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Abstract. In the present work amorphous hydrogenated carbon films with sputtered iron nanoparticles
(Fe NPs @ a-C:H) were deposited by co-deposition of RF-sputtering and RF-plasma enhanced chemical
vapor deposition methods using acetylene gas and iron target on quartz and silicon substrates. Samples
were prepared in different initial pressures and during constant deposition time. The crystalline structure
of Fe NPs @ a-C:H was studied using X-ray diffraction and selected area electron diffraction patterns. The
X-ray photoelectron spectroscopy analysis presents that increasing the initial pressure decreases the atomic
ratio of Fe/C and the sp3-hybridized carbon content in prepared samples. The transmission electron micro-
scope image shows the encapsulated Fe NPs in carbon films. The optical properties and localized surface
plasmon resonance (LSPR) of samples were studied using UV-visible spectrophotometry, which is shown

that increasing of Fe content decreases the intensity of LSPR peak and increases the optical band gap.

1 Introduction

The thin films’ science and technology made fundamental
progress for understanding the deposition process, micro-
structure and properties at the nano scale [1-4].

Over the last decades, physical and chemical tech-
niques have been developed for preparation of metal
nanoparticles such as, radio-frequency sputtering (RF-
sputtering), radio-frequency plasma-enhanced chemical
vapor deposition (RF-PECVD), pulsed laser deposition,
hydrothermal reduction. All of these methods allow
control on the chemical composition and introduction of
the lowest possible concentrations of finely dispersed
dopants [5,6].

Amorphous hydrogenated carbon (a-C:H) films con-
tain sp? and sp® C-C bonds and they are well known for
interesting properties. They have a width band gap, but
it could be engineered by adding metal nanoparticles (Me
@ a-C:H) which has attracted a lot of attention in the last
two decades. This Me @ a-C:H, on one side has some of the
a-C:H properties and on the other side, modifies the a-C:H
electrical and magnetic properties. Furthermore, existence
of metal into carbon matrix could decrease the strain and
also improve the adhesion of a-C:H film on substrates
[7-13]. It has also been found that C-C bonds in films
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altered according to the type of metal. For example
Co [11], Ni [6,12] and Cu [13] in a-C:H increase sp*-C
bonds, while Fe increases the sp3-C bonds and thus
increases diamond property of a-C:H films [8,11].

The a-C:H and Me @ a-C:H films have been promis-
ing for variety of applications such as automobile indus-
try (gears, valve filters, fuel injector parts, wrist pins and
drills) [7,14,15], biomedical industry (orthopedic implants
like blood pumps, heart valves and load bearing joints)
[16], magnetic storage devices (protection of magnetic
hard disks, magnetic recording media and magneto opti-
cal recording) [11,17], optical devices (decorative coatings,
phase-shift masks and electroluminescence, antireflective
coatings for IR windows and solar photovoltaic applica-
tions) [8,18,19] and field emission applications (flat panel
displays and vacuum microelectronic devices) [11].
Furthermore to date, iron oxide nanoparticles (IONPs)
exhibit extensive application in cancer detection and
treatment, in the field of oncology. IONPs use as con-
trast agent for magnetic resonance imaging (MRI) in bio-
imaging. The cancer cell could be therapeutically heated
by activating localized IONPs via an alternating magnetic
field. Dong et al. suggested that tumor cell targeting is
dominated in vitro by IONPs [20].

Burning up is the main problem of Fe nanoparticles
systems when they are put into contact with air due to the
strong and fast reactivity of Fe. To avoid such
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a situation, encapsulating Fe-NPs stabilizes the forma-
tion of them. Consequently, the NPs present core-shell
morphology [8,21].

In this paper, we report a spontaneous process of RF-
sputtering and RF-PECVD of Fe NPs @ a-C:H films. The
main features of this method like non-wet chemical and
room temperature deposition are prior requirements for
many applications. Acetylene as carbon source has dual
reactive and bombarding gas role in deposition process.
The deposition process was studied in the physical sput-
tering region of iron by variation of gas initial pressure.

