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ARTICLE INFO ABSTRACT

Keywords: Understanding the surface plasmon resonance (SPR) assisted spectroscopic properties of the glasses via the

SPR incorporation of the bimetallic nanoparticles (NPs) is a prerequisite for the surface-enhanced Raman scattering

Is\langpartides (SERS) applications. The texture, structures, and optical traits of melt-quenched synthesized Er**-doped tellurite
Eizr transfer glasses were modified by incorporating bimetallic TiO»/Al,03 NPs. The as-quenched samples were characterized
Anisogtyropic using diverse techniques, where the X-ray diffraction (XRD) analyses confirmed their amorphous nature. The

surface roughness of the glass was improved from 6.1 nm (TZNETi glass) to 9.3 nm (TZNETiAl0.6 glass). The SPR
bands of the bimetallic TiO2/Al;03 NPs were probed at 554 nm and 827 nm. The photoluminescence (PL) in-
tensity enhancement was evidenced due to the NPs SPR-mediated strong local field effect and energy transfer
between the metallic NPs and Er>* ions. The amplification in the Raman intensity due to the NPs SPR-mediated
enhanced electromagnetic field contribution. The proposed glass system may be beneficial as substrate for the

SERS applications.

1. Introduction

Plasmonics is a new paradigm that governs the exploitation of the
metallic nanostructures and light. The customization of the dimension,
shape, composition, and features of the two and three dimensional
plasmonic structures paves the way for achieving novel emergent
properties [1]. Enlargement of the electromagnetic fields associated
with the plasmon resonances of the nanostructures generates strong
local optical fields favorable for the surface-enhanced Raman scattering
(SERS) applications [2]. Presently, positioning of the molecules in the
close vicinity of a rough noble-metal surface has widely been investi-
gated to substantially enhance the Raman signal for exploring the po-
tential of SERS performance [3].

In fact, electrochemically-roughened metal electrodes emerged as
the earliest method to produce the original substrates for the SERS uses
[4]. Meanwhile, the formation of the metal particle layers on suitable
substrates such as quartz or glass has been explored to produce the SERS
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substrate for molecular detection applications [5]. Various techniques
have been developed to produce SERS substrate, including the
electron-beam lithography, focused ion-beam milling, evaporation or
pulsed laser deposition (PLD) of metallic NPs, roughened metal elec-
trodes, acid-etching of metal foil, iodination of evaporated silver foil,
replication method of polymer surfaces, nanospheres lithography,
step-by-step assembly of nanoparticles (NPs) multilayers, and metal
nanoshells [6-10]. Nevertheless, the metal NPs emerged as the most
favorable materials due to their significant enhancement, easy prepa-
ration, and beneficial features of absorbing species in terms of the
optimal surface area [11].

Diverse experimental efforts have been made to produce novel NPs
with various geometries to support the well-defined plasmon resonances
with controlled frequencies. The unique near-field features such as the
plasmon resonant frequency, near-field amplitude spatial distribution of
nanostructure surface, orientations affecting the polarization of the
incident light wave, and spatial extent of the near field were exhibited
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Table 1

Glass compositions (mol%).
Glass code TeO, ZnO Na,O Er,03 TiO, Al,O3
TZNE 70.0 20 9 1 0 0
TZNETi 69.7 20 9 1 0.3 0
TZNETiAlO.1 69.6 20 9 1 0.3 0.1
TZNETiAlO.2 69.5 20 9 1 0.3 0.2
TZNETiAl0.3 69.4 20 9 1 0.3 0.3
TZNETiAl0.4 69.3 20 9 1 0.3 0.4
TZNETiAlO0.5 69.2 20 9 1 0.3 0.5
TZNETiAl0.6 69.1 20 9 1 0.3 0.6
TZN 70.0 20 9 0 0 0
TZNTi 69.7 20 9 0 0.3 0
TZNTiAlO.1 69.6 20 9 0 0.3 0.1
TZNTiAl0.2 69.5 20 9 0 0.3 0.2
TZNTiAlO0.3 69.4 20 9 0 0.3 0.3
TZNTiAlO.4 69.3 20 9 0 0.3 0.4
TZNTiAl0.5 69.2 20 9 0 0.3 0.5
TZNTiAl0.6 69.1 20 9 0 0.3 0.6

by these nanostructured geometries [2]. An all-inclusive detail of the
molecular fingerprint can be accomplished by implementing the sensi-
tivities of the single-molecule level via the SERS method. This method
employs the intensification in the Raman intensity under certain cir-
cumstances in which the molecules are located and surrounded by the
metallic nanostructures [1]. Several studies have been carried out to
produce SERS substrates such as the monometallic NPs prior to the noble
metals such as gold (Au) and silver (Ag). The exploitation of the
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bimetallic NPs in combination with different types of metals stimulates
the SERS activity in glass substrates remains deficient. Thus, it is pre-
requisite to explore and understand the vital interaction between the
bimetallic NPs and the constituent atoms in the glass matrix to generate
the SERS activity [5,12].

