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: methods under thermal annealing in an open environment and studied variation in their size on tunable

plasmonic behaviour, optical absorption spectra and photoluminescence (PL). A blue shift from 570
to 560 nm was observed in localized surface plasmon resonance (SPR) of Cu NPs from 550 to 650°C. A
mutual relation between size and surface plasmon resonance with full width half maxima (FWHM) has
been derived for plasmonic properties at variable temperatures. Structural investigations of embedded
Cu NPs have been confirmed by using HRTEM and EDX. Grazing incidence X-ray diffraction (GIXRD)
had identified a crystalline nature of Cu NPs under annealed conditions. XPS, Raman and secondary
ion mass spectroscopies (SIMS) have identified an embedding behaviour of Cu NPs in glass matrix.
Plasmonic and thermodynamic properties of embedded Cu NPs have explained their in situ thermal
growth mechanism for efficient distribution where enthalpy (AH), entropy (AS) and Gibbs free energy
(AG) have interpreted their temperature driven Cu NPs growth. An interdependence of AH, AS and AG
has been developed vis-a-vis activation energy on an extent of 12.54 J/mol.

For last few decades, the field of plasmonics has become a thrust area of research for developing the concepts
and applications through the interactions of electromagnetic with free electrons of metal nanostructures'.
Plasmon-based Cu, Ag and Au noble metallic structures have gained tremendous scientific interest due to their
tunable plasmonic and catalytic properties at nanoscale for not only efficient process but also a quality of nanoma-
terials*. Their nanostructures are substantially used in fields of optoelectronics, nanophotonics, biotechnology
and others due to their unique and unusual physicochemical and functionalities® . In plasmonic metals, nanosize
Cu clusters embedded in dielectric matrix have attracted great attention because of their tunable longitudinal
SPR activities due to collective motions of conduction band electrons when are induced by electromagnetic radi-
ations'®!!, Such optically sensitive localized resonance frequency significantly used for photovoltaic applications
when it falls in a visible or infrared region. The coupled electromagnetic frequency of metallic NPs could open
a new insight for advanced cancer cell treatment, biomolecule sensing and solar cell applications. Thereby, the
resonance frequency of metallic NPs could be tuned by selecting their compositions, dielectric medium, and
interparticle distances of dispersed nanoparticles'>!*. In particular, a transparent silicate glass embedded with
nanoscopic Cu metal is the best choice because of its ultra large third orders nonlinear susceptibility and ultrafast
effect'*!>. Therefore, soda-lime glass matrices have been used as a host material due to its mechanical strength,
higher transparency and easy processing to grow Cu NPs. As per our intense literature survey, the limited studies
are reported to materialize such concepts and study gaps create a need to enhance the database of such materials
with several metals in varieties of matrices. Recently, many approaches are addressed to grow the metallic nan-
oparticles inside the host matrix like ion implantation, melt-quench techniques, low energy ion-beam mixing,
and physical vapour deposition for targeted and specified functions'®!”. A critical review of the reported methods
used for synthesis had revealed few demerits of using larger amounts and duration but an ion-exchange method
which we have adopted needs a less concentration with shorter ion-exchange duration. The arrays of metallic
NPs could be oriented under thermal or irradiation treatment for producing a fine size distribution of nanosize
particles inside the soda-lime glass matrix. Thereby, the thermal annealing was preferred with a higher precision
and better control over a particle size, which is advantageous over other methods used for the purpose.
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Figure 1. UV-Vis spectra of ion-exchanged and annealed Cu embedded glass materials.
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Figure 2. (a) FWHM and size w.r.t. temperature. (b) Annealing temperature w.r.t. SPR peak intensity.

Further, we have proposed a temperature induced dissociation, ionization, and redox reactions systemati-
cally for growing Cu NPs on a soda-lime glassy matrix mixing 0.5% of CuSO, with 95.5% of Na,SO,. The Cu ion
exchange has been made at 580 °C within a short a duration as compared to the reported work'8. The chosen
ratio of CuSO, and Na,SO, has adequately reduced the Cu* to Cu® under thermal conditions. The Cu particles
are structurally oriented as NPs under uniform annealing up to 650 °C for 1h inside the dielectric matrix. The
objectives of our work have been to study the tunable plasmonic behaviour with thermodynamics of Cu-doped
soda-lime glass from 550 to 560 °C. The structural, optical, and thermodynamic properties of as-grown Cu NPs
have been investigated and explained with a mutual relevance. Moreover, the thermodynamics has revealed the
significant information about the physicochemistry by considering AH, AS and AG'*'®. Hence an annealing
temperature and time both play a key role for growing a material under controlled morphology with surrounded
medium where both the chemical and physical interactions of components regulate the nucleation and particle
growth with lattice orientations by mass and heat-transfer activities?*!.

Results and Discussion

UV-Vis spectroscopy analysis. Figure 1 shows UV-Visible absorption spectra for pristine and thermally
annealed Cu-doped glass samples from 550 to 650 °C for 1 h. The pure glass slide was used as a reference during
UV-Vis spectra measurements which nullified the substrate properties. A broader (low intensified) SPR peak is
occurred at 570 nm and inferred that the few Cu NPs were formed of <1 nm after a 5min ion-exchange at 580°C
(Fig. 1)**?. The Cu particles exist in Cu?* and Cu™ states inside a glass matrix where the Cu™ does not respond
to visible spectra for UV-Vis measurement while the Cu** shows an optical response?*. After an annealing oper-
ation, an absorption band was observed at 566-660 nm w.r.t. 550, 600 and 650 °C due LSPR band of Cu NPs
inside the glass matrix. As a result, a blue shift of 10nm of the LSPR band from 560-570 nm is observed with on
increasing particle sizes, which lowers the FWHM values from 550-650 °C (Fig. 2a,b). In the optical absorption
spectra, LSPR peak intensity is increased on increasing annealing temperature which is attributed to a temper-
ature induced Cu NPs growth inside a glass matrix as Cu?*/Cu’ — Cu’. In this process, the glass acted as a host
material and had provided required electrons to reduce the Cu ions into neutral Cu atoms. Therefore a tempera-
ture driven mechanism was developed for a reduction process and the source of electrons are discussed in mech-
anism. At a higher temperature, the electrons are captured from silicate species of the glass to reduce the Cu™ to
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550 1 566 0.14 14.5
580 1 570 0.13 16.5
600 1 563 0.13 16.5
650 1 560 0.12 17.3

Table 1. SPR, FWHM, size values at temperatures from 550 to 650°C at 1 h.
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Figure 3. PL spectra of Cu ion-exchanged glass and annealed samples at various temperatures.

