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Abstract

surrounding media has been carried out.

In the present study, diamond-like carbon films with embedded Ag nanoparticles (DLC:Ag) were deposited by
reactive magnetron sputtering. Structure of the films was investigated by Raman scattering spectroscopy. Atomic
force microscopy was used to define thickness of DLC:Ag films as well as to study the surface morphology and
size distribution of Ag nanoparticles. Optical absorbance and reflectance spectra of the films were studied in the
180-1100-nm range. Air annealing effects on structure and optical properties of the DLC:Ag were investigated.
Annealing temperatures were varied in the 180-400 °C range. Changes of size and shape of the Ag nanoclusters
took place due to agglomeration. It was found that air annealing of DLC:Ag films can result in graphitization
following destruction of the DLC matrix. Additional activation of surface-enhanced Raman scattering (SERS) effect in
DLC:Ag films can be achieved by properly selecting annealing conditions. Annealing resulted in blueshift as well as
significant narrowing of the plasmonic absorbance and reflectance peaks. Moreover, quadrupole surface plasmon
resonance peaks appeared. Modeling of absorption spectra of the nanoclusters depending on the shape and
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Background

Surface plasmons are collective oscillations of the free
electrons localized at surfaces of metal structures [1]. At
a certain excitation frequency, these oscillations will be
in resonance with the incident light, resulting in signifi-
cantly increased intensity of oscillation of the surface
electrons [2]. This effect is called localized surface plas-
mon resonance (LSPR) [2]. Surface plasmon resonance
effect results in resonant optical absorbance, transmit-
tance, scattering, and/or reflectance spectra of the plas-
monic materials [1, 2]. The most often used plasmonic
materials are the group IB metal (gold, silver, copper)
nanoparticles. Position of the nanoparticle surface plas-
mon resonance peak can be controlled by setting the
appropriate nanoparticle shape, size, and interparticle
distance [1]. Among all of the group IB metals, silver
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has some advantages over Au and Cu as a plasmonic
material [3, 4]. Particularly, the stronger surface plasmon
resonance effect should be mentioned [3, 4].

An interesting class of plasmonic materials is plas-
monic nanocomposites [5]. These nanomaterials consist
of a dielectric matrix with the embedded metal nanopar-
ticles [5]. Using such nanocomposites, Ag nanoparticle
oxidation problems can be controlled or even avoided
[6-8]. It provides additional possibility to control the
optical properties of the plasmonic material by using a
dielectric matrix material of the appropriate dielectric per-
mittivity [5]. The prospective dielectric matrix material is
diamond-like carbon (DLC). DLC is an amorphous
allotrope of carbon consisting of the sp>-bonded and
sp>-bonded carbon atoms and containing 0-40 at.% of
hydrogen [9, 10]. Hardness of these films is as high as up
to 80 % of the diamond hardness [9, 10]. Wear and corro-
sion resistance as well as biocompatibility can be men-
tioned, too [9, 10]. Optical and electrical properties of
DLC films can be changed in a broad range [9, 10]. DLC
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films containing silver (DLC:Ag) are growing in the form
of the nanocomposites with embedded Ag nanoparticles
when the silver atomic concentration in the film is more
than 1-2 at.% [11-13]. Surface plasmon resonance effect
was reported for the DLC:Ag films [14].

Optical properties of the plasmonic nanocomposites
and other plasmonic nanomaterials can be additionally
changed by using annealing [15-20]. In such a way,
increased intensity of the surface plasmon resonance
absorption [15, 18, 19] and reflectance [20] peaks as well
as control of the plasmonic peak position [17, 19] can be
achieved. Using such approach, new interesting nano-
structures such as ZnO nanorods with embedded Au
nanoparticles can be fabricated [15]. However, annealing
can result in detrimental effects on optical properties of
the plasmonic nanocomposites, too [16, 17]. Thus, in
every case, the annealing process should be optimized,
taking into account properties of the dielectric matrix.
However, there are no studies on the influence of
annealing on optical properties of the plasmonic DLC
nanocomposites with embedded group IB metal nanopar-
ticles. Therefore, in the present research, annealing effects
on the structure and optical properties of DLC:Ag were
studied. Modeling and experimental research were
combined to elucidate processes taking place during the
annealing.