2 Experimental details

Fe NPs @ a-C:H thin films were prepared using co-
deposition of RF-PECVD systems with 13.56 MHz power
supply. The reaction chamber has two electrodes, the
smaller one with 5.0 cm in diameter is iron target with
99% purity and the substrate holder is located at larger
one with 13.0 cm in diameter. The substrate electrode
is grounded by the body of the stainless steel chamber
and distance between two electrodes was kept fixed at
5.5 cm. the deposition was carried out on quartz and
silicon substrates at room temperature. The basic
pressure was about 2.00 + 0.001 Pa and afterwards the
pressure was increased to different initial pressures by
acetylene gas flow for deposition while RF power and
deposition time were kept fixed at 240 + 0.1 W and 60 £+
0.1 min, respectively. Figure 1 shows the schematic of
experimental set up and details of prepared samples are
given in Table 1.

The structural characterization of prepared Fe NPs @
a-C:H thin films with different iron contents was done
using X-ray diffraction (XRD) and transmission electron
microscope (TEM) analysis. The XRD pattern of sam-
ples were recorded by a X-ray diffractometer using Cu-ka
radiation in the wavelength of A\ = 1.54 A. The Philips
CM30 microscope was used to obtain TEM image and
selected area electron diffraction (SAED) pattern. To study
the chemical bond structures the X-ray photo electron
spectroscopy (XPS) data of the films were obtained by
using Gammadata-scienta ESCA 200 hemispherical ana-
lyzer equipped with an Al Ko (1486.6 eV) X-ray source.
In the case of optical properties investigation StellarNet
EPP-2000 UV-visible spectrometer was applied. On the
other hand, the refractive index of films was measured by
spectroscopic ellipsometry SE 800.

3 Results and discussions

In the case of studying the deposition process, the changes
of pressure were recorded in constant power regime during
60 min of each deposition process. Figure 2 shows the time
deposition versus the initial pressure.

It is observed that at the beginning of the process (the
first 10 min), the pressure strongly decreases to reach a
critical pressure between 1.40 and 2.30 Pa, which is related
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Fig. 1. The scheme of experimental set up and deposition
environment with unequal electrodes.

Table 1. Synthesis details of prepared samples.

Sputtering parameters

Sample Initial Power Time
pressure (+£0.001 Pa) (£0.1 W) (£0.1 min)
1 2.50 240 60
2 3.00 240 60
3 3.35 240 60
4 3.50 240 60
ir - -2
——===3
35 —
=
4
s
1
i
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A
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Fig. 2. Monitored pressure as a function of deposition time
for samples 1, 2, 3 and 4.

to the high deposition rate of carbon. Then the chamber
pressure increases slowly and sputtering of Fe begins, the
slow increasing can be due to the simultaneous deposition
of hydrocarbon film and Fe NPs.

As it was explained in experimental section, plasma is
produced between the electrodes by the RF power.
A sheath with an excess of ions is created next to the elec-
trodes due to the higher mobility of electrons rather than
ions in the plasma [22]. The sheaths behave like diodes; so
the electrodes find dc self-bias voltages. The voltages
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inverse function of the electrode areas as

where V; and V5 are voltages of sheath for grounded and
powered electrodes and A; and A are their areas, respec-
tively. Different values have been reported for g such as
q = 2 in a capacitive divider state and according to elec-
trodes inverse capacitance [22], ¢ = 4 by assumption the
collisionless Child-Langmuir law for the sheath dynamic
[23,24] and ¢ = 2.5, where the sheath dynamics do follow
the collisional Child-Langmuir law [24].

In this report a collisional Child-Langmuir law is con-
sidered which is much closer to the experimental results
(¢ = 2.5). The ratio of the voltage of larger to smaller elec-
trode was calculated 0.008 in our system, with electrodes’
diameter of D7 = 5 ¢cm and Dy = 13 cm. Therefore the
sheath voltage of powered electrode is almost the same as
bias voltage (Vhias = —(V1 — V2)).

The powered electrode becomes negative with respect
to the grounded electrode [22]. Therefore, the positive
hydrocarbon radicals are accelerated toward iron target
due to its negative sheath potential. On the other hand,
the bias voltage for plasma will change with RF power (W)
and pressure (P) according to the below equation [22]:

w
Vbias = kﬁ

Which in, k is about 4 as constant coefficient. Based on
the above equation, the Vi, increase in constant power
regime (W).

In order to characterize the structure of synthesized
samples, according to the typical XRD pattern given in
Figure 3, crystallized a-Fe and Fe oxides (FeaOs and
Fe30y4) are formed.

