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� We present the fabrication of metal
nanoparticle crystals by implanting
Cu into SiO2.

� Numerical modelling of the Cu na-
noparticles was employed.

� Mie theory and BE method for a
cluster of closely packed nano-
particles were used.
x.doi.org/10.1016/j.apradiso.2016.06.014
43/& 2016 Elsevier Ltd. All rights reserved.

esponding author at: Physics Department, Ja
audi Arabia.
ail address: cannurdogan@yahoo.com (N. Can
th authors contributed equally to this work.
B S T R A C T
a r t i c l e i n f o

Article history:
Received 4 May 2016
Received in revised form
10 June 2016
Accepted 14 June 2016
Available online 16 June 2016

Keywords:
SiO2

Ion implantation
Metallic nanoparticles
Luminescence
Nanoparticle aggregation
a b s t r a c t

In this study, we investigate optical properties of metal nanoparticle crystals fabricated by implanting
copper (Cu) ions into single silica (SiO2) crystals with 400 keV at various ion doses. The Cu implanted
SiO2 (SiO2:Cu) crystal produces a broadband luminescence emission, ranging from blue to yellow, and
having a blue luminescence peak at 546 nm. Such anomalous luminescence emission bands suggest that
the ion implantation may give rise to aggregation of Cu nanoparticles in the host matrix. The boundary
element method-based modelling of a given Cu nanoparticle aggregation was employed to justify the
broadband luminescence emission. Formation of Cu nanoparticles in SiO2 is predicted through their
optical absorption data. The experimental results are compared with results of Mie calculations and we
observe that the higher ion dose produces the larger particle size.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Inclusion of metallic plasmonic nanoparticles in a solid host
matrix such as TiO2, SiO2 and ZnO has attracted tremendous at-
tention for recent research interest due to their widespread po-
tential applications in many fields such as catalysis and
zan University, P.O. Box 114,

).
photocatalysis (Hernández-Pagán et al., 2015; Banin et al., 2014),
surface-enhanced spectroscopy and fluorescence (Meyer and
Smith, 2011; Le, 2015), sensors and novel subwavelength optoe-
lectronic devices (Sannomiya and Vörös, 2011; Riedel et al., 2010),
and many others (Salata, 2004; Eduardo et al., 2011). Ion im-
plantation is the most common method for the synthesis of metal
nanoparticles in glass in order to obtain these metallic nano-
particles. In particular, when synthesizing metallic nanoparticles
in such semiconductor host materials, the formation of single
nanoparticles as well as cluster of nanoparticles can generate no-
vel interesting effects, including luminescence enhancement
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Fig. 1. (a) Measured optical absorbance and (b) calculated absorption cross-section using exact Mie theory of the Cu sphere with various diameters in a SiO2 host material.
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owning to localized surface plasmon resonance (LSPR) which is
resonant collective oscillations of conduction electrons in noble
nanoparticles (Tanabe, 2008), quantum nonlocal and tunnelling
effect (Catchpole and Polman, 2008), and Fano resonance gen-
eration (Shafiei et al., 2013; Le et al., 2015; Mirin et al., 2009).
Consequently, the convolution between the emission spectra of
single nanoparticle and of cluster of closely-packed nanoparticles
can be manipulated in order to obtain the desirable anomalous
optical properties of such composited systems.

Among several existing fabrication techniques for metallic na-
noparticles, involving, for example nanosphere lithography
(Haynes and Van Duyne, 2001), electron beam lithography (Cor-
bierre et al., 2005), nanoimprint lithography (Glangchai et al.,
2008), laser ablation (Amans et al., 2011), and ion implantation
(Popok et al., 2005), many others (Arayne et al., 2007), the ion
implantation is now recognised as one of the simplest, cheapest,
and most efficient techniques. Main advantages of ion implanta-
tion are fast, precise and independent control of impurity depth
and dose, and ability of multi-energy implants for complex pro-
files. Particularly, ion implantation is a non-thermodynamic ap-
proach and consequently it allows for the production of a high
metal filling factor in a solid matrix, beyond the equilibrium limit
of solubility (Townsend et al., 2006). However, ion implantation
can be difficult to control the particle size and position; low-en-
ergy ion implantation will result in too small particle sizes; high-
energy ion implantation will increase the particle sizes but result
in the damage profiles. To produce bigger particles for enhanced
nonlinear material properties, extra post-implantation annealing
is required (Kono et al., 2003).

