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The effects of metal concentration and annealing temperature on the localized surface plasmon
resonance (LSPR) properties of the Pd nanoparticles (NP) dispersed in carbon were investigated.
The Pd/C nano-composite thin films with 7 to 39 atomic % concentration of metal content were
deposited using the atom beam co-sputtering techniques and subjected to annealing at temperature
varying from 300 �C to 600 �C. The UV-vis spectroscopy studies on as-prepared films displayed
a Mie scattering profile, but not well-defined LSPR bands were observed for all the values of Pd
concentration. This is attributed to the smaller size (3–4 nm) of Pd NPs and rough Pd/C interface, as
confirmed from TEM studies. When samples were annealed at a temperature of 300 �C, three broad
LSPR absorption bands in the visible region, along with a sharp peak at 210 nm, were observed
and the effect of Pd concentration variation was insignificant on their position. The multiple LSPR
bands were observed due to agglomeration NPs, which is consistent with earlier reports and is also
observed in the TEM images. When annealing temperature was subsequently increased to 500 �C,
a blue shift in the LSPR peak position with an increase in the Pd concentration was observed, which
phenomena is attributed to the formation of bigger NPs with the formation of sharp NPs-interface
at high temperature upon annealing. A monotonic increase in the magnitude and decrease in the
FWHM with an increase in concentration suggested change in the dielectric function of sample
due to the growth of NPs. This is further confirmed from XRD studies, where strain relaxation and
grain growth were observed. The intensity of the SPR peak decreased with an increase in the
annealing temperature. The LSPR peak disappeared on annealing at a temperature of 600 �C,
suggesting the formation of continuous polycrystalline thin films of Pd. In summary, NPs size, metal-
matrix interface, and concentration of metal play key roles in the tailoring the LSPR properties of
the Pd.
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1. INTRODUCTION
The surface plasmonic properties of nanostructure met-
als have stimulated considerable interest because of
their applications in diverse fields such as optical
sensing of biomolecules, photothermal therapy, spec-
tral signal enhancement, photovoltaic conversion effi-
ciency enhancement, optical waveguide, and monitoring
of catalytic reactions [1]. Among all metals, noble metal
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nanoparticles (NP) have closely spaced conduction and
valence bands which assist in the induction of localized
surface plasmon resonance (LSPR) by coherent oscillation
of free-electrons on the metal surface [2]. The LSPR gen-
erates very strong local fields at the interface which can be
tuned by controlling NP size, size distribution, shape, mor-
phology, surrounding media, and its composition [3–6].
The LSPR in Au NPs was schematically tuned from
the visible to the near-infrared range by controlling size
and morphology of the nanostructure [7–8]. Recently,
numerous efforts have been made to tailor the LSPR
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properties of nanostructured palladium (Pd) that exhibits
various physical properties similar to other noble metal
(Au, Ag, Cu). However, bulk Pd is not considered to be
a promising candidate for LSPR properties, due to its
peculiar dielectric function and because the position of
its LSPR peak lies in the ultraviolet spectral range as a
result of the strong coupling between plasmon transition
and the inter-band excitation [9]. A tuneable LSPR peak
in the near-infrared region was displayed by the freestand-
ing hexagonal Pd nanosheets of thickness <10 atomic lay-
ers [1]. The SPR features of nanostructure Pd were not
detected in the visible and near infrared regions for NPs of
size <10 nm [10]. The calculation performed using Mie
theory suggested that the position of the SPR peak for
smaller size (<10 nm) Pd NPs lies below 250 nm [11]. Pd
nanoplates of 45 nm edge length exhibited red shift in the
LSPR peaks to the visible region (up to 610 nm) [12]. The
LSPR peak for Pd nano-cubes having a size of >25 nm
was observed in the visible region at nearly the same loca-
tion (∼ 400 nm) as that of Ag and Au NPs [10]. The width
of the LSPR band strongly depends upon the shape of the
NPs, and a very broad LSPR peak over the entire visible
region was reported for star shaped Pd NPs [13]. The trian-
gular and hexagonal shaped Pd nanoplates exhibited LSPR
peaks at 520 nm and 530 nm, respectively [14]. The cor-
rosion based synthesis of Pd nano-cube showed tuning the
LSPR peak from 410 nm to 530 nm by varying wall thick-
ness of the cube [15]. The LSPR peak for Pd–Ag alloy
NPs was tuned across the entire visible spectrum from 440
to 730 nm by changing the interfacial chemistry by vary-
ing the composition of the Pd and Ag [16]. Kundu et al.
observed a broad LSPR band in the range 330–480 nm for
Pd nanocubes [17]. The hexagonal Pd nanosheets with dif-
ferent edge lengths (6.4 to 59.2 nm) exhibited a tuneable
LSPR in the range of 820–1067 nm [18]. The theoretical
calculations performed using the discrete dipole approxi-
mation (DDA) method showed that the LSPR features of
Pd can be tailored from the ultra-violet (330 nm) to the
visible (530 nm) region by controlling the shape of NPs
from cube to triangular [19–21]. In summary, most of the
reported results on Pd NPs samples have been synthesized
by chemical techniques using toxic gas (i.e., CO) as reduc-
ing and capping agents during the synthesis process. There
is a strong possibility of impurities developing and degra-
dation of the NPs occurring due to exposure to the external
atmosphere.
In this study, Pd NPs embedded in carbon matrix have

