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ABSTRACT

The holmium ion (Ho®*)- activated phosphate-based glass-ceramics with silver nanoparticles (Ag NPs) inclusion
were prepared using the standard melt-quenching. The samples were characterised to evaluate the effects of
different Ag NPs contents on their structure, microstructure and optical properties. The XRD pattern of the as-
quenched samples revealed their glass-ceramic nature. The FTIR and Raman analyses showed the modification of
the glass-ceramics network structure due to the embedment of Ag NPs. The TEM and HRTEM images together
with the localized surface plasmon resonance (LSPR) absorption bands of the glass-ceramics confirmed the
existence of Ag NPs inside the host matrix. The complex impedance analyses of the glass-ceramics suggested the
glassy phase dominance in the host network. The photoluminescence (PL) peak intensities were significantly
enhanced due to the influence of Ag NPs enabled LSPR effects. The PL decay curve analysis of the glass-ceramics
indicated the effect of Ag NPs mediated amplified local electric field and energy transfer from the Ag NPs to
Ho>*, a mechanism responsible for the optical traits improvement. The achieved branching ratio and stimulated
emission cross-section of the optimum glass-ceramic for the three PL peaks were 73.88% and 46.68 x 10~ 2! cm?
(green); 83.97% and 41.12 x 10~ %' cm? (red); and 71.40% and 36.95 x 10~ 2! cm? (IR). Based on the obtained
findings, a structural-optical correlation was established.

Introduction

The splitting of the 4f sub-shell of various rare earth ions (REIs)
when doped in the appropriate host material can produce major ab-
sorption and emission lines responsible for a wide range of applications
including lasers, light emitting diodes (LEDs), and amplifiers [1-3]. The
stimulated emission cross-section (o£) of the REI is a significant para-
meter that describes its photoluminescence (PL) properties. Based on
this factor, many research works have been dedicated to enhance the o
of the REIs by selecting the suitable host materials with low phonon
energy, appropriate modifiers, and sensitizers (such as metal and
semiconductor nanostructures) [4,5].

Among the ternary and quaternary oxide hosts, the phosphate-based
systems are potential because of their high thermal expansion coeffi-
cient, low phonon energy, large intake of REIs and low glass transition
temperature [6]. The combination of the phosphate and borate units
was found to be prospective due to the enhanced chemical durability
[7]. It has been acknowledged that the chemical durability and struc-
tural stability of the boro-phosphate glass can further be improved by

adding metal oxide ions (e.g. Zn**) in the amorphous network struc-
tures [8]. It has also been argued that the interactions between the
phosphate and sulfate ions can create a good environment for the intake
of large number of REIs, allowing the fabrication of the miniaturized
lasers with the improved features [9]. In brief, the zinc-sulfo-boro-
phosphate composition is a viable host for the REIs doping.

The holmium ions (Ho®™) among various REIs have been used in
diverse technologies including the optical data storage systems, radars,
lasers, amplifiers, sensors, and medical diagnostics [4]. They exhibit
unique emissions in the ultraviolet (UV), visible (Vis), and infrared (IR)
regions [10]. However, the intensities of these emissions still need to be
improved to realize the lasers and nanophotonic devices [8]. Recently,
a combination of the metal nanoparticles (NPs) with REIs in various
host matrices has been proven to be advantageous for achieving the
significant enhancement in the emission intensity of the REIs. The Ag
NPs being the common plasmonic metamaterial with abundance, strong
biocompatibility, high chemical stability and resistant against oxidation
has been used as the sensitizing agent in many systems to amplify the
REIs lasing action [11]. The localized surface plasmon resonance

* Corresponding authors at: Department of Physics, Faculty of Science, Universiti Teknologi Malaysia, Johor, Malaysia (S.K. Ghoshal). Department of Physics,

Faculty of Science, Taibah University, Madinah, Saudi Arabia (A.S. Algarni).