Recently, plasmonic copper nanoparticles embedded in ZnO
crystals (ZnO: Cu) fabricated by ion implantation and annealing
has been reported (Le, Hieu et al., 2016). Experiment and numer-
ical results have demonstrated that the formation process of the
Cu nanoparticles considerably influenced the ZnO luminescence.
In this work, we investigate optical properties of metal nano-
particle crystals fabricated by implanting copper (Cu) ions into
single silica (SiO2) crystals. Fused silica (SiO2) is a superior in-
sulator due to its strength and high melting point, thermal stabi-
lity, UV to the near-IR transparency, and low vibration damping at
ordinary temperatures (B.H.W.S De Jong, R.G.C. Beerkens, P.A. van
Nijnatten, Glass, Ullmann’s Encyclopedia of Industrial Chemistry,
2000.; Kitamura et al., 2007). The combination of such fascinating
properties makes it an excellent substrate for wide range of ap-
plications such as optical fiber used for telecommunications, pro-
jection masks for photolithography, semiconductor fabrication
furnaces, high-Q resonators, etc. In addition, copper (Cu) has the
advantages of high conductivity, low cost, and excellent thermal
stability, which makes it more promising in practical applications
as compared with silver (Ag).

The simulation results using Mie theory (Bohren and Huff-
mann, 2010; Mie, 1908) for a single nanoparticle and using the
boundary element method (BEM) (Hohenester and Trugler, 2002;
Hohenester, 2014) for a cluster of closely-packed nanoparticles
agreed well with measurement results, which produce a broad-
band luminescence emission, ranging from blue to yellow, and
having a blue luminescence peak at 546 nm. These observations in
luminescence emission bands suggest that the implant may give
rise to aggregating Cu nanoparticles in the host matrix and the
higher ion dose produces the larger particle size. The paper is
organized as follows: first, the experiment setup is described;
second, simulation results of the random non-interacting nano-
particle scheme are theoretically explained; third, a comparison
between simulation and measurement results of cluster of closely-
packed nanoparticles is presented and discussed in detail; finally,
some conclusions are given.
2. Experiment section

Cuþ ions were implanted at energy of 400 keV with a dose of
5�1016 ions/cm2 into silica samples (Heraeus QUARZGLASS
Company). The experiment was carried out with a Whickham ion
implanter at Sussex University, UK under a controlled vacuum of
10�5 Torr. In the course of implantation a water-cooled sample
holder was used and it was continuously cooled by running water.

The Radioluminescence (RL) spectra were excited in an X-ray
unit with a Machlett OEG-50A tube operating with a current of
15 mA and a voltage of 30 kV delivering a dose rate of 30 Gy/min.
Light emanating from the specimen was transmitted to an en-
trance slit and detected with a Jobin Yvon spectrometer, coupled
to a liquid nitrogen cooled charge-coupled device (CCD) the RL
spectra were measured between 400 and 1000 nm at room tem-
perature with an integration time of 5 s. Input and output slits
were set to a width of 2 mm. All the data presented here have been
corrected for the spectral response of the system and are plotted in
“arbitrary units of intensity (a.u.)”.

Cathodoluminescence spectra were excited using an electron
beam with energy 14 keV directed on to a spot of ∼1 cm diameter
with a beam currents of ∼1 nA. The spectra of the samples were
measured on a wavelength multiplexed system recording across
the spectral range 220–800 nm.



Fig. 2. (a) The extinction cross-section, (b) the electron energy loss spectroscopy
(ELLS), (c) the cathodoluminescence (CL), which are calculated by BEM, of a cluster
of Cu spheres in a SiO2 host material under an excitation of 14 keV. Implantation
dose is 6�1015 ions/cm2.