been deposited using physical deposition process in the
vacuum system. The NPs were embedded in carbon to help
protect the NPs from oxidation and also make them well-
separated. The effect of metal concentration and anneal-
ing temperature on the LSPR response of the Pd NPs is
investigated. The observation of a strong optical absorption
band in the visible region on annealing of Pd NPs embed-
ded in carbon matrix is explained within the framework of
Mie scattering theory.

2. EXPERIMENTAL DETAILS
Pd NPs embedded in the carbon matrix were deposited
on quartz and glass substrates using co-sputtering of
high purity Pd (99.99%) and graphite target by an atom
beam sputtering setup equipped with a 1.5 keV Ar
atoms [22–24]. The sputtering target was a 2 mm thick
graphite disc of 50 mm diameter on which 0.2 mm thick
Pd foils of 3× 3 mm2 were symmetrically glued. The
base pressure in the sputtering chamber before the depo-
sition was 2�0× 10−6 mbar. Sputtering was carried out
at an ion beam current of 14.8 mA with a slow depo-
sition rate of 8–10 nm/h in Ar gas pressure of 1�5×
10−3 mbar. Three sets of as-prepared Pd NPs having Pd
concentration ∼5, 20 and 40 atomic percentage in the host
matrix (represented as AC5, AC20, and AC40, respec-
tively) have been used in this study. The annealing of as-
prepared samples was performed in Ar atmosphere from
300 �C to 600 �C for a duration of 1 h. As-prepared
and annealed samples were characterized by Rutherford
backscattering spectrometry (RBS), glancing angle x-ray
diffraction (GAXRD), high-resolution transmission elec-
tron microscopy (HRTEM), selected area electron diffrac-
tion (SAED), energy dispersive x-ray spectroscopy (EDX),
micro-Raman and UV-visible absorption spectroscopy
techniques. The composition of the nano-composite thin
films was estimated using RBS and EDX techniques. The
RBS measurements (normal incidence to the sample sur-
face with a collection of the backscattered ions at an angle
of 170�) were carried out using a 1.7 MV Pelletron accel-
erator at the Inter-University Accelerator Centre (IUAC),
New Delhi, India. The microstructure of the Pd NPs films
deposited on Carbon coated Cu TEM grids were deter-
mined using a Technai G20-stwin HRTEM operated at
200 kV. Structural analysis is carried out using SAED
patterns and a Bruker AXS D8 advanced glancing X-ray
diffractometer equipped with a Cu x-ray tube (wavelength:
1.5405 Å), Göble mirror, and scintillator detector. The
SPR behaviors of films deposited on quartz substrates were
recorded using a dual-beam U-3300 Hitachi spectrome-
ter. A Renishaw in-Via micro-Raman microscope equipped
with Ar ion laser (514 nm excitation, 10 mW power, 20×
objective) was used for short ranging structural ordering
in the sample.