Methods

In the present study, DLC:Ag were deposited by using
reactive direct current unbalanced magnetron sputtering
of the silver target. The diameter of the magnetron was
3 in. In most cases, silica substrates were used. Samples
for the study of the Raman scattering spectra were
grown on monocrystalline silicon substrates. Mixture of
the hydrocarbons (acetylene) and argon gas was used in
the reactive magnetron sputtering system. Ar gas flux
was 80 sccm and C,H, gas flux was 7.8 sccm. In all the
experiments, the substrate-target gap was set at 10 cm,
magnetron target current was 0.1 A, base pressure was
5x 107" Pa, and work pressure was (4+1)x 107" Pa.
The thickness of the deposited films was about 50 nm.
No additional bias during deposition was used, and the
substrates were grounded. For more information on de-
position conditions as well as chemical composition,
structure, and optical properties of DLC:Ag films, please
see [14].

After the deposition, DLC:Ag films were annealed in
air at 140, 200, 300, and 400 °C temperatures. In all
cases, annealing time was 3 min. Annealing was con-
ducted using a muffle furnace. It was preheated to the
necessary temperature before the DLC:Ag films were
placed inside. Subsequent temperature stabilization took
place in a 30-60-s time interval. Afterwards, annealing
was carried out for 3 min. After the annealing, the
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samples were immediately taken from the furnace and
were cooled to room temperature (~20 °C) for 5-
10 min. After that, the films were investigated.

The morphology of the thin film surface was analyzed
by the atomic force microscope (AFM) NanoWizard® 3
(JPK, Germany) working in AC mode. Silicon probes with
a reflective backside Al coating (ACTA-10, AppNano,
USA) with a resonance frequency of 200-400 kHz and
force constant of 13-77 N/m were used. Nominal tip
radius was less than 10 nm. The scanning rate of 0.8 Hz
was selected.

Thickness of the thin films was evaluated by fabrica-
tion of the DLC:Ag film-based diffraction grating and
measurement of the grating step height by using AFM.

Raman scattering measurements were performed using
the Raman microscope inVia (Renishaw) with a 532-nm
excitation. Integration time was 100 s, power was 0.3 mW,
and grating groove density was 2400 grooves/mm.

The Martens hardness of the nanocomposite films was
measured by using the micro-indenter Fischerscope
HM?2000 (Helmut Fischer GmbH, Germany). A Berkovich-
type diamond indentor was used. In all cases, a 0.4-mN
load was applied. Ten repeat indentations were made for
each sample, and hardness value is given as an average of
all the measurements.

Optical properties of the DLC:Ag in the 180—-1100-nm
range were investigated by using the fiber optic spec-
trometer AvaSpec-2048 (Avantes). The spectrometer is
based on the AvaBench-75 symmetrical Czerny-Turner
design and is equipped with a 2048-pixel CCD detector
array (resolution 1.4 nm).

The electrodynamic dipole approaches were used
for simulation of the optical properties of plasmonic
nanocomposites.

Results and Discussion
In the present research, as a first step, influence of the an-
nealing on the thickness of DLC:Ag films was studied. It
can be seen in Figs. 1 and 2 that air annealing at 140 °C
temperature does not change the thickness of the DLC:Ag
thin film. However, further annealing at higher tempera-
tures resulted in decreased thickness of the DLC:Ag film.
AFM images of the DLC:Ag films are presented in
Fig. 3. In all cases, circularly shaped nanoclusters can be
seen. In our previous study, we have demonstrated that
the observed circular nanofeatures are Ag nanoclusters
and that atomic force microscopy can be used to meas-
ure the size of the silver nanoclusters embedded into the
DLC:Ag film [21]. One can see that circular nanoclusters
with less than 50 nm in diameter prevail in the case of
the reference sample. Larger Ag nanocluster (>100 nm)
diameters along with smaller ones appear as a result of
the annealing at 200 °C temperature. Some of the larger
nanoclusters change shape and become prolonged.



Meskinis et al. Nanoscale Research Letters (2016) 11:146

Page 3 of 9

100

Height (nm)

1

1 L 1

Height (nm)

15 20 25 30 35
Offset (Jum)

-10

-30
-40
-50
-60 ;

Height (nm)

0 2 4 6 8 10
Offset (um)

Height (nm)

12 14

-10 i
0

100
80

60
40
20

0

Height (nm)

2
Offset (um)

-20 . i
0 05 1

Fig. 1 Annealing effects on the DLC:Ag grating step height

1.5 2
Offset (um)

2.5 3 35




Meskinis et al. Nanoscale Research Letters (2016) 11:146

Thickness (nm)

W W A M O 00 O

o o O o O o O

| B B B BENL AN BN BN N
|

]
]
[ ]

700 200 300
Annealing temperature (OC)

Fig. 2 Annealing effects on thickness of DLC:Ag films. 0 °C point refers
to the initial thickness of the film (before annealing)

o

400

\

Annealing at 300 °C temperature results in disappear-
ance of the small nanoclusters. The prolonged nanoclus-
ters with a diameter higher than 100 nm prevail. Thus,
coalescence of the Ag nanoparticles takes place as a re-
sult of the annealing.