Cu”. Therefore, the more Cu* ions were reduced into neutral Cu® atoms which infer higher volume fraction of Cu
NPs in glass matrix*>?. The size, SPR and FWHM are calculated for pristine and annealed samples to investigate
thermal effect on size of Cu NPs, values are given in Table 1.

In Table 1, on increasing temperature, Cu NPs increase in size which infers a larger partitioning to favour a
more clusterification that is why the FWHM energy change is slightly decreased on increasing Cu NPs size. Thus,
the Cu NPs homogenise at 650 °C where the FWHM energy is counterbalanced rather than align for electrostatic
lining. Thus a decrease in FWHM supports comparatively a larger distribution at higher temperature in definite
arrays. So on increasing the temperature the SPR decreases at the rate of 10.24, —17.95 and —40.86 nm/Kelvin
because of larger partition of Cu NPs under annealing. The FWHM remained constant from 580 to 600 °C and
within this range the size also remained constant (Table 1). For plasmonic behaviour of Cu embedded NPs, the
size-derived permittivity € (w, R) of the Cu NPs and absorption extinction (K) of Cu NPs affect the processes. The
R <\, and ) is wavelength of light under quasi-static or dipole-dipole approximation®:

ew, 1) = g(w) + igy(w, 1) (1)

The resonance occurs when the ¢,(w) = —2 ¢,,, is fulfilled and in case of SPR, the light field induces a resonant
coherent oscillation of free electrons across metal NPs. Optical coefficient () for Cu NPs surrounded by dielec-
tric medium is expressed as?” -

W sy W) 1
c " [e)(w) + Zem]2 +62(w)2 (2)

where, €, dielectric constant of medium and V is volume fraction of metal particles which is smaller as compared
to an imposed light wavelength (X\) and the €, and ¢, are frequency dependent real and imaginary components
which are expressed by optical constant of their bulk metal®.

Average size of Cu NPs is calculated with equation-

d = 2R = 2HV/AE, , 3)

where d =average size of particle, R=V§/AE, h =PlancK’s constant, V;= Fermi velocity of electron of bulk Cu
(1.57 x 10°m/s), AE,;, is FWHM of SPR band. The data are in a close agreement for a size of metal NPs which is
smaller than a free mean path of electron which is 27 nm at RT for the bulk?. The average particle sizes were cal-
culated by UV-Vis absorption spectra are 14.5, 16.5, 16.5 and 17.3 nm for 550, 580, 600 and 650 °C respectively
(Fig. 2a).

Photoluminescence spectra. Figure 3 shows PL spectra of ion-exchanged (Cu™-Na*) and annealed sam-
ples from 550 to 650 °C for 1 h. It depicts that the larger numbers of the Cu NPs get activated with a higher energy
that had caused a blue shift at 497 nm at 650 °C contrary to the 550 nm at 600 °C under the selected visible ranges
(400-600nm). Also the PL given in Fig. 4 infers the similar trends of spectroscopic energy holding ability of Cu
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Figure 4. CIE diagram for pristine and annealed samples at various temperatures.

NPs at higher temperature which distinguishes a role of kinetic energy at variable \,. PL emission depends on
a nature of glass matrix™® as a dielectric medium which facilitates Cu ions embedding inside dielectric materi-
als. Similar to SPR and Cu NPs sizes (Table 1) and activation of larger numbers of Cu NPs with higher energy,
the results of PL support a working mechanism of Cu NPs at higher temperature. Luminescence properties are
analyzed for pristine and samples at 325 nm excitation wavelength and the CIE (Commission International de
PEclairage) chromaticity plot shown in Fig. 4. The CIE identifies the colours by a luminance parameter and
colour coordination x and y direction to specify the point at chromaticity diagram. The CIE diagram focuses an
opacity order like blue or red shifts by measuring colour based spectral power distribution (SPD) of emitted light
from sample. Correlated Colour Temperature (CCT) to x, y coordinates is integrated over a product of CIE 1931
2 degree X functions and PlancK’s law energy distribution. A use of CIE software facilitates a matching of blue
shifts effect with the UV-Vis data (Fig. 1). PL data were fitted by CIE and plotted which give a clear sign about
blue shift from pristine to annealed samples in their optical behaviour based on nature, alignment and size of cu
NPs. Emission spectra of Cu embedded NPs were converted to CIE chromaticity using the PL data, and pristine
sample tends towards a yellow region but the Cu NPs shows a blue shift which is also exhibited in UV-Vis spectra.
CIE data for embedded Cu nanostructures infer multicolour emissions at 325nm in visible zone at a single wave-
length light. Thereby the optically sensitive properties could also be used in fields of optoelectronic, bioimaging,
and light emitting diodes applications. The CIE diagrams through the changes in optical intensities have reflected
a variation in size from 550-650 °C.

GIXRD profile of Cu embedded soda-lime glass2. Figure 5 shows the GIXRD graph of as exchanged
(pristine) and annealed sample at 600 and 650 °C where the GIXRD analysis enabled to understand the temper-
ature induced effects on Cu nanocrystal formation inside glass matrix. Figure 5a illustrates the GIXRD pattern
for pristine sample which indicate weakly intense peaks corresponding to Cu® (002), Cu,O (111), Cu® (022) and
Cu (220) located at 35.7, 38.8, 66.2 and 68.4° 20 positions respectively®!. Pristine sample does not show any
signals for pure Cu crystals except the baglike amorphous peaks. This may be due to a situation where no Cu
crystals could have been formed during an ion-exchange or the crystals which had been formed in a very small
size causing a broad diffraction peaks. The thermally annealed sample exhibited the Cu,O (111), Cu (111), Cu
(200), and Cu (220) phase structures at 36.5, 43.2, 55.8, and 74.2° 20 positions of respectively (Fig. 5b,c)!**!. The
diffraction planes with (111), (200) and (220) closely agree with the standard card JCPDS No.04-0836, which
had confirmed the Cu nanocrystals formation. Here the sharpened peak shows a better crystallinity of the grown
Cu nanocrystals inside glass matrix. Thus the oxide (Cu,0/Cu?) species occurred due to bonding with intrinsic
oxygen of SiO, matrix under an open environment. But the annealed samples at 600 °C and 650 °C show the
higher intense peaks for pure Cu NPs which indicate the higher population of Cu atoms under higher annealed
temperature. The GIXRD results are correlated with XPS data which support a Cu NPs growth in the glass matrix
at higher temperature.