3. RESULTS AND DISCUSSION
The concentration of AC5, AC20, and AC40 samples were
measured using RBS spectrometer, and the estimated val-
ues of the Pd concentration in Carbon matrix were 7, 24
and 39 atomic %, respectively. The UV-vis absorbance
spectroscopy studies were performed with the aim to
investigate the effect of NP concentration and annealing
temperature on the LSPR properties of the Pd nanoparti-
cle embedded in carbon matrix. Figure 1 shows the UV-
vis absorbance spectra of AC5 sample as prepared and as
annealed at temperatures of 300 �C, 400 �C, 500 �C, and
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Figure 1. UV-vis absorbance spectrums of the sample AC5 as prepared
and as annealed at various temperatures of 300 �C, 400 �C, 500 �C, and
600 �C. Four absorption peaks are found in the spectrum: A sharp peak
at 210 nm, a broad absorption band centred on 296 nm, 375 nm, and
500 nm on annealing performed at the temperature of 300 �C.

600 �C. In case of the as-prepared sample, the absorption
profile did not show a well-defined surface-plasmon band;
instead. On annealing at temperature of 300 �C, three char-
acteristic absorption bands (296 nm, 375 nm and 500 nm),
along with a sharp peak (210 nm), were observed. The
variation in the peak positions with annealing tempera-
ture and Pd concentration are reported in Table I. It may
be noted that the positions of all bands were in the vis-
ible region of the spectrum. When annealing temperature
was increased to 400 �C, the positions of bands at lower
wavelength 296 nm and 375 nm remained unchanged,
whereas the position of the band appearing at higher wave-
length shifted from the wavelength of 500 nm to 487 nm.
When the annealing temperature was further increased to
500 �C, the position of the absorption bands remained
unchanged, but the intensity of absorbance at higher wave-
lengths decreased. The LSPR peaks disappeared when the
sample was subjected to further annealing at a temperature
of 600 �C. Figure 2 shows the UV-vis absorbance spec-
tra of the AC20 sample as prepared as well as annealed
at temperatures of 300 �C, 400 �C, 500 �C, and 600 �C.
Similar to the AC5 sample, three absorbance bands and

Table I. The effect of concentration and annealing temperature on the SPR peak position of the Pd nanoparticle embedded in carbon matrix.

300 �C 400 �C 500 �C 600 �C

Sample code As-prepared Shift in the position of absorption band w.r.t to AC40

AC5 No band in visible region 0 0 0 No band in visible region
0 0 0
0 �−�13 �−�13

AC20 0 0 0
0 �−�5 �−�5
0 �−�15 �−�15

AC40 0 0 0
0 �−�9 �−�9
0 �−�22 �−�22

a sharp peak at around 210 nm were observed. It may
be noted that the position of the bands in both samples
annealed at same temperature (300 �C) are identical. When
temperature was increased to 400 �C, the position of the
absorbance band at 296 nm remained the same, while the
position of the absorbance bands at 375 nm and 500 nm
shifted by 5 nm and 15 nm, respectively. Upon compar-
ing the results of AC5 and AC20 samples, it is clear that
there is a blue shift in the position of both the bands
at 375 nm and 500 nm with an increase in the concen-
tration. The position of these bands remained unchanged
when the annealing temperature was increased to 500 �C.
When temperature was further increased to 600 �C, no
absorbance peak was observed. Figure 3 shows the UV-vis
absorbance spectrum of the AC40 sample as prepared and
as annealed at temperatures of 300 �C, 400 �C, 500 �C, and
600 �C. In the as-prepared sample, absorbance peaks were
not observed. When the sample was subjected to anneal-
ing at 300 �C, three absorbance bands and one sharp peak
were observed, and the results were similar to the results
for the lower concentration AC5 and AC20 samples. When
the annealing temperature was further increased to 400 �C,
the position of the absorption band at 296 nm remained
unchanged, but the position of the absorbance bands at
375 nm and 500 nm shifted by ∼9 nm and ∼22 nm respec-
tively. This displays a large blue shift in the position of
both absorption bands (375 nm and 500 nm) when concen-
tration was increased. The effect of higher annealing tem-
perature (500 �C and 600 �C) on the LSPR bands of AC40
sample is similar to that of the AC5 and AC20 samples.
For a better evaluation of the effects of Pd concentration
on the SPR peak position, a representative plot of AC5,
AC20, and AC40 samples annealed at 500 �C is shown in
Figure 4. It clearly shows that the intensity of the LSPR
bands is increasing with an increase in the concentration
of the Pd in the carbon matrix. Three broad absorbance
bands (296 nm, 375 nm, and 500 nm) in visible region
and a sharp peak at 210 nm were observed for all concen-
trations of Pd. As the concentration was increased from
7 atomic % to 39 atomic % the position of the LSPR bands
at 296 nm and 210 nm was not affected, but blue shifts
were observed for the bands at 375 nm and 500 nm.
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Figure 2. UV-vis absorbance spectrums of sample AC20 as prepared
and as annealed at various temperatures of 300 �C, 400 �C, 500 �C, and
600 �C.