E-mail addresses: aqgarni@taibahu.edu.sa (A.S. Alqarni), sibkrishna@utm.my (S.K. Ghoshal).

https://doi.org/10.1016/j.rinp.2020.103102

Received 10 February 2020; Received in revised form 4 April 2020; Accepted 6 April 2020

Available online 10 April 2020

2211-3797/ © 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/22113797
https://www.elsevier.com/locate/rinp
https://doi.org/10.1016/j.rinp.2020.103102
https://doi.org/10.1016/j.rinp.2020.103102
mailto:aqarni@taibahu.edu.sa
mailto:sibkrishna@utm.my
https://doi.org/10.1016/j.rinp.2020.103102
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rinp.2020.103102&domain=pdf

A.S. Algarni, et al.

(LSPR) effect of noble metal NPs has been demonstrated to be re-
sponsible for such significant enhancement of the optical properties
[12].

Upon interaction with the incident radiation, the metal NPs develop
strong local electric field (due to the LSPR) and transfer a part of the
energy to the REIs that are position in the vicinity of NPs inside the host
matrix, resulting in the enhanced photoluminescence (PL) emission
intensity [13,14]. The relative permittivity between the host material
and the surface of the NP (dielectric-metal interface) play a significant
role to achieve an enhancement in the PL intensity through the LSPR
mediation [15]. The dielectric function or the complex permittivity of
the material decides such enhancement. The real part of the dielectric
constant of the metal must be negative (nearly —5 at 3 eV for Ag) [16]
and its magnitude must be greater than that of the dielectric host (ap-
proximately 3 at 3 eV without Ag for the proposed system) [17]. The
complex permittivity has recently been proven to be a powerful tool to
evaluate the microstructures through the complex impedance plot
(Nyquist plots) in the low frequency region [17]. This in turn provides a
better understanding of the appropriate selection of the host matrix to
improve the spectral attributes of Ho>*. In addition, most of the re-
ported literatures [18-22] on the structural, optical and dielectric at-
tributes of the glass-ceramic, glass, and ceramic systems rarely ex-
plained any correlation among them. However, by ascertaining such
relationship in the REIs doped glasses or ceramics or glass-ceramics an
in-depth understanding of the microscopic mechanisms can be devel-
oped.

Based on the aforementioned background, this paper evaluates the
structural, optical and dielectric characteristics of the Ag NPs and Ho®*
co-activated zinc-sulfo-boro-phosphate glass-ceramics to define a pos-
sible correlation among them. The as-quenched samples were char-
acterised by assorted analytical techniques. In addition, the Judd-Ofelt
(J-0O) theory was used to complement the experimental results. The
obtained data were analysed, interpreted, discussed and compared. The
present glass-ceramic compositions with improved optical properties
were demonstrated to be prospective for the development of sundry
efficient optoelectronic devices.

Experimental and theoretical
Samples preparation

A series of phosphate-based glass-ceramic nanocomposites of dif-
ferent compositions (Table 1) were prepared using the melt-quenching
method. Analytical grade chemical reagents of H3PO,4, and B,O3 were
used as the network formers, while ZnSO47H,0 and Ho,O5; were used
as the network modifier and dopant, respectively. The AgCl (purity
99.999%, Sigma Aldrich) was used as the sensitizer. First, an appro-
priate amount of the constituent raw materials (called the batch ma-
terial) were weighed using a digital balance and well mixed to assure
the homogeneity. Second, an alumina crucible containing this batch
was placed inside an electrical furnace (30 min at 300 °C). Next, the
mixture was transferred to another furnace (90 min at 1300 °C) to
complete the melting process. Then, the melt was poured onto a

Table 1
The sample code, composition, density and molar volume.

Sample code Composition (mol%) p(gem3) Vm (cm®

mol 1)
ZnSO4 B,03 P,0s Ho0,0; AgCl
HGCAO0.0 30 30 395 0.5 0.0 2.855 -
HGCA0.6 30 30 389 0.5 0.6 2.906 56.83
HGCAO0.7 30 30 388 0.5 0.7 2.848 57.97
HGCAO0.8 30 30 38.7 0.5 0.8 2.854 57.86
HGCAO0.9 30 30 38.6 0.5 0.9 2.896 57.01
GCAO0.5 30 30 39.5 0.0 0.5 - -
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preheated stainless-steel plate in another furnace for further annealing
(120 min at 300 °C). Last, the frozen sample was left inside the an-
nealing furnace (turned off) to cool down naturally to the room tem-
perature. The as-quenched sample was stored at room temperature in a
humidity free environment. Same procedure was followed to synthesise
all the six nanocomposites. One sample was prepared without holmium
(with Ag NPs, coded as GCA0.5) and another without Ag NPs (with
holmium coded as HGCAO.0). The rest of the 4 nanocomposites with the
molar formula (39.5-x)P50s — 30B,03 — 30ZnSO4 — 0.5H0,03 — xAgCl
contained fixed amount of holmium (0.5 mol%) and varying contents of
Ag NPs (x = 0.6, 0.7, 0.8 and 0.9 mol%).