Three peaks at 44°, 65° and 82° are respectively
assigned to (110), (200) and (211) indices of a-Fe [8].
The average size of Fe NPs calculated from Scherrer for-
mula is 27 £ 1 nm. With respect to these data, we could
say that the surface NPs have core-shell structure. Surface
Fe NPs as core surrounded by shell of iron oxides which
is embedded in a-C:H.

Typical TEM image of Fe NPs encapsulated in a-C:H
is given in Figure 4a. The Fe NPs in the spherical shape
are well dispersed in amorphous carbon. The main dis-
tribution of particle sizes is about 25 nm which is close
to the size founded from Scherrer formula and shown in
Figure 4b. The diffraction rings of the SAED pattern and
some discrete spotty pattern is shown in Figure 4c. It can
be seen there are four diffraction rings that are corre-
sponded to iron oxide (321) and a-Fe particles (110),
(200) and (211). Also, the SAED shows the weak diffrac-
tion rings intensity of iron oxide in compare to Fe NPs.

Figure 5 shows the atomic content of the sample’s sur-
face from XPS data. The extrapolated data shows that
Fe content decreases from 3.90% to 0.05% with increasing
the initial pressure from sample 1 to 4. A similar trend is
seen for the oxygen content due to oxidization of Fe NPs.
while, the carbon content of the films increases with

ratio is
follow:

(2)
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Fig. 3. XRD spectrum of a typical sample shows the crystal-
lized a-Fe and Fe oxides peaks.

increasing initial pressure of samples. These variations are
in good agreement with the fact that the rate of deposition
is proportional to inverse of the initial pressure according
to the equation (3).

Figure 6 shows C 1s peak of XPS spectra for the typical
Fe NPs @ a-C:H sample. The main peak at 285 eV with
full width at half maximum (FWHM) of about 1.9 eV,
is larger than that of diamond (1.45 e€V) and graphite
(1.35 eV) [25-27]. Therefore, C 1s spectrum is a com-
bination of these two. The broad C 1s peak has been
deconvoluted into three peaks which are indicated as
peaks A, B and C in Figure 6. These peaks are attributed
to the sp? and sp3 bonds of carbon atoms and C-O bond,
respectively. The sp?/sp? ratio of the prepared film is cal-
culated by taking into account the area ratio of the sp?
to sp? peaks [25-27]. Table 2 presents the initial pressure,
sp®/sp? and Fe/C ratios.

By considering Table 2, we can observe that the sp3/
sp? ratio decreases from 1.799 to 0.824 4+ 0.0001 and also
the Fe/C ratio decreases from 0.061 to 0.007 when the
initial pressure increases [8,11]. As the initial pressure is
increased, the ionization in the plasma decreases along
with the energy of sputtering species (CoHa™) [24]. Thus,
the sputtering rate of Fe target decreases and more
hydrocarbons deposits on the substrate [24,28].

The a-C:H film has intrinsic defects and vacancies due
to the synthesis process. Dangling bonds of carbon atoms
around the defects and vacancies can provide active sites
of Fe atoms direct absorption. On the other hand, envi-
ronmental oxygens attached to carbon atoms, absorbed
Fe atoms due to Fe high oxidation. The Fe atoms also
be absorbed indirectly due to the presence of chemical
functional groups, such as hydroxyl (~OH) and carboxyl
(-COOH) in a-C:H films [29].
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Fig. 4. (a) Typical TEM image shows the Fe NPs in the spherical shape (dark spots) with shell of iron oxides are dispersed in
amorphous carbon (gray background), (b) the particle size distribution with average of about 25 nm and (c) electron diffraction
pattern of sample shows diffraction rings that are corresponded to a-Fe particles (110), (200) and (211) and iron oxide (321).
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Fig. 5. Iron, carbon and oxygen atomic contents of the as
prepared samples collected from XPS data.

Localized surface plasmon resonance (LSPR) of metal
nanoparticles is rapidly developing as non-distinctive
technique for the sensing of physical and biological
parameters. Most of the applications are based on usage of
powder nanoparticles or colloidal. Because of fast oxida-
tion of iron nanoparticle, usually they coated with protec-
tive layer. In this circumstance the LSPR of Fe NPs is not
easy to detect. The main iron oxides are Fe;O3, Fe30,
and FeO which all of them are lossy dielectrics in visi-
ble and near infrared. In this sense the real part of these
oxides’ permittivity is positive and no plasmon can be
excited on nanoparticles made of such material [30,31].
The composed nanoparticles on the surface of the syn-
thesized thin film have a core of Fe and shell of iron
oxides. So, if somehow the Fe nanoparticle embedded in

Counts
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Fig. 6. The typical deconvolution of C 1s main peak of sample

1, which shows sp? and sp® of C-C bonds and C-O bonds as
A, B and C peaks respectively.

