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Effect of deposition time on surface plasmon resonance and
Maxwell-Garnett absorption in RF-magnetron sputtered
carbon-nickel films
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In this work, carbon-nickel films were grown during four deposition times (50 s, 90 s, 180 s and 600 s) at room temperature
on glass substrates by radio frequency magnetron sputtering. The optical absorption spectra of the films were investigated with
a special emphasis on the surface plasmon resonance (SPR) of Ni nanoparticles. The optical absorption peaks caused by the
surface plasmon resonance of Ni nanoparticles were observed in the wavelength range of 300 nm to 330 nm. It has been shown
that the surface plasmon resonance peaks exhibit a red shift and a blue shift depending on the deposition time. The red and blue
shifts of the surface plasmon resonance in the absorption spectra of the films were observed with the increase and decrease of Ni
nanoparticle size, respectively. The Ni nanoparticle size, dielectric function of carbon matrix &5, and plasma frequency of free
electrons wy, for the films deposited at deposition time of 180 s have maximum values of 80 nm, 0.401 and 7.25 x 105 571,
respectively. These observations are in a good agreement with the electrical resistivity measurements and Maxwell-Garnett
(M-G) effective medium theory (EMT).
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1. Introduction films, a-C:Ni, is characterized by distinct physical
properties in comparison to carbide forming ele-
ments [14, 15]. In previous reports we studied the
effects of deposition rate and annealing tempera-
ture on the morphology and the optical properties
of carbon-nickel films [16-18]. In the present work
we investigate the effect of deposition time on the
surface plasmon resonance (SPR) peaks of carbon-

nickel films.

Thin carbon-nickel films have many interest-
ing properties which can be used in optic, elec-
tronic and coating technology [1-5]. The nonlin-
ear optical properties of metal nanocomposite films
have been widely investigated due to strong sur-
face plasmon resonance (SPR) of metal nanoparti-
cles in various dielectric matrixes, such as SiO» [6],
AL O3 [7], TiOy [8], NiO [9] and ZnO [10]. The
SPR frequency is a significant characteristic pa-
rameter of the nonlinear optical properties which
depends on content, size, and shape of metal
nanoparticles, as well as the dielectric properties
of metal particles and the surrounding matrix ma-

2. Experimental

The carbon-nickel films have been prepared by
RF-magnetron sputtering onto glass substrates us-
ing a mosaic target consisting of pure graphite and

terial [11]. Because of their interesting proper-
ties, the amorphous carbon a-C:Me (Me = Au,
Ag, Cu, Mn...) have many applications as coating
materials in biomedicine, electronics, mechanics
and optics [12, 13]. The amorphous carbon-nickel
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strips of pure nickel attached to the graphite. Be-
fore loading into the deposition chamber, the sub-
strates were ultrasonically cleaned in acetone bath
for 20 min and then dried in a hot air flow. The
films were grown at room temperature in a de-
position chamber evacuated to a base pressure of
5 x 1073 Pa and then the constant Ar working
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pressure of 4 Pa was settled and maintained by
a throttle valve. Deposition of the films was done
in a constant RF power regime at 400 W. The films
were deposited at different deposition times: 50 s,
90 s, 180 s and 600 s. The thickness of the films
was measured by Tencor Alpha Step 500 profiler.
The field emission scanning electronic microscopy
(FESEM) images were used for the morphologi-
cal characterization. Energy dispersive X-ray stud-
ies (EDAX) were carried out with an AMETEK
EDAX analyzer. The transmittance spectra were
obtained by a double beam UV-Vis spectrometer
in the range of 250 nm to 1000 nm (Jasco V-630).
The direct current electrical conductivity was mea-
sured by cooling the samples in a continuous He
flow in a cryogenic unit (optical low temperature
model CCS 450 USA) of the thermostatic chamber
in the temperature range of 15 K to 500 K. ORTEC
(456, USA, 0 kV to 3 kV) high voltage power sup-
ply, Metrix VX102A (FRANCE) and Keithley 196
System DMM (USA) electrometers were used for
voltage and current measurements, in temperature
range of 15 K to 500 K.

3. Results and discussion

Fig. 1 shows the FESEM images of
C-Ni films deposited at different deposition
times 50 s to 600 s. As shown in the FE-
SEM images, the size of the nickel nanopar-
ticles increases for the films deposited at the
deposition times of 50 s, 90 s and 180 s, and at
180 s it achieves a maximum value of about 80 nm.
The size of the nanoparticles decreases then to
about 20 nm after 600 s deposition (Table 1).
The images indicate that the Ni nanoparticles
are approximately spherical and dispersed in the
amorphous carbon. Fig. le and Fig. 1f show the
size distributions of Ni nanoparticles of C—Ni films
deposited at 180 s and 600 s.