Annealing at 200 °C and higher temperatures results
in significant increase of the sample roughness as well
(e.g., from 5 to 22 nm for the reference sample and sam-
ple annealed at 400 °C, respectively (Fig. 4)).

Raman scattering spectra of the DLC:Ag film annealed
at different temperatures are presented in Fig. 5. In the
case of the reference sample (before annealing), surface-
enhanced Raman scattering (SERS) effect can be clearly
seen. A lot of the peaks in addition to the D and G peaks
typical for DLC can be seen. Annealing at 140 and 200 °C
temperatures resulted in increased intensity of the Raman
scattering spectra and G peak particularly. However,
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additional peaks disappeared or became less intensive.
Increase of the annealing temperature to 300 °C resulted
in significant decrease of the intensity of Raman scattering
peaks. In comparison with the reference sample, intensity
decreased approximately five times. Changes of intensity
of the Raman scattering can be explained by the changes
of Ag nanoparticle size as well as interparticle distance.
For example, in [22], it was shown that SERS signal of
adenine molecules deposited on an ordered Ag nanoparti-
cle array increases with the increased particle size and de-
creased with the interparticle distance. In our case, SERS
intensity increases with annealing at 140 and 200 °C.
However, further increase of the annealing temperature
results in the decreased intensity despite increased size of
Ag nanoparticles. It can be seen in Fig. 3 that after the
annealing at 300 °C temperature, interparticle distance
increases along with the Ag nanocluster size. Thus,
increased interparticle distance results in the decreased
intensity of SERS signal.

Further increase of the annealing temperature up to
400 °C resulted in disappearance of the Raman scatter-
ing peaks in the investigated spectral range. It seems that
at this temperature, a structure typical of the DLC is
destructed or the DLC matrix is burned out (vaporized).
This permission is in good accordance with the de-
creased thickness of the film as a result of the annealing
(Figs. 1 and 2) as well as increased surface roughness
(Fig. 4). In addition, shift of the G peak position to the
higher wave numbers should be mentioned. According
to [9], it means decreased spg/sp2 carbon bond ratio
(graphitization of the amorphous carbon matrix). This fact
is in good accordance with the data reported by other
studies on annealing of undoped DLC films [23, 24]. In

1.5 2um

1

0.5

1.5 2um 0

Fig. 3 AFM images of DLC:Ag films: reference (a), after annealing at 200 °C (b), after annealing at 300 °C (c), and after annealing at 400 °C (d)
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Fig. 4 Annealing effects on the surface roughness of DLC:Ag films

[23], annealing of undoped hydrogenated DLC films in
oxygen-containing ambient resulted in mass loss, decrease
of thickness, and sp/sp”> carbon bond ratio decrease of
the hydrogenated DLC film.

The Martens hardness of the DLC:Ag films before the
annealing was 8.407 + 1.495 N/mm?. It should be men-
tioned that similar hardness was reported in [25] for
DLC:Ag nanocomposite films containing ~13 at.% Ag.
Film annealing resulted in the decreased hardness, and for
example, after annealing at 140 °C temperature, it was
decreased twice and was equal to 4.115 + 0.689 N/mm?®.
This decrease is in good accordance with the decrease of
the sp*/sp” carbon bond ratio mentioned above.

Optical absorbance and reflectance spectra of the
DLC:Ag film annealed at different temperatures are pre-
sented in Fig. 6. One can see that after annealing
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Fig. 5 Raman scattering spectra of DLC:Ag film: reference and after
the annealing at different temperatures
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plasmon peaks shifted and additional peaks can be
clearly distinguished (Fig. 3). It should be noted as well
that annealing at 140 and 200 °C temperatures resulted
in blueshift of the surface plasmon resonance peak and a
substantial decrease of their width. Moreover, the second
absorption peak at a <400-nm wavelength appeared.
Increase of the annealing temperature up to 300 and
400 °C resulted in redshift of the main surface plasmon
resonance peak. Similar behavior of the plasmonic peak
was found in the reflectance spectra. All these regular-
ities observed can be explained by the changes of the
average size of Ag nanoclusters. In all cases, annealing
resulted in the decreased width of the main plasmonic
absorbance peak.