Table 2. The results of deconvolution of C 1s peak as prepared
samples.

Sample Initial pressure (£0.001 Pa) sp®/sp®> Fe/C
1 2.50 1.7990  0.0610
2 3.00 1.3040  0.0170
3 3.35 1.2840 0.0140
4 3.50 0.8240 0.0070

transparent and protective environment such as a-C:H,
the LSPR of Fe NPs could be detected.

The UV-visible absorption spectra of these samples are
provided in Figure 7. With respect to above discussion,
an absorption peak at 200 nm is due to Fe NPs LSPR
[32—-34]. The absorption peak in the UV region is princi-
pally due to m — «* transitions.
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Fig. 7. UV-visible absorption spectra of 1-4 samples, which
show the increasing of LSPR intensity as function of initial
deposition pressure.

It was observed that the intensity of the LSPR peak
increased (from 0.63 to 1.00) by increasing the pressure.
The LSPR peak intensity increases indicated reduction of
the absorption coefficient of samples. It was also realized
the absorption coefficient of samples decreased with an
increase in the pressure, which has been confirmed by
ellipsometric measurements of %k (from 0.20 to 0.04).
Therefore, the order of LSPR peak intensity represented
the order of absorption coefficient of the samples.

The optical band gap energy can be estimated using
Tauc equation as follow [35]:

ahy = B(hvy — Eg)". (3)

Where in [ is a constant, v is the transmission frequency,
E, is the band gap of the sample and n describes the
nature of the band transition. The best fitting with
linear part of the spectra was coincided with n = 1/2. This
indicates a direct allowed transition mechanism [35,36].

Figure 8 shows Tauc plot of as prepared samples, which
shows the variation of the optical band gap from 4.27 to
3.95 eV with an increase in the initial pressure from 2.50
to 3.50 £ 0.001 Pa.

In fact, a considerable structural change is induced to
leading sp® structures in carbon films by increasing iron
content. As 7 states lie closer to Fermi level than o states,
the band gap energy is described transition from filled
7 states of valence band to empty 7 states of conduction
band. The reduction in the optical band gap energy can
be explained by the fact that the fraction of sp?> bonding
will increase and of sp? bonding will reduce by a decrease
in the Fe content [36], which are in agreement with XPS
results. According to Table 2, increasing the initial pres-
sure decreases the amount of Fe and thereby reduces the
sp3/sp? ratio. Therefore, the sp® content can be arranged
according to the band gap of samples. The collected data
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Fig. 8. The optical band gap energies of the synthesized sam-
ples with different content of Fe NPs found through Tauc func-
tion by extrapolating of tangent line to linear part of spectra,
(insert) the band gap of the samples decrease with respect to
increase of initial pressure.

Table 3. The LSPR peak intensity, band gap (Es) and C-C
sp® / sp? as a function of initial pressure of as prepared samples,
which show the consistency of their trends.

UV-vis XPS
Sample Initial LSPR peak Fg (eV) sp®/sp?
pressure Intensity
(£0.001 Pa) (a.u.)
1 2.50 0.630 4.270 1.7990
2 3.00 0.720 4.160 1.3040
3 3.35 0.970 4.040 1.2840
4 3.50 1.010 3.950 0.8240

of initial pressure, LSPR peak intensity, band gap and
sp®/sp? ratio have been summarized in Table 3.

4 Conclusion

Fe NPs @ a-C:H thin films were prepared by co-deposition
of RF-sputtering and RF-PECVD methods. Investigation
on the deposition and sputtering process shows that the
iron content of thin films increases with decreasing the
initial pressure of the chamber. The composed NPs have
core-shell structure with core of Fe and shell of iron
oxides. The XPS characterization indicates that the sp3—
hybridization of Fe NPs @ a-C:H thin films raises by
increasing Fe NPs content. The size and concentration of
Fe NPs can be tuned by controlling the pressure at con-
stant power and time regimes. TEM image shows encap-
sulated Fe NPs. UV-visible absorption spectra show that
increasing of Fe content decreases the intensity of LSPR
peak and increases the band gap of samples. This is consis-
tent with increasing of sp® hybridization from XPS study.
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