Fig. 3. Measured radioluminescence spectra of Cu nanoparticles in a SiO2 host
material. Implantation dose is 6�1015 ions/cm2.
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3. Results and discussion

3.1. Results of random assembly of non-interacting particles

The optical properties of metallic nanoparticles under light ir-
radiation are strongly dependent on particles’ size, shape, dis-
tribution, as well as surrounding host medium. Usual theoretical
study of these optical properties includes absorption, scattering,
and extinction cross-section (ACS, SCS, and ECS). In addition, they
can be characterized by the electron energy loss spectroscopy
(EELS) and cathodoluminescence (CL). We first study the optical
properties in term of absorption cross-section of random assembly
of isolated nanoparticles. It appears that the Mie theory can pro-
vide an exact solution for the problem of light interacting with an
arbitrary spherical nanoparticle. When the particle diameter is
well smaller than the wavelength of light, the scattering, extinc-
tion, and absorption cross-section of the particle are simplify-
written as follows:
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In these equations, α is the polarizability of the particle and k is
the wave number. The polarizability of the particle can be defined
as

α π
ε ε

ε ε
=

−
+ ( )

R4
2 4

3 p m

p m

in which R, εp are the radius and dielectric function of the sphe-
rical particle, εm is the dielectric function of the embedding
medium. From Eq. (4), it can be seen that εp¼�2εm the surface
plasmon resonance (SPR) occurs, and consequently the scattering
cross-section can be superior than the geometrical cross-section of
the particle. Fig. 1(a) shows the exact Mie theory solution for ab-
sorption cross-section of single Cu nanoparticle with various dia-
meter, i.e., 4 nm, 6 nm, and 10 nm, embedding in SiO2. The results
indicate that for small particles, the scattering of the particle is
very weak and the absorption peak almost approaches the ex-
tinction peak, and as a result the resonance frequency is almost
independent of particle size. For larger particles, the scattering
becomes much stronger and the resonance frequency is red-shif-
ted. The measured absorbance, which is obtained as the particle is
excited by a light source, is presented in Fig. 1(b) and agrees well
with the simulated one.

3.2. Results of cluster of closely-packed nanoparticles

Metallic nanoparticle fabricated in a solid matrix material by
the ion implantation can be assumed to be randomly assembled
(Le and Bienstman, 2011). Therefore, it is essential to characterize
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the optical properties of a cluster of nanoparticle where the na-
noparticles strongly interact to each other. Since the exact Mie
theory is unsuitable for handling light interaction with a number
of particles with arbitrary shape and composition, numerical
techniques for approximate solution are usually used for this
problem. In this work, we employ the boundary element method
(BEM) (Hohenester and Trugler, 2002; Hohenester, 2014).

Fig. 2 presents the calculated ECS, EELS, and CL spectroscopies
adapted with the experimental RL of 10 nm Cu spheres in a SiO2

host material under an excitation of 14 keV electron beam. SiO2 is
assumed as a loss-less dielectric with refractive index of 1.47.
Complex dispersive refractive index of Cu is extracted from ex-
perimental data in (Johnson and Christy, 1972). It should be
mentioned that while the cross-section spectra is obtained as the
particle is excited by a light source, the EELS is obtained as the
particle is excited by an electron beam. The EELS corresponds to
the electron energy loss probability of the particle while the CL
spectroscopy is used to predict the probable photon emission from
the particle. The results indicate some important observations.
First, the aggregation of nanoparticles can fascinate near field
enhancement. Significant increases in level of cluster of nano-
particle configuration in comparison with single nanoparticle
configuration are clearly observed for ECS, EELS, as well as CL
spectra. This indicates the influence of Cu on the spectrum. Sec-
ond, arrangement of Cu nanoparticles in a cluster determines its
optical response in which a symmetric arrangement causes an
ultra-broadband resonance located exactly at the localized surface
plasmon resonance of the individual component while its asym-
metric counterpart generates Fano resonance which consequently
produces a moderately broad resonance. Such novel mechanism
has recently been demonstrated in the scattering spectrum of a
cluster of closely-packed nanoparticles in which Fano resonance
results from the coupling of a strong narrow magnetic resonance
and a broad electric resonance (Shafiei et al., 2013).

In this study, we experimentally observed an ultrabroad
emission band of SiO2:Cu crystals in the radioluminescence spec-
trum as seen in Fig. 3. We interpret its anomalous broadband
emission enhancement via its optical response. First, we in-
vestigate ECS, EELS and CL spectra of a single 5-nm-radius Cu
nanoparticle in SiO2 host matrix. We found that there exists a
single emission band located at the particle's LSPR in these spec-
troscopies as seen in Fig. 2(a)–(c). In contrast, there exists a
broadband resonance in these spectra of a cluster of symmetric-
arranged four 5-nm-radius nanoparticles with a small interparticle
gap of 1 nm. This broadband resonance induced near-field en-
hancement corresponds to the emission enhancement observed in
the measured RL. The calculated ECS, EELS and CL spectra is a bit
different from the measured RL since the geometry of Cu nano-
particles in the fabrication may have arbitrary shape rather than
ideal spherical shape as in simulation. Nevertheless, a broad re-
sonance in the RL response is measured which suggests that the
implants generate cluster of Cu particles in SiO2 host material.
4. Conclusion