Undoubtedly, SERS is a powerful technique that provides a wide-
ranging structural interpretation. However, slight changes in the
orientation and structure of the molecules lead to considerable effect
due to the sensitivities of SERS [13]. In addition, deviations on the op-
tical properties from those of idealized NPs might occur due to the size
inaccuracies and nanoscale surface roughness inherited practically for
most of the fabricated metallic NPs [14]. Tuning the growth of NPs onto
the selected areas of the substrate facilitates the feasibility of using SERS
in miniaturized technologies or accessible integration into the industrial
processes [12]. To the best of our knowledge, the nucleation of the
TiO2/Al203 NPs in the interior part of the glass has not been reported.
Most of the reports existing in the literature are dealt with the growth of
the TiOy/Aly03 NPs in the exterior part of the glass, deposited on the
glass surface as the thin film or as filler for the glass ionomer cements
[15-20]. Nevertheless, an in-depth insight governing the correlation
between the bimetallic nanostructures and constituent atoms in the glass
matrix is required for better understanding of the spectroscopic prop-
erties of the glass.

Metal oxide NPs are integral parts of diverse applications such as
catalysts, sensors, semiconductors, medical science, capacitors, and
batteries [21]. AlyO3 offers beneficial features such as high thermal
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Fig. 3. XRD pattern of the glasses with varying concentration of NPs.
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Fig. 4. AFM surface topography of (a) TZNETi glass and (b) TZNETiAl0.6 glass.

stability and excellent mechanical strength, and also facilitates the for-
mation of catalytic sites [22]. Meanwhile, TiOz is a very promising metal
oxide semi-conducting material for photo-conversion applications such
as photocatalytic reactions and is used as transport material in
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photovoltaic cells prior to dye-sensitized solar cells (DSSC) and perov-
skite solar cells due to high quantum yield and a suitable electronic band
structure [23]. It has been known that rare earth ions such as erbium
ions possess extraordinary properties due to the optical transitions in the
intra-4f shell and have a privilege as a popular dopant in various glass
systems [24]. The energy states of rare earth ions are altered by local
electric fields that generate Stark-splitting and dynamical perturbation
such as thermal or homogeneous broadening in a glass or crystal host.
The incorporation of bimetallic NPs to the glass containing rare earth
ions leads to prominent effects and can be altered to achieve desired
properties [25].

In the present research, based on the aforementioned facts, the
bimetallic TiO2/Al,03 NPs were directly embedded in the interior part
of the glass to achieve good SERS substrate. The concentration of the NPs
was varied from 0.1 to 0.6 mol% to determine its impacts on the spec-
troscopic properties of the Er®*-doped tellurite glasses produced using
the standard melt-quenching technique. The surface topography,
structure, and optical characteristics of these glasses were analyzed
thoroughly. In addition, the Raman measurements were performed to
evaluate the potential of the proposed glass composition as suitable
substrate for the possible SERS applications.

2. Materials and methods
2.1. Preparation of glass samples

Series of glasses with  composition of (70—x—y)
Te02-20Zn0-9Naz0-1Er;03—(x)TiO2—(y)Al03 where x = 0.0 and 0.3
mol%; y = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 mol% were prepared using
the melt-quenching technique. The doping levels of Er>* were kept low
in order to avoid concentration quenching. Raw materials of TeOq
(analytical grade purity 99%) from Acros, and ZnO (analytical grade
purity 99%), NayO (analytical grade purity 80%), EryOs (analytical
grade purity 99.9%), TiO, (analytical grade purity 99.5%), and Al,O3
(analytical grade purity 99.8%) from Sigma Aldrich were mixed thor-
oughly to attain a homogeneous powder mixture. A platinum crucible
containing the powder of raw materials was placed in a furnace at
950 °C for 20 min, and the melt was transferred into a brass mould after
the complete melting process was done. The mould containing molten
was subjected to cooling down process under room temperature for two
days to remove thermal and mechanical strains of the glass. Thickness of
glass samples were measured by using digital vernier caliper. All glass
samples were with a thickness of approximately 3.43 mm. The details of
glass code and glass composition are tabulated in Table 1.