Raman spectra analysis. Figure 6 shows Raman spectra of pristine and annealed Cu NPs samples from
550 to 650 °C where a green laser with 532 nm excitation wavelength was used for Raman analysis. Raman peak

SCIENTIFICREPORTS | (2018) 8:3006 | DOI:10.1038/s41598-018-20478-y 4



www.nature.com/scientificreports/

2500 F Cu,0 —0
[ —t
Cu —
cioqin Cu cwo
2000 (200) 022) (220)
? Cu O
1500 | 2
< (b) a5 cu Cu
> (200) (220)
2 1000 .
2
=
500 |-V
L L L L L
20 30 40 50 60 70

2 Theta (Degree)

Figure 5. GIXRD pattern of Cu embedded glass samples; (a) pristine; (b) 600 °C; and (c) 650°C.
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Figure 6. Raman spectra of (a) Cu pristine and annealed samples. (b) Microscopic images of Cu embedded
glass surface.

located at 625 cm ™! infers Cu NPs formation. The Raman spectra attribute Cu diffusion in soda-lime glass matrix
on a thermally annealed condition. The Raman microscopic images are shown for pristine and annealed samples
in Fig. 6b. In the Raman spectra, the pristine peak shows a higher intensity as the larger concentration of Cu ions
occurs on glassy surface at 580 °C. In case of an annealed Cu samples, Raman spectra show a lower intense peak
sequentially which may be due to a diffusion of Cu atoms in the glass matrix under higher temperature (Fig. 6a).
These results indicate an exchange of larger number of Cu ions and embedded in the glass under temperature
driven process. Raman spectra have supported larger Cu atoms diffusion into glass matrix with a higher kinetic
rate on increasing temperature. A larger difference in peak intensity is appeared between pristine and Cu samples
at 600 and 650 °C on account of Cu atoms diffusion following variable particles size distributions in the glass
matrix. Surface accumulated Cu atoms are diffused towards relax stress (due to a difference between ionic radii
of Cu™/Cu?" and Na™) and balance a minimum energy*. The Cu®* ions show a strong peak at 495 cm™" which
is associated with a shoulder at 575cm™!, while a signature of the host matrix is appeared at ~1015cm™". The
peak ~21000-1100 cm™! is assigned to Si-O stretching vibration of silicate chains of the glass content®>*. The
peaks at 580-630 and 1080 cm ™! indicate to the Cu® embedded while the Cu*™ has produced the peaks at 490
and 1015cm™". This study helps to explain the embedding activities of Cu inside glass matrix under influence of
temperature as the intensity changes sequentially in Raman spectra.

Structural and crystallinity confirmation. Transmission electron micrographs were taken to investigate
the shape and size of embedded Cu NPs at higher temperature. Figure 7a shows spherical shape of Cu NPs at
650 °C with an average size of 16.6 nm (Fig. 7b). A higher resolution TEM image and selected area electron dif-
fraction (SAED) patterns were fitted with the crystallographic planes and crystalline nature of Cu NPs at 650 °C.
The spherical Cu NPs of (111) and (200), (220) crystallographic planes are observed in diffraction patterns
(Fig. 7d). The standard of crystal lattice with 2.09 A d-spacing (PDF no. 04-0836, 0.209 nm) shows an agreement
of (111) plane of Cu NPs’!* (Fig. 7c). The obtained crystallographic planes are correlated with GIXRD results
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Figure 7. HRTEM image: (a) TEM image of Cu NPs at 650 °C. (b) Particle size distribution curve. (c¢) High
resolution TEM images of Cu NPs. (d) SAED patterns.

which support Cu NPs growth at higher temperature. An average calculated Cu NPs size of 16.5nm is a close
agreement with UV-Vis spectroscopy (14.5, 16.5, 16.5 and 17.3 nm for 550, 580, 600 and 650 °C respectively)
results. Figure 8 shows an elemental composition of Cu with some other extra peaks of Si and O which were
sourced from glass matrix. The image mapping explains a presence of individual elements as the constituents.
EDX spectra show an atomic percentage of elements with their K, L series respectively where a presence of Cu
atoms is 1.76 atomic %.

XPS Analysis. XPS spectra identify an oxidation state of Cu embedded glass at 650 °C (Fig. 9). XPS measure-
ments were taken using Omicron nanotechnology model with monochromatic Mg-Ka radiations (1253.6eV)
generated applying 15KV electron impact on Mg anode. The pass energy was fixed at 20 eV to show a batter
resolution of 0.5 eV. In the measurement, the Cu binding energy was calibrated with respect to the binding energy
of C 15 (284.6eV). Figure 9a shows XPS full survey scan for the Cu embedded glass where the glass component
appears with Cu signals. Figure 9b shows a high resolution X-ray photoelectron spectrum of Cu 2p for Cu dif-
fused glass matrix with two peaks which correspond to Cu 2p3/2 and Cu 2p1/2. The 936.67 ¢V (2p3/2) and 956.65
(2p1/2), binding energy are obtained for Cu NPs*. The zero oxidation state binding energy is located at 936.67 eV
(2p3/2) and 956.55 eV (2p1/2) for Cu in the spectra®. One more extra weak peak is appeared at 941.91 between
two strong peaks may be due to a presence of Cu,O or Cu’ phase in glass matrix®’. The sample may also have the
Cu?" state along with Cu neutral atoms which shows a miner peak in between Cu 2p3/2 and Cu 2p1/2 two major
peaks. The data closely match with GIXRD for the Cu NPs formation with the presence of oxide species at higher
temperature. The Cls and Ols as extra elements are appeared (Fig. 9¢,d) because of the surrounding medium of
the matrix or could be due to an environment of vacuum chamber of the instrument. These results are supported
by SIMS data which show a presence of Cu,O and Cu® both with a weakly intensified peak as compared to higher
intense Cu NPs. The XPS and SIMS both results have confirmed a presence of neutral Cu atoms inside glass
matrix.