To investigate the role of size, and Pd/C interface on the
SPR properties, the structural studies on the as-prepared
and annealed AC40 sample were performed using TEM,
SEAD, and XRD. Figure 5 shows the TEM images for
(a) as-prepared and (b) magnified image of the AC40. The
SAED pattern of the AC40 sample shown as the inset of
the Figure 5(a). The magnified TEM image also revealed
that NPs had a rough surface and the Pd/C interface was
not sharp. It shows that Pd NPs were uniformly distributed
across the sample and that the average size was about
3 nm. The inset is the SAED pattern Figure 5(a) of Pd NP
confirmed the polycrystalline fcc structure of Pd. Figure 6
displays the TEM images of the Pd NPs annealed at (a)
300 �C, (b) 400 �C, and (c) 500 �C. The TEM image
of the AC40 sample annealed at 300 �C exhibited perco-
lated structures constructed by agglomeration and combi-
nation of smaller nano-particles. Some NPs having size
larger than the as-deposited sample can be also seen in

Figure 3. UV-vis absorbance spectrums of the AC40 sample as pre-
pared and as annealed at various temperature of 300 �C, 400 �C, 500 �C,
and 600 �C.

Figure 4. UV-vis absorbance spectrums of the AC5, AC20, and AC40
samples annealed at temperature of 500 �C. It displays a blue shift of
22 nm in the LSPR peak position with the change in concentration. The
magnitude of the LSPR peak increased and the width decreased with an
increase in the Pd concentration.

Figure 6(a). It may be noted that the NPs were not in
the perfect spherical shape upon annealing. The SAED
pattern, as shown in the inset of Figure 6(a), exhibited
brighter diffraction rings with a few spots, indicating the
improvement in the crystallinity of Pd upon high tem-
perature annealing. When the annealing temperature was
further increased to 400 �C (Fig. 6(b)), a binomial distri-
bution in the size of the NPs was observed. The average
size �D� for the smaller NPs was ∼ 4–5 nm, whereas
the size of the larger NPs was about 100 nm. It shows
that the size of the smaller NPs was almost equivalent
to the size of the as-deposited NPs, whereas few larger-
sized NPs grew due to annealing. It may also be noted
that the density of smaller-sized NPs is higher than larger-
sized particles. The effect of even further annealing at the
temperature of 500 �C is revealed by the TEM images in
Figure 6(c).
It can be clearly seen from figure that the density of

bigger-sized NPs increased in comparison to smaller-sized
NPs, but the change in the size was insignificant. It may be
noted that the shapes of the NPs also changed from spher-
ical to polyhedral. The observation of large number of
spots in the SAED pattern indicated that a few of polycrys-

0.2 µm

a b

Figure 5. TEM images of (a) as-deposited Pd NPs in carbon matrix and
(b) magnified image showing uniformly-distributed Pd NPs. The SAED
pattern (inset) of individual NPs confirming its polycrystalline structure.
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a b c
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Figure 6. Effect of variation in annealing temperature such as (a) 300 �C, (b) 400 �C, and (c) 500 �C on the microstructure of the Pd/a-C nanocomposite
thin films. SAED patterns for annealed films are shown in the inset of each figure.