2.2. Characterizations of glass samples

The amorphous nature of the as-quenched samples were examined
using a PANalytical X'Pert 3 MRD with Cu-Ka radiations (4 = 1.54 i\)
operating at 40 kV and 30 mA, with a scanning angle (26) ranging from
20° to 80°. The absorption spectra in the range of 375-1100 nm were
recorded using an Agilent Cary 60 spectrophotometer. The transmission
electron microscopy (TEM, Thermo Fisher Scientific TALOS L120C) was
used to take the image of the NPs inside the glass. The surface topog-
raphy and surface roughness of the glass samples were analyzed using
the Park Systems NX10 atomic force microscopy (AFM) with scan size of
10 pm. The PL excitation and emission spectra were obtained (excited at
527 nm) via an Agilent Technologies Cary Eclipse Fluorescence Spec-
trophotometer. The excitation spectra were recorded at the emission
wavelength of 550 nm. The Raman measurement in the range of
190-800 cm ™! was performed on a Thermo Fisher DXR2xi spectropho-
tometer with excitation wavelength of 785 nm.
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Fig. 5. (a) TEM image of TZNETi glass (b) Electron diffraction of TZNETi glass (c) Lattice fringe pattern of TZNETi glass. Inset shows magnification in the

selected area.

3. Results and discussion
3.1. Physical and structural features

Fig. 1 shows the physical appearance of the glass samples (yellowish
in color) without Er®* doping (coded as TZN, TZNTi, TZNTiAl0.1,
TZNTiAl0.2, TZNTiAl0.3, TZNTiAl0.4, TZNTiAl0.5, and TZNTiAl0.6
depending on the TiO3/Al;03 NPs contents). Fig. 2 illustrates the
physical appearance of the glass samples (orangish in color) with Er®*
doping (coded as TZNE, TZNETi, TZNETiAl0.1, TZNETiAl0.2, TZNE-
TiAl0.3, TZNETiAl0.4, TZNETiAlO.5, and TZNETiAl0.6 depending on

the Er®* and TiO,/Al,05 NPs contents). In the host glass material, the
occurrence of rare earth sites favors the absorption of distinct wave-
lengths in the visible spectrum, which leads to significant changes of
glass color from pale yellow to orange [26]. However, the addition of
TiO4 and Al;O3 contents into the glass composition illustrated no color
variation to the glass samples.

Fig. 3 exemplifies the XRD spectra of glass with varying TiO2 and
Al;O3 contents. The appearance of broad diffuse scattering located at
25-35° with the absence of sharp crystallization peaks signifies the
amorphous nature [27,28] and indicates the short range order of atoms
in the glass [29,30].
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Fig. 6. (a) TEM image of TZNETiAlO.3 glass (b) Electron diffraction of TZNETiAl0.3 glass (c) Lattice fringe pattern of TZNETiAl0.3 glass. Inset shows magnification in

the selected area.

3.2. Surface topography and morphology of nanoparticles

Fig. 4a and b shows the three-dimensional AFM images of the
TZNETi and TZNETiAl0.6 samples, respectively, which revealed the
difference in the surface topography due to the addition of monometallic
and bimetallic NPs. The surface roughness was determined to verify the
texture modification. The AFM image of TZNETi glass (Fig. 4a) shows
the appearance of individually-scattered islands due to monometallic
TiO5 NPs. Meanwhile, the AFM image of TZNETiAl0.6 glass (Fig. 4b)
illustrates the formation of some large and widely-scattered islands due

to the nucleation of the bimetallic TiO5 and Al;03 NPs. The appearance
of large and wide scattered islands in the TZNETiAlO.6 glass signified the
growth of the bimetallic NPs due to coalescence process [31]. The root
mean squared average (Ry) roughness values of the TZNETi and TZNE-
TiAl0.6 glass were found to increase from 6.1 nm to 9.3 nm, where the
incorporation of high Al,Os content signifies the growth of NPs. Ac-
cording to Okeil and Schneider [3], increasing the surface roughness is
vital to enhancing the SERS performance due to the occurrence of po-
tential hot spots. The generation of hot spots with sub-10 nm gaps
provides a platform for the magnification of electromagnetic due to
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Fig. 7. (a) TEM image of TZNETiAlO.6 glass (b) Electron diffraction of TZNETiAl0.6 glass (c) Lattice fringe pattern of TZNETiAl0.6 glass. Inset shows magnification in

the selected area.

constructive interference of plasmon resonance.