Atomic Force Microscopy. AFM images explain a topographical view of Cu embedded glass materials
(Fig. 10). Pristine sample shows the larger numbers of Cu particles on surface due to a presence of Cu ions along
with Al, Si, Fe and Mg alkali metals. The glass contents like silicates and other alkali metals show the sharper
3D peaks on surface as the sample is exchanged at 580 °C (Fig. 10a). In the annealed samples, the Cu atoms are
occurred on glassy surface because of in situ thermal growth from 550 to 650 °C (Fig. 10b-d). The Cu particles
are transported towards the relaxed surface on annealing at separate temperatures. The Cu NPs are diffused in

SCIENTIFICREPORTS | (2018) 8:3006 | DOI:10.1038/s41598-018-20478-y 6



www.nature.com/scientificreports/

1 2 3 4 S & 1 8 % w0 m
Ful Scale 1008 cts Qursor. €743 (8 cts)

S. No. Element Atomic (%)
1 OK 67.15
2 SiK 31.09
3 Cul 1.76
4 Totals 100 %

Figure 8. EDX spectra of Cu embedded glass sample annealed at 650 °C.
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Figure 9. XPS spectra of Cu nanoparticle embedded glass: (a) XPS full spectrum and (b) Cu 2p high-resolution
XPS spectrum (c) C 1s spectrum and (d) O 1s XPS peak.

variable sizes and reorientation under a higher kinetic energy at higher temperature. The AFM images indicate
the pattern and arrangements of Cu NPs on outer surfaces of glass which reflect 3D pattern of Cu atomic orienta-
tions®. The mean size of Cu NPs increases due to a thermally enhanced diffusion of Cu atoms which contribute
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Figure 10. AFM 3D view of pristine and annealed sample, (a) pristine (580 °C), (b) 550 °C (c) 600 and (d)
650°C.

to a growth of larger particles. Hence an increase in size after annealing tends to interdiffuse and change a surface
morphology of the Cu embedded glass materials.

Secondary lon Mass Spectroscopy (SIMS) analysis.  To investigate embedding nature of Cu NPs, SIMS
analysis is performed in which copper and alkali ion concentration profiles are obtained for annealed samples
(Fig. 11). We have used 5keV for O2 as a primary beam at FG-300 emission voltage with a normal-incidence
electron gun to compensate the charge that builds up for analysis. The SIMS analysis infers a presence of pure
Cu with other alkali metals with a significant difference between the Cu,0 and Cu® with pure Cu. The spectra
of the Cu show the sharply intense peaks as compared to Cu,O/Cu® which confirms a higher concentration of
pure Cu at higher temperature while the weakly intense peaks indicate a lower concentration of oxide species.
The intensified peak of the Cu considered as larger population of neutral atoms over the ionic Cu,0/Cu’ in the
glass matrix (Fig. 11a-d). These results agree with the XPS and the GIXRD results support Cu NPs formation
with ascending temperature. Since, the Cu™ species are comparably highly polarized and mobile than the Cu®*
and both the species respond in SIMS spectra with Cu atoms. The linear spectra for the pure Cu NPs indicate
a uniform embedding nature of Cu particles inside the glass matrix from 600 to 650 °C. Both the diffusion and
accumulation of Cu depend on dialectic medium and even coordination length of Cu-O with different geometric
sites. Hence the Cu-O shows a shorter bond length than the measured Na-O separation inside glass matrix and
the Cu atoms follows a Gaussian-like penetration profile for alocal rearrangement in glass matrix'®*. Thereby the
Cu atoms which are diffused at variable size are displaced on higher thermal condition (Fig. 11).

In-situ temperature driven mechanism for Cu NPs.  During an ion exchange process, the Cut/Cu?* ions
which are incorporated into host matrix by substituting Na* at 580 °C owing the Cu reduction by capturing required
electrons from glass matrix especially from silicate species*’ (Fig. 12). The population of Cu NPs depends upon a
fractional volume of Cu™/Cu®" ions which require sufficient electrons for redox reaction in a growth mechanism.
In our proposed mechanism the required electrons are captured from glass containing intrinsic oxygen atoms. A
thermal reduction of Cu ions into Cu neutral particles is explained by an temperature driven growth mechanism
where the available electrons have reduced the Cu ions to Cu metals. The Cu neutral atoms are formed under a
higher temperature treatment but the Cu could oxidize during an annealing as the process is performed in an open
air atmosphere. In the redox process, the Cu*/Cu*" ions are reduced into Cu® by following ionization, reduction
and oxidation reactions systematically under a thermal treatment. The Cu atoms with a higher kinetic energy diftuse
on glass surfaces at higher temperature because of a thermal relaxation of surface tensile stress as per their surface
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Figure 11. SIMS profiles for copper-alkali ion exchange at variable temperatures. (a) Pristine (580 °C), (b)
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energy. The Cu® accumulation with a relaxation produces the Cu NPs on glassy surfaces after cooling at RT for
5-6h. Such spatial Cu NPs arrangement vis-a-vis thermal reduction induces thermodynamic changes. Thus, we have
investigated the thermodynamics, AH, AS and AG of metallic nanomaterials under thermal process (Table 2). The
temperature driven mechanism for the Cu NPs growth illustrated below in the following equations.

A 580°C

Na,SiO; 2Na” +Si0%, -o-slil-o-

O (4)
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923.15 0.00108 0.6 —0.2218 —7.6625 3.9213 —0.0125
873.15 0.00114 0.49 —0.3098 —7.2468 5.1794 —0.0142
823.15 0.00121 0.38 —0.4202 123438 —6.8311 6.6230 —0.0163
853.15 0.00117 0.16 —0.7959 —7.0805 13.0010 —0.0235

Table 2. The AH, AS and AG values for pristine and annealed samples.

1T (K)

-0.1800 r r r r \
0.00107  0.0011 0.00113 0.00116 0.00119 0.00122
0.2300 |

_.-0.2800 |
=

= 03300 |
w

=

< 03800 }
y=-1509x+ 1.4147
-0.4300 | R*=0.999

-0.4800 *“

Figure 13. Activation energy of Cu embedded glass sample at variable temperature.

¥ e .
‘0 -Si-O Si0; + O —» Ionization
|| [ X ]
(5)
200 — O,+e  — Oxidation (6)
A580°
CuSO, 230 Cu'/Cu’t  — Dissociation 7)
Cut/Cu*" —° . c® - Reduction

A650°C (8)

Thermodynamic studies for structured Cu NPs in glass matrix. At alow temperature the Cu*/Cu?*
ions require a sufficient energy to overcome a static potential barrier which could be a bonding energy of the
Cu-O following a reduction of Cu™/Cu?" to Cu’ within the matrix. Thus the required energy is noted as activation
energy (E,) which plays a key role for a thermal growth and reorientation of Cu NPs. Thus, we have investigated
the activation energy with AH, AS and AG values for both the pristine and annealed processes (Table 2).