We present experimental results and optical modelling of
copper nanoparticle implanted in a SiO2 host material. The Mie
theory well describes the influence of Cu nanoparticle size on the
optical properties of single SiO2 crystal implanted with Cu. The
prediction of ECS, EELS, and CL spectra of a cluster of nanoparticles
are well agreement with the measured RL spectra. The experi-
mental RL spectrum produces a broadband luminescence emis-
sion, ranging from blue to yellow, and having a blue luminescence
peak at 546 nm. After implantation of Cu to SiO2 host material,
clusters of Cu nanoparticles are created and consequently con-
tributing to a generation of a broad emission band of SiO2:Cu
crystals.
References

Amans, D., Malaterre, C., Diouf, M., Mancini, C., Chaput, F., Ledoux, G., Breton, G.,
Guillin, Y., Dujardin, C., Masenelli-Varlot, K., Perriat, P., 2011. Synthesis of oxide
nanoparticles by pulsed laser ablation in liquids containing a complexing mo-
lecule: impact on size distributions and prepared phases. J. Phys. Chem. C. 115,
5131–5139.

Arayne, M.S., Sultana, N., Sabah, N.U., 2007. Fabrication of solid nanoparticles for
drug delivery. Pak. J. Pharm. Sci. vol. 20, 251–259.

Banin, U., Ben-Shahar, Y., Vinokurov, K., 2014. Hybrid semiconductor–metal nano-
particles: from architecture to function. Chem. Mater. 26, 97–110.

Bohren, C.F., Huffmann, D.R., 2010. Absorption and scattering of Light by Small
Particles. Wiley-Interscience, New York, ISBN 3-527-40664-6.

Catchpole, K.R., Polman, A., 2008. Plasmonic Solar Cells. Opt. Express 16,
21793–21800.

Corbierre, M.K., Beerens, J., Lennox, R.B., 2005. Gold nanoparticles generated by
electron beam lithography of gold(I)�thiolate thin films. Chem. Mater. 17,
5774–5779.

De Jong, B.H.W.S, Beerkens, R.G.C., van Nijnatten, P.A., 2000. Glass. Ullmann’s En-
cyclopedia of Industrial Chemistry.

Eduardo, A.C., Ezequiel, R.E., Fernando, D.S., 2011. Optical properties of metallic
nanoparticles: manipulating light, heat and forces at the nanoscale. Nanoscale
3, 4042–4059.

Glangchai, L.C., Moore, M.C., Shi, L., Roy, K., 2008. Nanoimprint lithography based
fabrication of shape-specific, enzymatically-triggered smart nanoparticles. J.
Control Release 125, 263–272.

Haynes, C.L., Van Duyne, R.P., 2001. Nanosphere lithography: a versatile nanofab-
rication tool for studies of size-dependent nanoparticle optics. J. Phys. Chem. B
105, 5599–5611.

Hernández-Pagán, E.A., Leach, A.D.P., Rhodes, J.M., Sarkar, S., Macdonald, J.E., 2015.
A synthetic exploration of metal–semiconductor hybrid particles of CuInS2.
Chem. Mater. 27, 7969–7976.

Hohenester, U., 2014. Simulating electron energy loss spectroscopy with the
MNPBEM toolbox. Comp. Phys. Commun. 185, 1177–1187.

Hohenester, U., Trugler, A., 2002. MNPBEM – a matlab toolbox for the simulation of
plasmonic nanoparticles. Comp. Phys. Commun. 183, 370–381.

Johnson, P.B., Christy, R.W., 1972. Optical constants of the noble metals. Phys. Rev. B
6, 4370.

Kitamura, R., Pilon, L., Jonasz, M., 2007. Optical constants of silica glass from ex-
treme ultraviolet to far infrared at near room temperature. Appl. Opt. 46 (33),
8118–8133.

Kono, K., Arora, S.K., Kishimoto, N., 2003. Modification in optical properties of ne-
gative Cu ion implanted ZnO. Nucl. Instrum. Methods B 206, 291–294.