Fig. 5a represents the TEM image of the TZNETi glass containing
monometallic TiO, NPs with non-spherical shape. Meanwhile, Figs. 6a
and 7a show the TEM image of TZNETiAl0.3 and TZNETiAl0.6 glass
containing bimetallic TiO5 and Al,O3 NPs, respectively, reflecting the
appearance of the NPs with elongated anisotropic shape [32]. These
anisotropic NPs were different from the regular spheres (symmetrical)
usually shown by the noble metals. The growth of NPs was stimulated by
a thermodynamically-controlled or kinetically-controlled regime. In our
case, the kinetically-controlled regime became dominant and led to the
anisotropic growth of NPs with various shapes. Anisotropic growth at
different facets, which was favored during the growth of crystal and

deviated from the thermodynamic equilibrium, causes infinitesimal
modifications in reaction conditions. Subsequently, alteration in the
surface-free energies at different facets became prominent [33]. It was
found that the size of NPs in the longitudinal and transverse axes lies in
the range of 15-34 nm and 11-20 nm for TZNETi glass. In contrast, the
size of NPs in the longitudinal and transverse axes was respectively
ranged from 26 to 39 nm and 19-35 nm for the TZNETiAl0.3 glass.
Meanwhile, the size of NPs in the longitudinal and transverse axes of the
TZNETiAlO.6 glass was respectively ranged from 25 to 48 nm and 19-32
nm. The size of the NPs was increased with further addition of NPs into
TZNETiAl0.3 glass and TZNETiAl0.6 glass. Both manifested the NPs
growth prior to the coalescence process triggered by the close proximity
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Table 2
Size of NPs in the longitudinal and transverse axis and determination of aspect ratio in TZNETi, TZNETiAl0.3, and TZNETiAl0.6 glass.
TZNETi TZNETiAlO.3 TZNETiAlO.6
No.  Size of NPs Aspect No.  Size of NPs Aspect No  Size of NPs Aspect
. ratio, R . ratio, R . ratio, R
Longitudinal, L Transverse, D Longitudinal, L Transverse, D Longitudinal, L Transverse, D
(nm) (nm) (nm) (nm) (nm) (nm)
1 29 16 1.81 1 26 24 1.08 1 32 22 1.45
2 18 13 1.38 2 32 31 1.03 2 25 23 1.09
3 20 19 1.05 3 26 25 1.04 3 33 30 1.10
4 23 12 1.92 4 33 29 1.14 4 32 22 1.45
5 25 14 1.79 5 38 34 1.12 5 29 25 1.16
6 34 20 1.70 6 37 30 1.23 6 38 29 1.31
7 21 13 1.62 7 31 27 1.15 7 27 24 1.13
8 15 11 1.36 8 39 35 1.11 8 30 19 1.58
9 24 19 1.26 9 39 19 2.05 9 45 30 1.50
10 16 15 1.07 10 36 35 1.03 10 48 32 1.50

of the particles [32]. The aspect ratio of NPs defined asR = L/ D, where
L is the diameter of NPs on the longitudinal axis (major axis) and D is the
diameter of NPs on the transverse axis (minor axis) [32,34] was found in
the range of 1.05-1.92, 1.03-2.05, and 1.09-1.58 for the TZNETi glass,
TZNETiAlO.3 glass, and TZNETiAlO.6 glass, respectively. It was observed
that NPs exhibited a different value of the aspect ratio.

Figs. 5b, 6b and 7b illustrate the selected area electron diffraction
(SAED) pattern with distribution of bright spots, which affirmed the
distribution of NPs in the TZNETi glass, TZNETiAl0.3 glass, and TZNE-
TiAl0.6 glass, respectively. The image taken from one of these areas
indicated the existence of a polycrystalline structure component of NPs.
Fig. 5c displays the lattice spacing of the monometallic NPs in the
TZNETi glass. The inset showed the magnification in the selected area
representing the lattice spacing of 3.78 A corresponding to the TiO5 NPs
[35,36]. Figs. 6¢ and 7c show the lattice spacing of the bimetallic NPs in
the TZNETiAl0.3 and TZNETiAl0.6 glass, respectively. The inset showed
the magnification in the selected area of both glass samples, illustrating
the lattice spacing of 3.78 Aand4.79 A corresponding to TiOg and Al;03
NPs, respectively [37]. The occurrence of the lattice fringe due to the
superimpose process of the zone axis orientation in a distinctive area of
darkening reflected the diffraction and mass absorption of metallic NPs,
which was distinguishable from the surrounding glass matrix [38]. The
variations in the size of NPs along the longitudinal and transverse axes
with specific values of aspect ratio are summarized in Table 2.