Both the diffusion and accumulation of Cu atoms are increased at a higher temperature which could have
caused a change in optical properties by light scattering and absorbance of diffused Cu atoms*!. Therefore, the
UV-Vis absorbance is used to detect changes in form of an optical density at specific wavelength. Thereby, the
optical density or absorbance is used as the authentic data to calculate the activation energy along with other
thermodynamic properties. Activation energy is calculated using Arrhenius equation on increasing temperature
(Supplementary Fig. S2) which is fitted as-

Ea Ea 1
s03R O 1o8ebs) = logA = R )
where, abs = absorbance, T = Temperature (Kelvin), R = Gas constant (8.314J/mol/k), A = frequency factor,
E,=activation energy (J/mol). The log (abs) vs 1/T plot of Arrhenius equation is a straight line with (—E,/R)
slope. It depicts the Cu’ diffusion on glass matrix is as a 1% order process (Fig. 13). Reduction from Cu*/Cu?*
to Cu® with a consequent diffusion of Cu® atoms towards a surface depends on an activation energy which is
required for breaking the Cu-O bonds during heating. So the advanced thermodynamic treatment is applied in
our study. The Cu? is featured by an optical absorbance and so absorption is noted as an authentic experimental
variable for calculating the E,. This E, calculates the AH for pristine and annealed process given as under-

log(abs) = logA — 5

log(abs) = E, — nR (10)

Temperature effects on pristine and annealed samples are studied, the absorbance vs temperature relation
furnishes information about kinetic rate for Cu® clustering. For Cu NPs growth under thermal conditions, the
AG and AS are calculated using equations (Fig. S2) given as-
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Figure 14. Thermodynamic values (KJ/m) for Cu embedded glass samples. (a) AH Vs T, (b) AS Vs T and (c)
AGVsT (K).

Ea — RT + 2.303RTlog(abs)
T 630

Entropy(AS) =

Equation is modified as under-

[Ea]
AS = —— — R[1 — 2.303log(abs
= [ g(abs) (12)
Since the UV-Vis absorbance has inferred the activities of absorbance data transformation from Cu*/Cu?* — Cu®,
therefore it is used as a variable in equation for calculating AG which is given as—

AG = —2.303RTlog(abs) (13)

where, symbols are usual for Cu NPs growth under an applied thermal treatment at adequate E, and AG both.
Thermodynamic parameters infer the thermally induced Cu NPs growth.

The AH from —6.8311to —7.6625KJ/mol depicts Cu growth and nucleation processes for annealed samples.
AH from 823.15 to 923.15K becomes a endothermic may be due to the higher energy involvment for bond
breaking phenomenon of Cu’/Cu,O species inside the glass matrix. The AS values from —0.0235 to —0.0125k]/m
depict a favourable entropic change with increased Cu® diffused and its reorientation in the glass matrix. Both, the
AH and AS values show a most optimized energy with a mutual relationship of enthalpy-entropy compensation
phenomenon with an inverse trend of their values (Fig. 14a,b). Such trends depict causing either the higher AH
absorption or a release and in both the cases, the AS increases and decreases accordingly. The AG values from
13.0010 to 3.9213 923.15 for 853.15 to 923.15 K indicate a spontaneous process for the reduction and diffusion of
Cu atoms (Table 2). On increasing positive AH values with similar decrease in AG values reflect a coercive ther-
modynamic energy exchange from 580-650°C (Fig. 14a,c). Thereby the thermodynamic relationship elucidates
a need of kinetic energy required for transforming Cu*/Cu*" to Cu® and accumulating the Cu atoms towards
glassy surface for developing optimized arrays*>**. Thus their mutual relationship depicts a partitioning of Cu
NPs homogeneous distribution in glass matrix.

Thermodynamic synergy among AG, AH and AS. A mutual relation among AG, AH and AS
reveals thermal growth of Cu atoms with respect to temperatures in glass matrix. The AS and AH both have
shown a reverse trend with respect to AG. On increasing the AH, the ASis increased due to a required thermal
energy transformation during the bond breaking and making processes of Cu-O and Cu-Cu atoms, respectively.
The AH, AS and AG mutually explain the stability and effective distribution of Cu NPs with their spontaneity
behaviour (Fig. 15). The AH values revealed the reduction process of reduced Cu atoms through a redox while AS
helps to understand the Cu NPs reorientation mechanism which was reported in our previous work**. These two
thermodynamic parameters collectively have inferred thermal growth and accumulation behaviour which utilize
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Figure 15. Kinetic model for enthalpy, entropy and Gibbs energy for pristine and annealed Cu embedded glass
samples.

almost all the energy in a process to balance a minimum energy. Spontaneity of any chemical reaction could be
represented by AG values® and thus, we have explained a dependence of AG in favour of Cu NPs formation
within dielectric matrix. During the growth and nucleation of Cu atoms, a decrease in AG value is observed with
an increase in annealing temperatures. This may be materialized due to other thermodynamic parameters which
followed reverse manner with AG and at a higher temperature the Cu atoms tend to self-accumulate with a higher
kinetic energy. The critical point of thermodynamic synergy is that the AG, AH and AS data are dependent and
interdependent to each other as per chemical process for Cu reduction and growth. In our studies, trend and
magnitude of AH, AS and AG model have been developed for nucleation and growth of the Cu® under a thermal
process from 550-650°C.

Conclusion

The Cu NPs were grown and nucleated in a glass matrix by an ion exchange process followed by a thermal anneal-
ing from 550-650°C. The Cu ions are reduced into neutral copper atoms (Cu’) and subsequently the Cu’ atoms
were diffused towards the surface under thermal treatments. The SPR behavior with different sizes of the Cu NPs
is determined and explained using UV-Vis measurements at various temperatures. Raman and SIMS spectra
have shown clear evidence in favour of Cu NPs growth and diffusion on glass matrix interface under temperature
induced process. HRTEM images have confirmed the spherical Cu NPs (d,;; =0.20 nm) with 16.5nm average
particle size at 650 °C which is consistent with Mie theory based results. GIXRD result has revealed that the
pure and oxide phase of Cu NPs at various temperatures similar to the XPS results. XPS spectrum has con-
firmed the oxidation state of Cu’ atoms which is shown a presence of Cu element in the glass matrix at 650 °C.
Thermodynamic studies are explained for a thermally induced growth mechanism of Cu NPs inside glass matrix
where activation energy of 12.54 KJ/mol is calculated. The entropy, enthalpy and Gibbs energy for the thermal
annealed samples were studied which give a systematic information for nucleation and growth of Cu® neutral
atoms w.r.t. annealed temperatures. The thermodynamic synergy explained the growth and reorientation of Cu
NPs inside the glass matrix. This fundamental study could be significant to understand a temperature driven
growth mechanism with optical response for embedded metallic nanostructures for optoelectronic uses.