Le, K.Q., 2015. Nanoplasmonic Enhancement of molecular fluorescence: theory and
modelling. Plasmonics 10, 475–482.

Le, K.Q., Bienstman, P., 2011. Optical modeling of plasmonic nanoparticles enhanced
light emission. Plasmonics 6, 53–57.

Le, K.Q., Alù, A., Bai, J., 2015. Multiple Fano interferences in a plasmonic metamo-
lecule consisting of asymmetric metallic nanodimers. J. Appl. Phys. 117, 023118.

Le, K.Q., Nguyen, Hieu P.T., Ngo, Q.M., Canimoglu, A., Can, N., 2016. Experiment and
numerical optical characterization of plasmonic copper nanoparticles em-
bedded in ZnO fabricated by ion implantation and annealing. J. Alloy. Compd.
696, 246–253.

Meyer, M.W., Smith, E.A., 2011. Optimization of silver nanoparticles for surface
enhanced Raman spectroscopy of structurally diverse analytes using visible and
near-infrared excitation. Analyst 136, 3542–3549.

Mie, Gustav, 1908. Beiträge zur Optik trüber Medien, speziell kolloidaler Me-
tallösungen. Ann. der Phys. 330, 377–445.

Mirin, N.A., Bao, K., Nordlander, P., 2009. Fano resonances in plasmonic nano-
particle aggregates. J. Phys. Chem. A 113, 4028–4403.

Popok, V.N., Stepanov, A.L., Odzhaev, V.B., 2005. Synthesis of silver nanoparticles by
the ion implantation method and investigation of their optical properties. J.
Appl. Spectrosc. 72, 229–234.

Riedel, B., Hauss, J., Aichholz, M., Gall, A., Lemmer, U., Gerken, M., 2010. Polymer
light emitting diodes containing nanoparticle clusters for improved efficiency.
Org. Electron. 11, 1172–1175.

Salata, O.V., 2004. Applications of nanoparticles in biology and medicine. J. Nano-
biotechnol. 2, 1–6.

Sannomiya, T., Vörös, J., 2011. Single plasmonic nanoparticles for biosensing. Trends
Biotechnol. 29, 343–351.

Shafiei, F., F. Monticone, F., Le, K.Q., Liu, X.-X., Hartsfield, T., Alù, A., Li, X.A., 2013. A
subwavelength plasmonic metamolecule exhibiting magnetics-based optical
fano resonances. Nat. Nanotechnol. 8, 95–99.

Tanabe, K., 2008. Field enhancement around metal nanoparticles and nanoshells: a
systematic investigation. J. Phys. Chem. C. 112, 15721–15728.

Townsend, P.D., Chandler, P.J., Zhang, L., 2006. Optical Effects of Ion Implantation.
Cambridge University Press, Cambridge.

http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref1
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref1
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref1
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref1
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref1
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref1
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref2
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref2
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref2
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref3
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref3
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref3
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref4
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref4
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref5
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref5
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref5
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref6
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref6
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref6
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref6
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref6
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref7
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref7
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref7
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref7
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref8
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref8
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref8
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref8
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref9
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref9
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref9
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref9
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref10
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref10
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref10
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref10
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref10
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref10
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref11
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref11
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref11
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref12
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref12
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref12
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref13
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref13
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref14
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref14
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref14
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref14
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref15
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref15
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref15
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref16
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref16
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref16
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref17
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref17
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref17
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref18
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref18
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref19
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref19
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref19
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref19
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref19
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref20
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref20
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref20
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref20
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref21
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref21
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref21
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref22
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref22
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref22
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref23
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref23
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref23
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref23
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref24
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref24
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref24
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref24
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref25
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref25
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref25
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref26
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref26
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref26
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref27
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref27
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref27
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref27
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref28
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref28
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref28
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref29
http://refhub.elsevier.com/S0969-8043(16)30260-3/sbref29

	Broadband luminescence of Cu nanoparticles fabricated in SiO2 by ion implantation
	Introduction
	Experiment section
	Results and discussion
	Results of random assembly of non-interacting particles
	Results of cluster of closely-packed nanoparticles

	Conclusion
	References




