The material conductivity is another important parameter for
the creation of a ferromagnetic semiconductor. The detailed
analysis of undoped SiC,N, film conductivity was carried out by
different authors>52, Summarizing these data, the following
tendencies can be outlined:

1. With the deposition temperature raising the SiCiN, film
conductivity tends to grow due to variable range hopping
mechanism which comes into actions with the formation
of crystals of SiC and SizN,.

2. The carbon concentration growth leads to the formation
of free carbon phase, which exists as an amorphous one
or as a graphite crystal. The latter ones possess larger
conductivity compared to the amorphous matrix.

3. The nitrogen concentration growth results in the
formation of highly defective carbon phase with the
structure similar to the amorphous one. Thus, the
conductivity of SiCiN, films lowers with N concentration
rising.
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Fig. 8. (a) - magnetization curves of the SiC,N,:Fe films deposited at 900-1000 °C from
He-containing gas mixture, (b) — magnetization curves in -250-250 Oe magnetic field
range
Obviously, the Fe-doping of SiCN, films may change the charge
transfer mechanism. The electrical conductivity of SiC,N,:Fe
films vs. deposition temperature for different gaseous mixtures
are summarized in Table 1.
The following statements describe the observed tendencies:

1. The conductivity of SiCN, films doped with Fe is higher
than one of the undoped films. The formation of iron-
containing species gives the rise to new charge transfer
mechanisms, such as variable range hopping, typical for
systems of insulator matrix with embedded metal
clusters.

2. SiCiN,:Fe films deposited at 1000 °C possesses the highest
conductivity among all of the samples due to the high iron
concentration up to 10 at. % and formation of iron silicide
crystal phases such as, FesSiz and FeSi, which has higher
conductivity than amorphous SiC\N,.

3. Substitution of helium for hydrogen or ammonia results
in conductivity decreasing. The composition of
amorphous matrix changes significantly from the one
enriched with carbon, to the one, close to SiN,.

The conductivity of SiC,N,:Fe films may be changed in a very
wide range from 10?2 to 6.9x10* S/cm. However, the films
deposited below 900 °C are paramagnetic and have no
prospective application for spintronics. For the ferromagnetic
films deposited in the temperature range of 900-1000 °C the
conductivity can be tuned 1.6x107-6.9x10* S/cm, which stands
for more than 3 orders of magnitude. Moreover, the
conductivity of the films deposited at 1000 °C may vary from
2.0x107 to 6.9x10* S/cm, while their saturation magnetization

Table 1. Conductivity and saturation magnetization of SiC(N,:Fe films deposited
in the temperature range of 800-1000 °C

. . - Saturation
Additional Deposition Conductivity, .
magnetization,
gas temperature, °C S/cm
e.m.u./cm?3

800 4.3x10°

He 900 3.6x10* 5+1
1000 6.9x10* 2042
800 1.6x10¢

H, 900 3.6x10°® 5+1
1000 2.0x10* 18+2
800 1012

NH3 900 1.6x107 5+1
1000 2.0x10° 20+2

This journal is © The Royal Society of Chemistry 20xx
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and coercivity remain constant. These films have the highest
saturation magnetization among all of the obtained SiC,N,:Fe
films. This fact combined with the conductivity being similar to
the one of Si makes this material a promising candidate for the
creation of spin injector into silicon. The substitution of helium
for hydrogen or ammonia results in a lower conductivity of the
films, which may be useful for creation of spin-polarized current
detector. One can conclude, that it is possible to tailor the
transport properties of the material through the variation of
amorphous matrix composition without any change of its
magnetic properties. This fact can be considered as a significant
advantage when SiC\N,:Fe films are compared to other
ferromagnetic semiconductors. The saturation magnetization
and Curie temperature of d-metal doped ZnO are lower than the
ones of SiCyN,:Fe films”=°. Application of ferromagnetic material
based on (Bi,Sb),Te; with tunable conductivity are limited due
to low Curie temperature!®. The promising ferromagnetic
semiconductor Coyg6Fe12.4Tas3Bg 7046 with variable
conductivity and properties exceeding other materials'? were
obtained in a bulk form, while the thin film materials are
required for spintronic applications.

Unfortunately, the mechanism of charge transfer in SiCkN,:Fe
films is studied insufficiently and remains an important question
for future research. In the similar systems of dielectric matrixes,
e.g. Ca-F, Al-O, with inclusions of metal particles the mechanism
of electron transport is often represented as a variable range
hopping (VRH) between metallic particles. One can assume that
the conductivity of the SiCN,:Fe films follow the similar pattern.
Still, this assumption is to be confirmed for better
understanding and more precise control of functional
properties of SiC,N,:Fe films.

Conclusions

Ferromagnetic films SiC,N,:Fe with variable composition were
synthesized using CVD technique. Thorough structure analysis
revealed the composite nature of the material: FesSi, FesSis, SiC,
and graphite crystals are embedded into the amorphous SiC,N,
matrix. The variation of deposition temperature allowed us to
change the iron concentration from 0 to 10 at. %. As a
consequence, we can control the saturation magnetization of
the film, making it as high as 20 e.m.u./cm3. The saturation
magnetization of the SiCN,:Fe films may be improved through
the elevation of iron concentration. The approach should be
studied carefully due to the possible influence of higher
ferrocene concentration on the phase composition. Currently,
the low coercivity of 20 Oe related to the presence of iron
silicides indicates that the films are soft-magnetic. The analysis
of magnetic properties of SiC,N,:Fe films revealed that films
deposited at 1000 °C possess the highest saturation
magnetization, which can be useful for further spin-polarized
charge-transfer research and application in the spintronics field.
The interconversion of iron silicides discovered by EXAFS
analysis may provide and effective tool to control magnetic
properties in a very precise way, but this promising direction of
this work is yet to be studied. The variation of gas phase
composition is a useful tool to control SiC,N, matrix

This journal is © The Royal Society of Chemistry 20xx
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composition. With the substitution of helium for hydrogen-and
ammonia the conductivity of the films chBREe N 679%20°9%6
1012 S/cm. The conductivity of the ferromagnetic films can be
changed for 3 orders of magnitude, providing an opportunity to
tailor properties in a wide range. It should be noted, that while
the conductivity of the films changing, saturation magnetization
and coercivity remain constant. Magnetic characteristics of the
films deposited at 1000 °C combined with the conductivity close
to the one of Si make these films promising material for further
analysis of spin-polarized charge transfer. The study of spin
injection processes from SiC,N,:Fe films to Si may provide
insights useful for the spintronics field and reveal tendencies,
which will shed some light of the transfer mechanism in
amorphous semiconductors.
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