Experimental Section

Chemicals and materials. Chemical reagents CuSO, (99.0%) and NaSO, (99.0%) metal salts were procured
from sigma Aldrich. Commercial soda-lime glass with weight % of 72.0% SiO,, 14.0% Na,O0, 0.6% K,0, 7.1%
Ca0, 4.0% MgO, 1.9% Al,O;, 0.1% Fe, 05, and 0.3% SO;) compositions with 1 mm thickness (Blue Star Company,
India) were used as a host matrix.

Temperature driven Cu*/Cu?* ion exchanged process. The Cu embedded glass material was prepared
by an ion exchange method on thermal annealing from 550-650°C in an air atmosphere for 1h. For Cu embed-
ding, the soda-lime glass was chosen as a dielectric host matrix for Cu NPs growth. Initially, the glass slides were
poured in formic acid for 15 min for removing impurities from slide surfaces. Later, poured glass slides were
cleaned with distilled water, acetone and trichloroethylene by ultrasonication (20 KHz) for 15 min for ultra pure
surfaces. Now, the 0.5% CuSO, and 95.5% NaSO, homogeneous mixture was prepared by molten piston grind-
ing. The glass slide pieces were kept into Alumina boat (AL,O; > 99%) and filled with grinded CuSO, and Na,SO,
homogeneous mixture. Further, the alumina boat was transferred into the tubular furnace for the Cu and Na ion
exchange inside a glass slide at 580 °C for 5 min. During 5 min duration, the Cu™ ions diffused into glass matrix to
replace Na* ions (Fig. 16a). After ionic in situ diffusion as ion-exchanged samples were cooled at RT followed by
cleaning with distilled water and acetone for removing unused CuSO, from glass surface. Ion-exchange process
followed by annealing upto 650 °C.

Ion-exchanged (pristine) samples initially were faint yellow or colourless and this optical behaviour observed
due to the in situ Cu*/Na* diffusion with different sizes, mechanical stress and change in electrical polarization

SCIENTIFICREPORTS | (2018) 8:3006 | DOI:10.1038/s41598-018-20478-y 12



www.nature.com/scientificreports/

Molter piston
Cuy*+ CQu'—Na‘on Na*
change

loa-exchange orocess Homogencus grinded mixture
Pristine 550 °C 600 °C 650 °C

Opacity order >

Figure 16. Ion-exchange process for embedding Cu NPs inside glass matrix. (a) An ion-exchange process
followed by thermal annealing upto 650 °C. (b) Optical response for the pristine and annealed samples.

of diffused ions in glass (Fig. 16b). Further, the cleaned pristine samples were annealed from 550 °C to 650 °C for
1h. At lower temperature, the few Cu ions were formed by Cu-O bond breaking and the ions required energy for
moving towards a more relaxed surface. Thus, on increasing temperature larger Cu segregation and diftusion were
occurred on glassy surfaces which was understood by the differences in the sizes of Cu™ and Na 44647,

Characterization of Cu® embedded glass materials. Growth of Cu® inside glass matrix was optimized
by thermal annealing from 550 to 650 °C using tubular furnace. Plasmonic properties were studied by dual beam
UV-Visible spectroscopy (spectro 2060 plus) under a range of 200-800 nm wavelength and pure soda-lime glass
was used as a blank sample for UV-Vis measurements. The PL measurements were carried out by Fluoromax
photoluminescence spectrometer at 325 nm exciting wavelength for all the samples. The shape and size of Cu®
NPs were studied with HRTEM (JEOL TEM 2100) operated at 200kV. For sample preparation, the Cu embedded
glass sample was crushed via mortar and pestle for forming a fine powder and then few milligrams of the powder
were dispersed in ethanol on ultrasonication for 30 min. Few drops of upper suspension was placed on carbon
copper coated grid with 200-mesh for analysis. Near field Scanning Optical Microscope with Raman spectrom-
eter, Witec, Germany was done using for both the pristine and annealed samples. GIXRD (3kW X-ray generator
with Cu and Mo targets) was used to confirm a crystallinity of Cu NPs with their oxide phases in glass matrix.
XPS measurements were performed using an Omicron Nanotechnology ESCA plus (electron spectroscopy for
chemical analysis) with UHV twin anode Al K, radiation 1486.6 eV, generated by 15kV electron effect on Al
anode. 20 eV pass energy was applied for 0.5 eV resolutions during photoelectron scanning. SIMS technique
(HIDEN ANALYTICAL) was used for the deft profile of embedded nanoparticles inside glass matrix by applying
5KeV energy at FG-300 emission voltage.

References
1. Halas, N. J. Plasmonics: an emerging field fostered by Nano Letters. Nano Lett. 10, 3816-3822 (2010).
2. Ditlbacher, H., Krenn, J. R., Lamprecht, B., Leitner, A. & Aussenegg, E R. Spectrally coded optical data storage by metal
nanoparticles. Opt. Lett. 25, 563-565 (2000).
3. You, G.]J. et al. Ultrafast studies on the energy relaxation dynamics and the concentration dependence in Ag: Bi2 O3 nanocomposite
films. Chem. Phys. Lett. 413, 162-167 (2005).
4. Silva-Pereyra, H. et al. High Stability of the Crystalline Configuration of Au Nanoparticles Embedded in Silica under Ion and
Electron Irradiation. A. J. Nanopart. Res. 12, 1787-1795 (2010).
. Knight, M. W,, Sobhani, H., Nordlander, P. & Halas, N. J. Photodetection with active optical antennas. Science 332, 702-704 (2011).
. Lal, S., Link, S. & Halas, N. J. Nano-optics from sensing to waveguiding. Nat. Photonics 1, 641-648 (2007).
7. Jiang, Z. J., Liu, C. Y. & Sun, L. W. Catalytic Properties of Ag Nanoparticles Supported on Silica Spheres. J. Phys. Chem. B 109,
1730-1735 (2005).
8. Inwati, G. K, Rao, Y. & Singh, M. In Situ Free Radical Growth Mechanism of Platinum Nanoparticles by Microwave Irradiation and
Electrocatalytic Properties. Nanoscale Res. Lett. 11, 458 (2016).
9. Giljohann, D. A. et al. Gold nanoparticles for biology and medicine. Angew. Chem., Int. Ed. 49, 3280-3294 (2010).
10. Xiang, W. et al. Valence State Control and Third-Order Nonlinear Optical Properties of Copper Embedded in Sodium
BorosilicateGlass, ACS Appl. Mater. Interfaces 7, (10162-10168 (2015).
11. Ivan, A. D,, Nikolai, V. N. & Alexander, L. S. Formation of Core—Shell Bimetallic Nanostructures in Alkali Silicate Glasses in the
Course of Silver and Copper Ion Exchange and Thermal Treatment. J. Phys. Chem. C 119, 19344-19349 (2015).