3.3. Surface plasmon resonance and surface-enhanced Raman scattering

Fig. 8a depicts the absorption spectra of the glasses, which comprised
of eight absorption bands positioned at 409 nm, 450 nm, 491 nm, 523
nm, 544 nm, 653 nm, 799 nm, and 975 nm due to the transition from the
ground state (4115/2) of Er®* to the excited states of 2H9/2, 4F3/2, 4F7/2,
2H11 /2 453/2, 4F9/2, 419/2, and 4111 /2, respectively. Nevertheless, the Ti
and Al plasmon bands were not observed in the glass containing the
metallic NPs and Er’" ions due to the intervention/dominance of the
Er’t peaks to the visibility of the plasmon band. The absorption spectra
of the Er®" in the visible region surpassed the plasmon band intensity of
the metallic NPs [39]. Therefore, the other samples containing the same
amount of metallic NPs without erbium were prepared to investigate the
positions of the plasmon bands in the glass.

Fig. 8b and c illustrate a clear evidence of the SPR absorption bands
positioned at 554 nm and 827 nm corresponding to the Ti and Al atoms,
respectively. The glass containing monometallic TiOz NPs (TZNTi glass)
showed the appearance of one plasmon band at 554 nm. Meanwhile, the
glass containing both TiO; and Al,O3 bimetallic NPs (TZNTiAlO.1,
TZNTiAl0.2, TZNTiAl0.3, TZNTiAl0.4, TZNTiAl0.5, and TZNTiAl0.6
glass) revealed two plasmon bands positioned at 554 nm and 827 nm.
According to Naidoo and Ismaila [40], the optical spectra of
uniformly-distributed particles depict a strong and prominent SPR peak.
However, in this study, the SPR of broadening bands with less intensity

was observed, reflecting the distribution of the NPs with inconsistent
symmetry.

The optical band gaps of the glass samples were calculated using the
following equation [41,42]:

:ﬁ(flw - En/n)n

hw )

a(w)
where f is a constant, Ey, is the optical band gap, a(w) is the absorption
coefficient at an angular frequency of @ = 2zv, h is the Planck constant
divided by 2, and n is the index that exhibits the values of 0.5, 1.5, 2,
and 3 depending on the nature of electronic transitions responsible for
the absorption. Meanwhile, the extent of the exponential tail of the
absorption edge in Urbach energy can be expressed as [43]:

h
awr=son("2)

where E is the width of band tails of electron states.

Fig. 9a and b shows the Tauc plot for direct band gap and indirect
band gap, while Fig. 9c displays the absorption coefficient dependence
of the photon energy. The direct band gap, indirect band gap, and
Urbach energy were varied in the range of 3.146-3.165 eV,
2.920-3.104 eV, and 0.232-0.428 eV, respectively. The introduction of
the TiOy NPs in glass matrix (TZNETi glass) caused a decrease in both
direct and indirect band gap energies. The doping of TiO, with rare earth
metal (Er,O3) extended the recombination time of the charge carriers
and subsequently enhanced their separation efficiency. The generated
multi-electrons configuration acted as a shallow trap for the photo-
generated electrons and holes, which was attained due to the 4f elec-
trons in the rare earth elements [44]. In addition, the inclusion of the
small amounts of Al,O3 content (0.1 mol%) in the glass matrix (TZNE-
TiAlO.1 glass) was enabled to increase both direct and indirect band gap
energy due to generation of the additional carries from the donor Al
atoms. This, in turn, led to the movement of the Fermi level approaching
conduction band, hence increasing the band gap [45].

Further addition of the Al,O3 (from 0.2 to 0.6 mol%) showed a
gradual decrease in the direct band gap and indirect band gap energies.
This can be explained by correlating the decrement of band gap with the
growth of NPs. Al,O3 NPs initiates the collective effect and subsequently
ignites a massive cluster shifting or size increase on the sp? cluster due to
the position of metal particles on the both ends of the energy gap that
connected to the sp? sites. The ends of the energy gap consist of the
occupied n and unoccupied n* states. Thus, a distortion occurred in the
Fermi energy level (reduction in size), and the effective optical band gap
of glass reduced [40]. Meanwhile, the attainment of a lesser value of the
Urbach energy for the TZNE glass (without NPs content) signified a
material with a smaller impulse to convert weak bonds into defects [46].
The Urbach energy was increased with the addition of the TiO, and
Al,0O3 NPs, indicating a rising degree of disorder in the glass [47]. The

(2)
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Fig. 8. Absorption spectra of prepared glass (a) with erbium content and (b)
without erbium content in the range of 500 nm-700 nm to locate the Ti band
position (c¢) without erbium content in the range of 810 nm-850 nm to locate
the Al band position.

observed behaviors clearly disclosed the expansion of the localized
states within the gap [48]. Table 3 illustrates the variation in the direct
band gap, indirect band gap, and Urbach energy of the glass samples
with varying concentration of NPs.