As it was indicated, the larger Ag nanoclusters along
with the smaller ones appear as a result of the annealing
(Fig. 3). The shape of these nanoclusters plays a crucial
role in the absorption spectra, since we assign the peak
in the absorption spectra to the plasmon excited in the
clusters of certain size. It is known that for a spheroid-
shaped metallic nanoparticle, the plasmon band splits
into two bands corresponding to the oscillation of the
free electrons along (dipole plasmon) and perpendicular
(quadrupole plasmon) to the long axis of the spheroid
[26, 27]. For small nanoparticles, only dipole resonance
modes can be excited, whereas for larger nanoparticles,
quadrupole resonance modes can also be excited because
of the onset of the electromagnetic retardation effect [28].
Moreover, the similar dipole and quadrupole plasmon res-
onant wavelengths already have been observed experimen-
tally for Ag-SiO, nanostructures in [29].

Usually, the decreased nanoparticle size results in
blueshift of the plasmonic peak [1, 14, 21]. On the other
hand, in our case when we are dealing with the nano-
composite, the decreased thickness of the DLC matrix
should be taken into account, too. It should result in an
effect similar to that of the decreased refractive index of
the media surrounding Ag nanoparticles. For example,
the decreased refractive index in such a case results in
blueshift of the plasmonic peak [5], too. So blueshift of
the plasmonic peak observed is in good accordance with
this assumption [1, 24].

The simulation was done to clarify observed changes
of the optical properties of the DLC:Ag films. Let us as-
sume that small spherical nanoparticles stick together
and form large nanoclusters having a shape of spheroids.
In such a way, it is easy to explain the appearance of two
peaks of absorption. The two resonances corresponding
to the oscillations of electrons across and along the axis
of symmetry of the particles appear for the spheroidal
nanoparticles [26]. Of course, the shape of these parti-
cles is not perfectly spheroidal and their dimensions dif-
fer slightly from each other. However, such spheroidal
approach seems quite appropriate, because it allows a
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Fig. 6 Influence of the annealing on optical absorbance (a) and reflectance (b) spectra of the DLC:Ag films

more or less accurate description of the properties of
these particles. The absorption of the nanoclusters can
be calculated using electrodynamic dipole approaches as
follows [27]:

127keyIm(g;)

Cabs =
o8 R3|si—sh|2

2
jern”, (1)
where ¢; and ¢, are dielectric permittivity of nanoparti-
cles and the surrounding medium, respectively.

Tensor of polarizability nonspherical nanoparticles is
given as follows [28]:

20, + an
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where components a, and aj; are given as follows:
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where e is nanoparticle eccentricity (two signs corres-
pond to prolate or oblate shape).

The calculated absorption cross sections of spheroidal
particles (prolate and oblate) in air and DLC film are
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presented in Fig. 7a, b, respectively. The eccentricity in
these calculations was arbitrarily selected to be 0.9. In
the calculations, refractive index of the substrate (fused
silica) was calculated using dispersion equations [29].
The dielectric constant of silver was used from [30]. We
have used optical constants of the DLC film from [22]
that were deposited at similar conditions.

According to the calculations, nanoparticles placed in
air have two narrow absorption peaks near 300 and
360 nm for the prolate shape and near 320 and 390 nm
for the oblate. Two peaks in the absorption spectra of
nanoclusters placed in the DLC are shifted to the long-
wavelength region—380 and 520 nm for the prolate and
420 and 590 nm for the oblate. Moreover, the peaks are
broadened.

Comparison of the experimental results (see Fig. 6)
with the obtained ones allows us to suppose that prolate
nanoclusters dominate in our samples. Thus, we will use
this shape in further calculations. The nanoclusters in
DLC films after annealing do not have the ideal spheroid
shape. Thus, it is necessary to study the influence of the
eccentricity on the absorption cross-section spectrum at
the constant refractive index of the DLC. Fig. 8a
demonstrates that an additional quadrupole peak ap-
pears for the nanoclusters with eccentricity 0.9 in the
surrounding media (DLC) with optical constant taken
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from [31]. We have used values of the refractive index
and extinction coefficient of DLC that were taken from
the experimental dispersion curves and extrapolated by
fifth-order polynomial to fit the measured data as follows:

n = 1.30568 + 0.004261-1.04027 x 107°A% +

+1.12199 x 10813-5.61906 x 107121* + 1.06725
x10715)°
(5)

k = 0.61709-0.00168) + 8.79418 x 107712 +
+1.1057 x 107°13-1.2658 x 107121* + 3.41168