A

SCIENTIFICREPORTS | (2018) 8:3006 | DOI:10.1038/s41598-018-20478-y 13



www.nature.com/scientificreports/

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.
47.

Kelly, K. L., Coronado, E., Zhao, L. L. & Schatz, G. C. The Optical Properties of Metal Nanoparticles: The Influence of Size, Shape,
and Dielectric Environment. J. Phys. Chem. B. 107, 668-677 (2003).

Hou, W. & Cronin, S. B. A Review of Surface Plasmon Resonance-Enhanced Photocatalysis. Adv. Funct. Mater. 23, 1612-1619
(2013).

Olivares, J. et al. Large enhancement of the third-order optical susceptibility in Cu-silica composites produced by low-energy high-
current ion implantation. J. Appl. Phys. 90, 1064-1066 (2001).

Yang, X. C,, Dong, Z. W, Liu, H. X,, Xu, J. X. & Qian, S. X. Effects of thermal treatment on the third-order optical nonlinearity and
ultrafast dynamics of Ag nanoparticles embedded in silicate glasses. Chem. Phys. Lett. 475, 256-259 (2009).

Véron, O., Blondeau, J. P, De Sousa Meneses, D. & Vignolle, C. A. Characterization of silver or copper nanoparticles embedded in
Soda-lime glass after a staining process. Surface & Coatings Technology 227, 48-57 (2013).

Dong, Z.-W. et al. Ultrafast dynamics of copper nanoparticles embedded in soda-lime silicate glass fabricated by ion exchange. Thin
Solid Films 517, 6046-6049 (2009).

Borsella, E., Vecchio, A. D., Garcia, M. A., Sada, C. & Gonella, E. Copper doping of silicate glasses by the ion-exchange technique: A
photoluminescence spectroscopy study. J. Appl. Phys. 91, 90 (2002).

Nanda, K. K, Sahu, S. N. & Benera, S. N. Liquid-drop model for the size-dependent melting of low-dimensional systems. Phys. ReV.
A 66,013-208 (2002).

Logvinenko, V., Polunina, O., Mikhailov, Y. & Mikhailov, K. Bokhonov, Study of Thermal Decomposition of Silver Acetate. J. Therm.
Anal. Calorim. 90, 813-816 (2007).

Koga, N., Goshi, Y., Yamada, S. & Pérez-Maqueda, L. A. Kinetic Approach to Partially Overlapped Thermal Decomposition
Processes. Therm. Anal. Calorim. 111, 1463-1474 (2013).

Kumar, P. et al. Plasmonic resonance of Ag nanoclusters diffused in soda-lime glasses. Phys. Chem. Chem. Phys 17, 8596-8603
(2015).

Kreibig, U. and Vollmer, M., editors, Optical Properties of Metal Clusters, Berlin: Springer, 207-234 (1995).

Dhineshbabu, N. R, Rajendran, V., Nithyavathy, N. & Vetumperumal, R. Study of structural and optical properties of cupric oxide
nanoparticles. Appl Nanosci. 6, 933-939 (2016).

Guajardo-Pacheco, M. J., Morales-Sanchez, J. E., Gonzilez-Hernindez, J. & Ruiz, E. Synthesis of copper nanoparticles using soybeans
as a chelant agent. Materials Letters 64, 1361-1364 (2010).

Jiang, Z.]., Liu, C. Y. & Sun, L. W. Catalytic properties of silver nanoparticles supported on silica spheres. J. Phys. Chem. B 109, 1730
(2005).

Hamanaka, Y., Kuwabata, J., Tanahashi, I. & Omi, A. S. Nakamura, Ultrafast electron relaxation via breathing vibration of gold
nanocrystals embedded in a dielectric medium. Phys. Rev. B 63, 104-302 (2001).

Hovel, H,, Fritz, S., Hilger, A. & Kreibig, U. Width of cluster plasmon resonances: bulk dielectric functions and chemical interface
damping. Phys Rev B 48, 181-78 (1993).

De la Parra-Arciniega, S. M., Alvarez-M endez, A., Torres-Gonz alez, L. C. & Sanchez, E. M. Crystallization kinetics of a soda lime
silica glass with TiO, addition. Rev. Mex. Fis. 55, 32-37 (2009).

Tamimura, K,, Sibley, W. A. & DeShazer, L. G. Optical properties of Cu* ions in RbMgF; crystals. Phys. Rev. B 31, 3980 (1985).

J Ryu, H-S Kim and Thomas Hahn, H., Reactive Sintering of Copper Nanoparticles Using Intense Pulsed Light for Printed
Electronics, Journal of Electronic Materials, 40, (2011).

Pérez-Robles, F, Garcia-Rodriguez, F. J., Jimenez-Sandoval, S. & Gonzalez-Hernandez, J. Raman study of copper and iron oxide
particles embedded in an SiO, matrix, J. Raman Spetrosc. 1999; 30: 1099. Chrzanowski J, Irwin J C, Raman scattering from cupric
oxide. Solid State Communication 70, 11-14 (1989).

Irwin, J. C., Wei, T. & Franck;, J. Raman scattering investigation of Cul80. J. Phys. Condens. Matter 3,299 (1991).

Salzemann, C., Urban, J., Lisiecki, I. & Pileni, M. P. Characterization and Growth Process of Copper Nanodisks. Adv. Funct. Mater.
15, 1277 (2005).

Jacob, K, Stolle, A., Ondruschka, B., Jandt, K. D. & Keller, T. F. Cu on Porous Glass: An Easily Recyclable Catalyst for the Microwave-
Assisted Azide-Alkyne Cycloaddition in Water. Appl. Catal. A 451, 94-100 (2013).