Fig. 10a exemplifies the excitation spectra of glass containing vary-
ing concentrations of TiO3 and Al»Os3. Eleven transitions in the Er®* such
as *lis/2 = ®Dg 2, Mlis/2 = ®Dy/2, 152 = (D, P, %F) 3/, *is/2 — 2Gyya,
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Table 3
Variation in the Eg, Eingir, and Ey of prepared glass.
Glass code Egir (eV) Einair (€V) Ey (eV)
TZNE 3.161 3.063 0.232
TZNETi 3.146 2.920 0.329
TZNETiAlO.1 3.165 3.104 0.376
TZNETiAl0.2 3.163 3.104 0.399
TZNETiAlO.3 3.161 3.100 0.369
TZNETiAl0.4 3.161 3.098 0.414
TZNETIAIO.5 3.160 3.098 0.387
TZNETiAl0.6 3.160 3.091 0.428
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Fig. 10. (a) Excitation spectra of glass with emission wavelength of 550 nm (b)
Emission spectra of glass with excitation wavelength of 527 nm.

sz = *Goya, “lis2 = *Grja, sz — (3G, F, 2H) 7,2, *is /2 — Feya,
4115/2 — 4F7 /2 4115/2 - 2Hyy /2, and 4115/2 — 4Fg /2 produced the corre-
sponding characteristics bands positioned at 235 nm, 254 nm, 317 nm,
347 nm, 365 nm, 379 nm, 406 nm, 452 nm, 488 nm, 527 nm, and 695
nm, respectively. The most prominent band positioned at 527 nm was
used as the excitation wavelength to probe the emission spectra.

Fig. 10b shows the emission spectra of glass without and with TiO2
and Al,03 NPs. The emission spectra disclosed six characteristic bands of
Er’* centered at 415 nm, 447 nm, 459 nm, 486 nm, 547 nm, and 668 nm
arising from (ZG, 2F, 2H) hd 4[15/2, 4F3/2 - 4115/2, 4F6/2 - 4115/2, 4F7/2 -
4115/2, 4S3/2 - 411 5/2, and 4F9 /2 — 4115/2 transitions, respectively. Four
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Table 4
Variation in the surface plasmon bands and PL maximum enhancement factor of
glass with varying TiO, and Al,O3 contents.

Glass code Asprcri (nm) Aspreap (nm) Glass code Mmaxcpr) 547:668
TZN - - TZNE 1:1
TZNTi 554 - TZNETi 4.59:8.37
TZNTiAlO.1 554 827 TZNETiAlO.1 2.31:1.86
TZNTiAlO0.2 554 827 TZNETiAl0.2 3.09:3.02
TZNTiAl0.3 554 827 TZNETiAl0.3 2.70:2.14
TZNTiAl0.4 554 827 TZNETiAl0.4 3.52:3.27
TZNTiAl0.5 554 827 TZNETiAl0.5 3.78 : 2.81
TZNTiAl0.6 554 827 TZNETiAl0.6 3.54:2.55
25+
4
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Fig. 11. Mechanism involved in the generation of emission spectra.

bands in the blue region (at 415 nm, 447 nm, 459 nm, and 486 nm) were
excluded due to unfavorable bright blue emissions involving the
pumping process of the three-step energy transfer [49]. The maximum
enhancement factor of emission spectra was determined using #max =
Isample(n)/ Ireference: Where Isgmple(n) represents the intensity of the TZNETI,
TZNETiAlIO.1, TZNETiAIO.2, TZNETiAlI0.3, TZNETiAlIO.4, TZNETIAIO.5,
and TZNETiAl0.6 glass samples, and Ieference denoted the intensity of the
TZNE glass sample.

A comparison among the emission spectra revealed that the transi-
tion of the glass containing the monometallic TiO, NPs (TZNETi glass)
was greatly enhanced for the band positioned at 668 nm corresponding
to the *Fqy /2 — e 5/2 transition (red band) with an enhancement factor of
8.37. The incorporation of the Al,O3 content showed a drastic change in
the emission spectra of the glasses containing bimetallic NPs (TZNE-
TiAl0.1, TZNETiAl0.2, TZNETiAl0.3, TZNETiAl0.4, TZNETiAl0.5, and
TZNETiAl0.6 glass). An apparent enhancement was observed for the
band positioned at 547 nm corresponding to *S3/y — “I;5/- transition
(green band) with an enhancement factor of 3.78. The noticeable
enhancement in different regions was observed due to the main
contribution of the Ti plasmon band (Aspr(tiy = 554 nm). According to
Singh et al. [50], Er®* exhibits small absorption cross-section. Thus, an
alteration in their free space spectral properties and improvement in the
yield of their weak optical transition can be attained through the
incorporation of the conducting NPs in the vicinity of Er>* [51]. In the
present study, the incorporation of TiOy NPs stimulated the amplifica-
tion of the local fields with energy transfer from TiO, NPs to Er’*.
During the interaction, the TiO, NPs became the focal point of energy
direction when NPs were stimulated with plasmon frequency and sub-
sequently induced a prominent field enhancement in the vicinity of TiO5
NPs [52]. Therefore, an intensification of electromagnetic fields around
the Er** due to the SPR excitation led to the enhancement in the lumi-
nescence intensity of Er®* ions [53]. However, attenuation in the PL
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Fig. 12. Raman spectra of (a) glass without NPs and de-convolution into
Gaussian peaks and (b) prepared glass with varying NPs content.