Fig. 2a shows the EDAX spectrum for the films
obtained in the deposition time of 600 s. This spec-
trum was recorded in a line scan mode and one
may observe the presence of peaks characteristic
of C, Ni and Si. Fig. 2b shows that the Ni content,
computed from the EDAX analysis, increased from

42 at.% to 85 at.% with the increase of the deposi-

tion time from 50 s to 180 s, and then decreased to
56 at.% for the films deposited in 600 s.

Fig. 3 shows the experimental absorption spec-
tra of the C—Ni films deposited at different deposi-
tion times from 50 s to 600 s as a function of inci-
dent light wavelength. All the films exhibit an ab-
sorption peak in the wavelength region of 300 nm
to 330 nm due to the SPR of Ni particles [19]. The
deposition rate causes the increase of Ni nanopar-
ticles size and enhanced intensity of the absorption
peaks. The increase of Ni content causes the in-
crease of bulk-like behavior, which manifests itself
in the red shift of the surface plasmon resonance
from 298 nm to 316 nm. With increasing the de-
position time from 180 s to 600 s, the bandwidth of
the absorption peak is narrowed and weakened. The
increase of the deposition time manifests itself in
the blue shift from 316 nm to 308 nm. These char-
acteristics may be due to increasing significance of
the quantum size effect [20].

The dielectric function ¢(w) of a bulk metal has
to be modified, giving rise to a size dependent di-
electric function ¢(w, R):

g(w,R) = "* (@) — eZ*(w) + ep(w,R)

ey

where ¥ (w) describes the dielectric function of
a bulk metal calculated from n and k, whose val-
ues are obtained experimentally. The second term
in this equation denotes the Drude dielectric func-
tion of a free electron gas and the third term denotes
the dielectric function of a nanoparticle with a ra-
dius R defined by equation:

ep(0,R) =1-0, /(0> +iT(R)w) (2
where w,, represents the plasma frequency of free
electron. The damping constant I" is described for
metal nanosphers with diameters smaller than the
electron mean free path:

I(R) = vs(1/L+A/R) 3)
where v¢ is Fermi velocity, L. is the mean free
path, R is the nanoparticle radius, and A is a pro-
portionality constant (A = 1 for isotropic electron
scattering) [21]. In the quasi-static regime where
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Fig. 1. FESEM images of C—Ni films deposited at deposition times of 50 s (a), 90 s (b), 180 s (c) and 600 s (d),
and the size distribution of Ni nanoparticles of C—Ni films deposited at 180 s (e) and 600 s (f), respectively.

Table 1. Optical parameters of the C-Ni films deposited at different deposition times.

Deposition Ni  Ni nanoparticle Ebulk €m wy X 105 v x 1017
time [s] [at.%] size [nm] [1/s] [cm/s]
50 42 16.44 0.9991 0.05692 3.11 431
90 48 16.76 1.1848 0.09144 4.21 4.26
180 85 82.21 24.1889 0.40158 7.26 10.72

600 56 17.95 11.0576 0.13541 5.37 7.32
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si (a) e1(w) = -2¢&y, where V is the volume fraction of
metal, ¢ (w), €2 (w) and ¢, are real and imagi-
nary part of dielectric constant of the particles and
Ni dielectric constant of carbon matrix, respectively.
ok The imaginary part of the particles dielectric con-
stant is given as [22]:
ca & (0,R) =& (0) +3w,vs/40°R  (5)
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Fig. 2. EDAX spectrum of C—Ni film deposited at 600 s
(a) and variation of Ni content with deposition
time (b).

the radius R is significantly smaller than the inci-
dent wavelength A, phase retardation and the mix-
ing of higher-order multiple oscillations are neg-
ligible. In this case, a more simplified expression,
based on the dipole approximation can be used, as
given by [22]:

Qups(0) =187V & &3 () /A[(€1 (0) + 28,,)°
+ &(0)?] 4)
If e>(w) is small or slightly dependent on w,

the resonance condition in which the peak of the
SPR band occurs is approximately fulfilled when

properties of the C—Ni films deposited at the time
up to 180 s could be attributed to the highly dis-
persed Ni nanoparticles whose size increases with
its content. On the other hand, the weakening of the
nonlinear optical absorption properties with further
increase of the deposition time over 180 s, results
from the decrease in Ni content. The SPR peak
shows a red shift trend with increasing deposition
time from 50 s to 180 s and then turns to blue
shift from 180 s to 600 s. The red shift of the SPR
peak in the films deposited in the time of 50 s to
180 s may be due to the quantum size effect. Be-
sides the SPR shift there is the sharpening of the
peak with increasing deposition time, which is at-
tributed to the enhanced intrinsic free electron os-
cillation inside the metal particles. The broadening
of the related SPR band may be due to the mean
free path effect as well as the influence of con-
duction electron collisions with particle surfaces.
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Fig. 4. Variation of w, and vy (a), eb“lk(w) and e, (b) and Ni nanoparticle size (c) of the C-Ni films with respect

to the deposition time.