Increasing of the eccentricity results in the increased in-
tensity of the peaks and increased distance between them.
To study the influence of the surrounding media, in the
present calculations, we have used the two different re-
fractive indices of DLC film—in addition to the set optical
constant calculated by Egs. (5) and (6), we have used as
well the optical constant (from [22]) that was extrapolated
by fifth-order polynomial as follows:
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k = 0.21748-0.00219) + 9.57262 x 107°)A? +
+1.33692 x 107813-7.84873 x 107121* 4 1.66521
x10715)°

(8)

One can see that the absorption peaks are sensitive to
the dielectric constant of DLC—peaks (Fig. 8b) are
different in value of absorption, peak positions, and
bandwidth.

To confirm the assumption that the formed after-
annealing nanoclusters having nonspherical shape play
the main role in the absorption, we calculated the
absorption spectra of the nanocomposite films after
annealing at temperatures of 140, 200, 300, and 400 °C,
and the results of the calculations are shown in Fig. 9.

Having the size of nanoclusters from AFM (Fig. 3) and
experimental value of DLC refractive index (measured at
632 nm), we fitted eccentricity of the formed nanoclus-
ters after annealing at different temperatures. In this
way, we have obtained optimal fitting of the experimen-
tal and calculated data for annealing: at 140 °C, e = 0.89
(Fig. 9a); at 200 °C, e = 1.0 (Fig. 9b); and at 300 and 400 °C,
e =1.2 (Fig. 9¢, d, respectively). The results show that with
the increase in annealing temperature, the nanoclusters
became more and more asymmetrical. A large discrepancy
between the bandwidth of the calculated and experimental
curves presented in Fig. 9¢c, d can be explained by the
dominant role of large nanoclusters in the absorption
spectrum. According to our calculations, the nanoclusters
obtained after annealing by 300 and 400 °C have the same
asymmetry; however, the refractive index of DLC is
slightly changed, resulting in two well-expressed absorp-
tion peaks.

In summary, change of the absorption spectra of the
DLC:Ag film as a result of the annealing is caused by
changes of the size of nanoparticles due to their coales-
cence and change of the relative permittivity of the sur-
rounding host media.

It should be mentioned that annealing-induced ap-
pearance of the second plasmonic peak can be beneficial
in different applications. Particularly in SERS applica-
tions, it can result in simultaneous enhancement at both
the excitation and the specific Raman-Stokes lines [32].
Double plasmon resonance can be used as well for fabri-
cation of the double wavelength chemical sensors [33].
Narrowing of the plasmonic peak width results in the
increased resolution of the sensor [34]. Thus, by setting
appropriate annealing conditions, modification of the
optical properties advantageous for the sensor applica-
tions takes place.

Conclusions
Thermal air annealing in the 140-400 °C temperature
range resulted in the decreased thickness of DLC:Ag
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films and increased surface roughness. Decrease of sp>/sp*
carbon bond ratio (graphitization of the amorphous carbon
matrix) took place. Air annealing at 400 °C resulted in de-
struction of the DLC matrix. The size of Ag nanoparticles
embedded into the DLC:Ag matrix increased with the an-
nealing temperature. Their shape has been changed from
spherical to the prolated. This effect was explained by ag-
glomeration of the Ag nanoparticles.

Annealing at 140 and 200 °C temperatures resulted in
increased intensity of the Raman scattering spectra and
G peak particularly. Further increase of the annealing
temperature resulted in significant decrease of the inten-
sity of carbon-related Raman scattering peaks and even
their disappearance.

Annealing at 140 and 200 °C temperatures resulted in
blueshift of the surface plasmon resonance peak and
substantially decreased their width. The second absorp-
tion peak at a <400-nm wavelength appeared. Increase
of the annealing temperature to 300 and 400 °C resulted
in redshift of the main surface plasmon resonance peak.
A similar behavior was observed in the case of the
reflectance spectra. Shift of the absorption spectra and
appearance of the additional quadrupole peaks were
studied by using a combination of the modeling and
experimental studies. The observed regularities were
explained by the increased size of the nanoparticles,
formation of the prolated nanoparticles instead of spher-
oidal ones, and change of the relative permittivity of the
surrounding media.
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