Characterizations

The densities of the prepared glass-ceramic nanocomposites were
measured using the Archimedes method where toluene served as the
immersion liquid. The Shimadzu 6100 X-ray diffractometer was used
for the X-ray diffraction (XRD) measurement with a step size of 0.02 in
the 26 range from 10 to 80°. The Horiba Raman spectroscopy (XploRA
PLUS) in the range of 200-1600 cm ~ ! was utilised to record the Raman
spectra. The Fourier transform infrared (FTIR) spectrum of the studied
samples in the range of 600-1650 cm ™' were obtained using a Perkin-
Elmer 1710 spectroscopy with + 0.4 cm ™! resolution and 10 scans. The
morphology and EDX maps of the prepared samples were recorded via a
high-resolution transmission electron microscope (HRTEM, Jeol-
ARM200F) operated at 200 kV. The HRTEM images were analysed by
Gatan digital micrograph software. The transmittance and diffuse re-
flectance data of the samples were obtained by a Shimadzu 3600 Plus
UV-Vis-NIR spectroscopy. The photoluminescence (PL) emission
spectra of the samples were recorded using a Horiba-Fluoro Max-4
spectroscopy under the excitation wavelength of 450 nm. The GW
INSTEK LCR-8105 G impedance spectroscopy (IS) in the range of 1-100
kHz was used to record the complex impedance data (X-R series circuit
with 100 mV AC-amplitude). For the impedance measurement, the as-
prepared sample was ground and compacted into a cylinder-shaped
pellet (thickness: 3 mm; diameter: 13 mm) using a hydraulic press
followed by the densification via annealing process (120 min at 300 °C).
A gold layer was deposited on both sides of the pellet for approximately
3 min (deposition time) using the MTI corporation—plasma sputtering
coater. Then, the pellet was placed between two identical copper
electrodes for the measurement. All structural, optical and dielectric
characterizations of the obtained nanocomposites were made at room
temperature.

Results and discussion
Structure and microstructure

XRD, Raman and FTIR analyses

Fig. 1 depicts the XRD patterns of the as-quenched samples, where
the occurrence of a hump in the smaller angular region accompanied by
a sharp peak at 27.84° was due to the reflection from the (3 1 0) lattice
plane of B,O3 (based on ICDD card number 000060297), confirming the
formation of the glass-ceramic phase. Similar XRD peak was also re-
ported in other boro-phosphate compositions [23-25].

Figs. 2 and 3 present the Raman and FTIR spectra of the prepared
nanocomposites. The observed band positions of HGCAO0.0 nano-
composite (the black profile) were explained in a recent communication
[17], confirming the presence of $042~, BOs;, BO.,
PO, Zn-0, P-O-P, B-O-P, and B,05 functional groups inside the glass-
ceramic nanocomposite matrix. The vibrations of the crystallite do-
mains inside the glass-ceramic network was remarkably affected due to
the incorporation of Ag NPs. In addition, the obtained spectra were well
matched with the B,O; Raman spectra (ROD card number 3500222)
and B,O3 FTIR spectra for the HGCA0.7 and HGCA0.8 nanocomposites.
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Fig. 1. The XRD patterns of the prepared samples.
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Fig. 2. The Raman spectra of the proposed glass-ceramic nanocomposites.

TEM, HRTEM and EDX analyses

Fig. 4-a shows the low magnification TEM images of the GCA0.5
nanocomposite prepared without Ho,O3 to detect the nucleation of Ag
NPs inside the glass-ceramic network. The histogram (inset of Fig. 4-a)
depicts the average crystallite size of Ag NPs (black spots) which were
approximately 20 nm. Fig. 4-b shows the high resolution TEM (HRTEM)
images of the HGCAO.8 sample, confirming the existence of Ag NPs
(dark spots) through their corresponding inverse fast Fourier transform
(IFFT) pattern and the lattice fringe profile (LFP). The detected reflec-
tion from the (0 0 2) lattice plane of Ag was well matched to the ICDD
card number 01-071-5025 for bulk Ag crystal.