Table 5
Spectral region, Raman band assignments, and bonding vibrations.

Spectral region Raman band (cm™ 1) Characteristic structural elements

A 278 TeO3 tp bonds and Er-O bonds

B 427 Formation of Al-O-Al and Te-O-Al bonds
C 662 Te—eqOax—Te bonds

D 744 TeO3 and TeOs, 1 subunits

intensity was evidenced by the addition of the Al,O3 content. The
attenuation occurred due to the properties of AI** that is non luminous
[54] and generates disorder to the local environment around the Er3+,
which leads to the attenuation in PL intensity [55]. According to Ikeda
et al. [56], OH groups present on Al,O3 affect the photoluminescence
emission of the glass. Therefore, addition of higher Al,O3 content in
TZNETiAl0.6 glass shows an apparent reduction in the emission spectra
for the band position at 547 nm due to the increasing OH hydroxyl
groups, which is well-known as serious quenchers of Er®" ions
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Table 6
Range of size of NPs, surface roughness, and enhancement factor of Raman
spectra.

Glass code Longitudinal Transverse Surface Nmax(Raman)
size NPs, L size NPs, D roughness, 278::427:662:744
(nm) (nm) Ry (nm)
TZNE - - - 1:1:1:1
TZNETi 15-34 11-20 6.1 1.05:1.04:1.06:
1.02
TZNETiAlO.1 - - - 1.03:1.07:1.07:
1.10
TZNETiAl0.2 - - - 1.10:1.11:1.10:
1.12
TZNETiAl0.3 26-39 19-35 - 1.11:1.13:1.11:
1.19
TZNETiAl0.4 - - - 1.34:1.14:1.20:
1.28
TZNETiAl0.5 - - - 1.51:1.30:1.29:
1.33
TZNETiAl0.6  25-48 19-32 9.3 1.55:1.45:1.51:
1.61

luminescence [57]. Further details of maximum enhancement factor
(Nmay) in the Er®* fluorescence of the prepared glasses are summarized
in Table 4.

Fig. 11 illustrates the partial energy level diagram of Er>* implying a
few important steps that produced the emission spectra of the glasses
containing varying concentrations of TiOy and Al,O3 NPs. The occur-
rence of PL emission at 547 nm and 668 nm was facilitated by the
ground state absorption (GSA). It was followed by the energy transfer
(ET) between the TiO2-Al;03 NPs and erbium ions. In addition, the local
field effect was stimulated by the presence of TiO3-Al;O3 NPs. The
radiative decay (R) and non-radiative decay (NR) occurred during the
optical interaction between the constituent atoms. A specific mecha-
nisms occurred during the optical interaction can be explained as fol-
lows: (1) the excitation of Er’* ions to 2H11 ,2 excited states stimulated
by the laser beam of 527 nm wavelength, (2) the population of *I;1 , and
“I13/2 excited states through a fast NR decay via multi-phonon relaxation
process, (3) the NR decays from 2H11 ,2 to 483 /2 populate this level and
generate the green emission, (4) the red emission was favored by the NR
decays from *Ss,5 to “Fq/5 populate the later level. The present findings
are in good agreement with those previously reported by Sahar et al.
[58] and Venkatramu et al. [59].

Fig. 12 illustrates the Raman spectra of the prepared glass samples.
Fig. 12a shows the Raman spectra de-convoluted into four Gaussian
peaks for TZNE glass. The observed four peaks centered at 278 cm ™! (A),
427 cm™! (B), 662 cm ! (C), and 744 cm~! (D) corresponding to the
bonding formation in the glass matrix. The appearance of peaks at lower
frequency of 278 cm ! represented the TeOs tp and Er-O bond [60-62].
The incorporation of the EryO3 content in the glass matrix generated a
structural modification, leading to the variation in the energy location of
the Boson band [63]. Meanwhile, the occurrence of the peaks positioned
at 427 cm ! indicated the metal bond vibrations induced by the Al-O-Al
and Te-O-Al bonds [64]. The observed peaks at around 662 cem ! was
due to the Te—¢q0ax—Te bonds anti-symmetric vibrations that exhibited
the long and short Te-O bonds [65-67]. The peaks at 744 em™! corre-
sponding to the TeOs, units represented the symmetric stretching vi-
brations between Te and non-bridging oxygen (NBO). This peak also
signified the stretching mode of TeO3 unit [47]. Further details on the
spectral region, Raman band assignments, and bonding vibrations are
summarized in Table 5.