talline Pd NPs grew to larger particles of Pd. The effect of
annealing temperature on the structural properties is fur-
ther investigated by XRD. Figure 7 displays XRD pattern
of the as-prepared AC40 sample and as treated at tempera-
tures of 300 �C, 400 �C, 500 �C and 600 �C. The peaks can
be readily indexed to face-centred cubic Pd phase (JCPDS
file No 46-1043). The average crystalline size estimated
from the Scherrer formula varies from 7.7 nm to 11.6 nm
with the increase in annealing temperature from 300 �C to
600 �C. It can also be seen that the crystallinity of film
improved with the increase in the annealing temperature.
The calculated value of micro-strain changed from 1.73%
in as-deposited NPs to 0.09% for the sample annealed at
600 �C. The crystalline size and micro-strain parameters
are reported in the Table II. The micro-strain relaxation
upon annealing can be attributed to the increase in size
of NPs upon annealing. It may be noted that the value
of strain for the sample annealed at 600 �C was negligi-
ble, indicating that NPs got agglomerated and formed a
continuous film. The effect of concentration on the micro-
structure has already been reported elsewhere [23], where
the increase in NP size with increase in the concentration
of Pd in the carbon matrix has been shown.

Figure 7. GAXRD pattern of the AC40 sample annealed at 300 �C,
400 �C, 500 �C, and 600 �C, recorded at glancing angle 2�. The strain
induced by the matrix was relaxed on annealing. The increase in intensity
of Pd (111) peak indicated improvement in crystallinity upon annealing.

It has been reported that the distance between metal
NPs, aggregate size, polarization direction, shape, and sur-
rounding matrix significantly influence the position, width,
shape, and intensity of the LSPR peak [25]. The LSPR for
metal NPs embedded in dielectric matrix was explained
using the interface effect, where electrons were confined
at the interface between the metal and the surrounding
dielectric and get excited resonantly by an incident elec-
tromagnetic wave, which results in the LSPR [2–3]. In the
present study, experimental results of as-prepared samples
showed that the absorbance does not show well-defined
LSPR bands. A similar profile was also reported for the
alkanethiolate-protected Pd NPs [26]. The LSPR peak in
the as-prepared sample is not observed in present case
due to the too small size of NPs (∼3 nm) and rough
Pd/C interface, which is expected to give a LSPR peak
only in the far ultra-violet region, as reported by earlier
investigations [10]. Upon annealing, three broad bands in
the visible range and a sharp peak at 201 nm appeared.
The LSPR peak at 210 nm was due to an improvement
in the crystallinity and growth in the NPs size. A broad
absorbance band centred at 590 nm in the visible region
with a sharp peak at 210 nm was also observed in the
N-vinyl pyrolidone stabilized Pd nano-spheres (D∼ 10 nm
and 100 nm), and the effect was attributed to the poly-
crystalline and peculiar dielectric function of the Pd [27].
The appearance of two humps in the SPR spectrum in the
range 250–330 nm for the cubical shape Pd NPs has been
reported [17]. The multiple humps appeared due to the
formation of anisotropic NPs owing to agglomeration of
smaller NPs upon annealing, which can be clearly seen
in the TEM images Figure 6(a). In agglomerated NPs,

Table II. Calculated values of strain and crystalline size as prepared
and as annealed at different temperatures for sample AC40.

PFWHM Crystalline
AC40 2� (deg) (deg) size (nm) �d� Å Strain (%)

As-prepared 39�40 0�88 7�7 2�285 1�73
T = 300 �C 39�80 0�81 8�3 2�263 0�75
T = 400 �C 39�91 0�67 10�1 2�257 0�49
T = 500 �C 40�01 0�63 10�7 2�251 0�22
T = 600 �C 40�07 0�58 11�6 2�248 0�09
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oscillating electrons in one particle experience the elec-
tric field due to the oscillations in the neighbouring parti-
cle, which leads to a collective plasmon oscillation of the
aggregated system that gives an additional peak in the SPR
spectrum [28].
In the present study, Pd NPs were dispersed in the car-

bon matrix; therefore, the wide absorbance band can be
attributed to the combined effect of the dielectric func-
tion of Pd and carbon. The concentration-dependent LSPR
studies showed increase in the magnitude of the band and
a decrease in the width with an increase in the Pd concen-
tration in the carbon matrix. The expression for calculating
the FWHM of the LSPR peak (��) can be determined by
using an improved Mie theory [29].