The blue shift accompanying the narrowing of the
peak in the films deposited from 180 s to 600 s is
related to decreasing in Ni content and Ni nanopar-
ticle size. Therefore, the optical properties of the
C-Ni films including the position and intensity of
the absorption peak can be controlled by altering Ni
content according to the requirement of a practical
application. Fig. 4a shows the variation of w, and
v¢ with respect to deposition time. It can be seen
that due to the increase of free carrier concentra-
tion in the samples deposited up to 180 s, w, and
v¢ increase and then, due to decreasing free car-
rier concentration in the samples deposited from
180 s to 600 s, they decrease. Fig. 4b shows the
variation of e™*(w) and e, with respect to the

deposition time. It can also be seen that due to
increasing free carrier concentration in the sam-
ples obtained in the deposition times up to 180 s,
Pk (w) and e, increase and then decrease. Fig. 4c
shows the variation of the Ni nanoparticle size with
respect to deposition time. As shown in FESEM
images, due to increasing deposition rate up to
180 s, the Ni nanoparticle size increases and then
over 180 s, it decreases due to decreasing deposi-
tion rate. At the low deposition rate and high depo-
sition time, there are some adsorbed atoms which
have enough time to migrate to the sites where
the surface energy is low enough to be covered
by the coming atom and, as a result, the film sur-
face is very smooth and has small particle size.
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Therefore, the increase of deposition time causes
changing of deposition mode, deposition rate and
hence, strongly affects the size of the particles.

Fig. 5 shows the theoretical Maxwell-Garnett
absorption spectra of C—Ni films with respect to
wavelength. The plasmon resonant modes are de-
scribed by Maxwell-Garnett model by introducing
a shape-dependent factor k =1/(q — 1) where q is
the depolarization factor. The Maxwell-Garnett ab-
sorption theory can be written in terms of the parti-
cle polarizability o as:

Qabs = kIm(a)

and

o= (V/3q)(en—&)/(entKep)  (6)

where k is the wave vector and V is the particle
volume.

The optical absorption behavior of the films
can be stated by Maxwell-Garnett (M-G) effective
medium theory (EMT) and defined by [20]:

Eoff =Em[(€p +28,+2V (g —
—2V(ep —&m))]

&n))/(€p +2&n
(7)

where ¢€,, €m, €ef and V are the dielectric func-
tion of the particles, the dielectric function of the
matrix, the effective dielectric function of the films
and the volume fraction occupied by the spherical
particles, respectively [23].

The absorption maximum occurs at a wave-
length satisfying:
€, +2€,—2V(e,— &) =0 8)
It can be seen that with an increase of deposi-
tion time up to 180 s Maxwell-Garnett absorption
spectra and the imaginary part of the effective di-
electric constant &q5 increase and then over 180 s
they decrease. The increase in absorption spectra in
the films deposited from 50 s to 180 s is due to the
increase in the concentration of Ni atoms, whereas
the decrease in the absorption spectra in the films
deposited from 180 s to 600 s is due to the decrease
in concentration of Ni atoms.
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Fig. 5. The theoretical Maxwel-Garnett absorption
spectra (a) and the imaginary part of the effec-
tive dielectric constant ¢ (b) of C—Ni films for
the films obtained at different deposition times.

Fig. 6 shows the variation of resistivity with
temperature for the films deposited at different de-
position times of 50 s to 600 s. The resistivity of the
films decreases with increasing temperature show-
ing the semiconducting behavior. It is evident that
in the entire temperature range 15 K to 500 K,
the resistivity decreases with increasing deposition
time from 50 s to 180 s and then it increases for
the deposition times from 180 s to 600 s. The de-
crease of resistivity could be due to the increase
of nanoparticle size which leads to the decrease in
grain boundary scattering. On the other hand, the
increase of resistivity at the deposition time above
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180 s may be due to the increase of grain boundary
scattering.
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Fig. 6. Variation of resistivity with temperature for the
films deposited for 50 s, 90 s, 180 s and 600 s.

4. Conclusions

In this study, we showed that deposition time
and deposition rate play an important role in the
optical properties of C—Ni films. It is observed that
the films deposited in 180 s have maximum sur-
face plasmon resonance peak intensity and nickel
concentration. It can be seen that at 180 s wy,
v, e?%(w) , the size of Ni nanoparticles and the
dielectric function matrix &, of the C-Ni films
achieve maximum values and over 180 s they
decrease.
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