Fig. 12b demonstrates the Raman spectra of the glass samples with
varying TiOy and Al,O3 contents. The enhancement in the Raman in-
tensity was obtained by dividing the intensity of glass samples con-
taining NPs (TZNETi, TZNETiAl0.1, TZNETiAl0.2, TZNETiAlO.3,
TZNETiAl0.4, TZNETiAl0.5, and TZNETiAl0.6 glass) to the reference
glass sample without NPs (TZNE glass). The observed four peaks in
TZNETiAl0.6 glass displayed the maximum enhancement factor of 1.55,
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1.45, 1.51, and 1.61. The observed intensification in the Raman signal
was attained with the increase in the AlyOs concentration [60]. The
current findings are in good agreement with previous studies conducted
by Chao et al. [68], where the Raman enhancement factor was observed
within the range of two orders of magnitude. The intensification in the
Raman signal occurred due to the electromagnetic effect signifying the
potential in the SERS activity [1] triggered by the excitation of the
surface plasmon originated from the metal nanostructures [3]. In this
case, bimetallic TiO5 and Al;O3 nanoparticles act as mediators in the
glass matrix [69]. The occurrence of significant polarization of mole-
cules originates from the prominent electric field intensity when a
Raman scattering molecule experiences strong electromagnetic fields
generated on the metal surfaces and consequently causes an eminent
induced dipole moment [1]. In addition, the intensification in Raman
signal is assisted by the molecules existing in close vicinity to a rough
noble metal surface [3]. Roughening at the surface of metals increases
the surface area for interaction between the electromagnetic field and
metals and subsequently leads to the amplification in Raman signal [4].

The highest Raman signal amplification was obtained for the
TZNETiAlO0.6 glass with surface roughness (Ry) of 9.3 nm and NPs with
the size of 25-48 nm along the longitudinal axis. Our findings are in
close agreement with those of Liu et al. [70] and Wijesuriya et al. [71] in
which the amplification of Raman signal is triggered by an increase in
the surface roughness and growth of metal NPs. La Porta et al. [72]
reported that the diameter and shape of NPs affect the SERS enhance-
ment. In the present study, significant enhancement in the Raman signal
is achieved by free electrons on anisotropic nanoparticles generate a
strong surface electric field upon electromagnetic excitation [51]. Ac-
cording to Xu et al. [69], the extensive curved or the existence of gap in
metal region with substantial incident light conditions stimulates a giant
enhancement in the local electromagnetic fields, which is known as a hot
spot through localized surface plasmon resonance effect and causes the
enhancement in the Raman signal. The size of NPs, surface roughness,
and the enhancement factor of Raman spectra are tabulated in Table 6.

4. Conclusion

The TiO, and Al,O5 bimetallic NPs contents in the Er®* tellurite glass
were manipulated in this study for the first time to modify their surface
topography, structural, and optical properties useful for the SERS ap-
plications. The TEM images of the glass samples showed the successful
nucleation of both NPs in the host matrix where the lattice fringes
revealed the lattice spacing of 3.78 A and 4.79 A for the TiO5 and Al;,03
NPs, respectively. The formation of individually-scattered and wide
islands was evidenced in the AFM images. The SPR bands of NPs were
probed at 554 nm and 827 nm. The incorporation of TiOz NPs in the
TZNETi glass enhances the emission intensity by a factor of 4.59 and
8.37 for 2H11/2 —>4115/2 and 4F9/2 —74115/2 transitions. Meanwhile, the
enhancement in the emission intensity of TZNETiAl0.5 glass in ratio of
3.78 and 2.81 due to the contribution of TiO/Al03 NPs. A significant
enhancement in the luminescence intensity was achieved due to the
interactions between the coupled metallic NPs and Er®* with the exci-
tation beams. Modification in the size and shape of NPs was responsible
for the substantial enhancement in the Raman signal driven by the
intense electric field of the bimetallic TiO2 and Al;03 NPs. The present
strategy is established to be advantageous for altering the surface
topography, size, and shape distribution of NPs where a careful control
of the bimetallic NPs concentration may contribute to the development
of new types of glass-based SERS substrates.
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