d = vf �
2
p

2�c��
(1)

Where, c is velocity of light, and �p is the wavelength
of LSPR peak which depends on the dielectric of carbon
and the concentration of Pd in it. Thus, the FWHM of the
LSPR peak (��) is directly proportional to the size (d) of
the Pd NPs. For larger-sized NPs, the mean free path of the
metal electrons is smaller than the size of the NPs, which
leads to modification in the free-electron contribution to
the dielectric function, causing the SPR peak to increase
in intensity and decrease in width with increasing particle
size [30]. In the present study, the NPs size was increased
with the increase in the concentration of Pd in the carbon
matrix [23]. However, the magnitude of change in the size
of Pd NPs with the increase in concentration was not so
large. Additionally, the number of free electrons in the
nano-composite system also increased with the increase in
the Pd concentration. Therefore, the combined effect of
an increase in the size and number of free electrons leads
to an increase in the intensity of LSPR, and decrease in
the FWHM of LSPR peak corresponding to the increase
in the Pd concentration. The effect of Pd concentration on
the LSPR peak position was observed in samples annealed
at 300 �C. This suggests that the position of the LSPR
peak is manly depending upon the size of NPs. Since the
change in size with the increase in Pd concentration was
not significant, the position of the SPR peak therefore did
not change.
When the annealing temperature was increased from

300 �C to 500 �C, the blue shift of 9 nm and 22 nm was
observed in the absorption band at 375 nm and 500 nm.
The generalized Mie scattering calculation for Pd dimer
showed that LSPR peak position also depends on the
separation among the NPs, and blue shift was observed
with the increased NPs separation [31]. The TEM images
clearly showed that inter-particle separation and the den-
sity of bigger sized NPs increased with the increase in
annealing temperature. Thus, blue shifts in the LSPR peak
position could be attributed to the formation of larger-sized
particles and the decrease in the inter-particle coupling,

due to larger separation at higher annealing temperature.
In addition, the change in the NP-matrix interface as
observed in TEM images could also be responsible for
the blue shift. When annealing temperature was further
increased to the 600 �C, a continuous film was formed, as
confirmed from the XRD analysis.

4. CONCLUSIONS
In summary, atom beam sputtering was employed for the
deposition of well-separated Pd nanoparticles with dif-
ferent concentrations in the carbon matrix. The NP size
and NPs-matrix interface was modified by high tempera-
ture annealing. The as-prepared Pd NPs exhibited a Mie
scattering profile and the effect of Pd concentration vari-
ation was insignificant. The position of the LSPR peak
was tailored by varying the annealing temperature and was
explained on the basis of the growth in the NPs size,
increase in NPs separation, and modification in the NP-
matrix interface. The intensity of LSPR increased and its
width decreased with an increase in the Pd concentration,
due to growth in size and increase in the number of free
electrons. The width of the LSPR peak was affected by
the modification of the Pd/C interface, which was higher
for the rough interface. The LSPR properties of the Pd in
the visible region can be tuned by controlling the concen-
tration in the matrix and subsequent annealing, providing
a novel material for applications in photo thermal therapy,
monitoring the catalytic reaction, and optical sensors.

Highlights
1. The effects of metal concentration and annealing tem-
perature on the localized surface plasmon resonance
(LSPR) properties of Pd nanoparticles dispersed in carbon
were investigated.
2. The UV-vis spectroscopy studies on as-prepared films
displayed a Mie scattering profile, but not-well defined
LSPR bands for all the values of Pd concentration were
observed.
3. Three broad LSPR absorption bands in the visible
region, along with a sharp peak at 210 nm, were observed
upon annealing.
4. TEM studies displayed agglomeration and growth of
NPs upon annealing.
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