Kim, Y. H. et al. Preparation and Characterization of the Antibacterial Cu Nanoparticle Formed on the Surface of Si02
Nanoparticles. J. Phys. Chem. B 110, 24923-24928 (2006).

Akhavan, O. & Ghaderi, E. Copper Oxide Nanoflakes as Highly Sensitive and Fast Response Self-Sterilizing Biosensors. J. Mater.
Chem. 21, 12935-12940 (2011).

Mariela, T. et al. Nanostructured Float-Glasses after Ion-exchange in Melts Containing Silver or Copper lons. International Journal
of Materials and Chemistry 3,29-38 (2013).

Gonella, E, Caccavale, E, Bogomolova, L. D., Acapito, F. D. & Quaranta, A. Experimental study of copper-alkali ion exchange in
glass. J. Appl. Phys. 83,1200 (1998).

Sheng, J., Wu, Y., Yang, X. & Zhang, ]. Formation and optical properties of copper nanoclusters in a silicate glass. Int ] Hydrogen
Energy 34(2), 1123-5 (2009).

Zhang, J. et al. Silver nanocluster formation in soda-lime silicate glass by X-ray irradiation and annealing. ] Crystal Growth 305,
278-784 (2007).

Zhang, J. Sheng, Jiawei., Formation and optical properties of copper nanoclusters in a silicate glass. Int | Hydrogen Energy 34,
3531-3534 (2009).

Araujo, R. Colorless glasses containing ion-exchanged silver. Appl. Opt. 31(25), 5221-5224 (1992).

Inwati, G. K., Rao, Y. & Singh, M. In Situ Growth of Low-Dimensional Silver Nanoclusters with Their Tunable Plasmonic and
Thermodynamic Behavior. ACS Omega 2, 5748-5758 (2017).

Meloun, M. & Feren cikova, Z. Enthalpy-entropy compensation for some drugs dissociation in aqueous solutions Fluid Phase
Equilibria 328, 31-41 (2012).

Weast R.C., and Astle M.]., (eds.), CRC Handbook of Chemistry and Physics, CRC Press, Boca Raton, FL, p. F-216 (1981).

Kistler, S. S. Stresses in Glass Produced by Nonuniform Exchange of Monovalent Ions. J. Am. Ceram. Soc. 45, 59-68 (1962).

Acknowledgements

Authors are thankful to Central University of Gujarat for infrastructural support. RGNF is acknowledged for
SRF awarded (f1-17/2012-13ST-MAD-23445) to Gajendra Kumar Inwati Yashvant Rao. Authors also thank to
Dr. Abhishek Chandra (SCS, CUG) for his contribution to help in thermodynamic simulations. Authors are
thankful to CeNSE IISc Banglore for providing XPS instrumentation facility. Authors are also thankful to Dr.
Mukul Gupta (UGC-DAE-CSR, Indore) for SIMS analysis and Dr. V. Raghavendra Reddy (UGC-DAE-CSR,
Indore) for HRXRD analysis.

Author Contributions
G.I. performed the experimental work, characterizations and interpretation of all data, drafted the
manuscript.Y.R. carried out the experimental studies and characteriztions with data interpratation. M.S.

SCIENTIFICREPORTS | (2018) 8:3006 | DOI:10.1038/s41598-018-20478-y 14



www.nature.com/scientificreports/

carried out the coordination of experimental research, characterizations and interpretation of data, drafted the
manuscript and had given final approval of the version of the manuscript to be published. To publish the work all
authors read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-20478-y.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:3006 | DOI:10.1038/s41598-018-20478-y 15


http://dx.doi.org/10.1038/s41598-018-20478-y
http://creativecommons.org/licenses/by/4.0/

	Thermodynamically induced in Situ and Tunable Cu Plasmonic Behaviour

	Results and Discussion

	UV-Vis spectroscopy analysis. 
	Photoluminescence spectra. 
	GIXRD profile of Cu embedded soda-lime glass2. 
	Raman spectra analysis. 
	Structural and crystallinity confirmation. 
	XPS Analysis. 
	Atomic Force Microscopy. 
	Secondary Ion Mass Spectroscopy (SIMS) analysis. 
	In-situ temperature driven mechanism for Cu NPs. 
	Thermodynamic studies for structured Cu NPs in glass matrix. 
	Thermodynamic synergy among ΔG, ΔH and ΔS. 

	Conclusion

	Experimental Section

	Chemicals and materials. 
	Temperature driven Cu+/Cu2+ ion exchanged process. 
	Characterization of Cu0 embedded glass materials. 

	Acknowledgements

	Figure 1 UV-Vis spectra of ion-exchanged and annealed Cu embedded glass materials.
	Figure 2 (a) FWHM and size w.
	Figure 3 PL spectra of Cu ion-exchanged glass and annealed samples at various temperatures.
	Figure 4 CIE diagram for pristine and annealed samples at various temperatures.
	Figure 5 GIXRD pattern of Cu embedded glass samples (a) pristine (b) 600 °C and (c) 650 оC.
	Figure 6 Raman spectra of (a) Cu pristine and annealed samples.
	Figure 7 HRTEM image: (a) TEM image of Cu NPs at 650 °C.
	Figure 8 EDX spectra of Cu embedded glass sample annealed at 650 °C.
	Figure 9 XPS spectra of Cu nanoparticle embedded glass: (a) XPS full spectrum and (b) Cu 2p high-resolution XPS spectrum (c) C 1s spectrum and (d) O 1s XPS peak.
	Figure 10 AFM 3D view of pristine and annealed sample, (a) pristine (580 оC), (b) 550 оC (c) 600 and (d) 650 оC.
	Figure 11 SIMS profiles for copper–alkali ion exchange at variable temperatures.
	Figure 12 Schematic representation for thermal growth of Cu NPs inside glass matrix.
	Figure 13 Activation energy of Cu embedded glass sample at variable temperature.
	Figure 14 Thermodynamic values (KJ/m) for Cu embedded glass samples.
	Figure 15 Kinetic model for enthalpy, entropy and Gibbs energy for pristine and annealed Cu embedded glass samples.
	Figure 16 Ion-exchange process for embedding Cu NPs inside glass matrix.
	Table 1 SPR, FWHM, size values at temperatures from 550 to 650 °C at 1 h.
	Table 2 The ΔH, ΔS and ΔG values for pristine and annealed samples.