Fig. 5 displays the EDX elemental maps of the HGCAO0.8 nano-
composite. The homogeneous distribution of the detected constituent
elements (such as holmium, oxygen, phosphorous, boron, zinc, and
sulfur) was clearly evidenced. Moreover, the presence of Ag (as white
blobs) and the absence of Cl in the studied nanocomposite confirmed
the nucleation of Ag NPs from AgCl which was supported by the TEM
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Fig. 3. The FTIR spectra of the prepared glass-ceramic nanocomposites.

and HRTEM results. The formation of Ag NPs in the nanocomposite
matrix was attributed to the thermal agitation enabled oxidation-re-
duction (redox) mechanism during the melting process at high tem-
perature. In this process, the AgCl was completely dissociated at ap-
proximately 455 °C to form Ag* and Cl~ ions. Then, at around 500 °C
all the C1™ ions were transformed into chlorine gas and then evapo-
rated. Meanwhile, due to the thermal reduction process each Ag™
gained an electron to form a neutral Ag species. Eventually, few neutral
Ag atoms were agglomerated via the mechanism of Ostwald ripening to
produce Ag NPs [26].

Complex impedance analysis

Fig. 6-a shows the room temperature Nyquist plot in the frequency
range of 1-100 kHz for the HGCAO0.0, HGCAO0.6 and HGCAO.8 glass-
ceramics. The observed single semicircle indicated either the con-
tribution of a single-relaxation process or many relaxation mechanisms
in the impedance response with similar relaxation time which caused
an overlapping of more than one semicircle. The centres of those
semicircles were under the x-axis which presented a non-Debye kind of
relaxation mechanism. The collected experimental data were fitted by
the ZMAN software. The best fits were achieved by an equivalent circuit
consisted of a series resistance R; connected to the parallel RQ element
(Fig. 6-a). The parameter Rs and R represented the corresponding re-
sistance of the crystalline and glassy phase in the glass-ceramic network
while Q characterised a constant phase element. The values of the
equivalent circuit elements were shown in Table 2. The order of mag-
nitude difference in the Rs (kQ) and R (MQ) values suggested the
dominance of the glass phase in the proposed glass-ceramic nano-
composites. The values of Rs and R in the host network was remarkably
affected due to the addition of Ag NPs in which the value of Rs was
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Fig. 4. (a) Low magnification TEM image for GCA0.5 sample (Inset: the mean crystallite size distribution), (b) HRTEM image of the HGCAO0.8 sample (Insets: the

corresponding IFFT pattern (top) and LFP (bottom)).

decreased while R was increased, indicating the structural alterations
around the Ho®*. The observed improvement in the Rs value (from
455-511 Q) and R value (from 2.01-2.53 MQ) with the increase of the
Ag NPs from 0.6-0.8 mol% was suggested the enhancement of the
network disordering.

Fig. 6-b displays the frequency dependent AC conductivity (o) of
the HGCAO0.0, HGCA0.6 and HGCAO0.8 nanocomposites calculated as
stated in [27]. Generally, the conductivity of such system mainly de-
pends on two factors including the (i) concentration of the transition-
metal ions (Zn in the present compositions) and (ii) dopant-induced
structural modifications. In other words, the addition of Ag NPs in the
host matrix reduced the number of ions present inside the network
structure, resulting in a slight decrease in the o,. value.

Fig. 6-c and d demonstrate the influence of Ag NPs inclusion on the
frequency-dependent dielectric constant (¢’) and dielectric loss (¢”)

Sample <JE—Jes Boron oIz [CK]

Sulfur o :' 5 Zinc

Carbon

o = [Ag L |

response (estimated as reported in [28,29]). The initial behaviour of ¢’
was mainly ascribed to the space charge polarisation effect [30]. At
higher frequencies, the values of ¢ for the HGCA0.0 nanocomposite
exhibited a decreasing tendency and an increasing trend for the
HGCAO0.6 and HGCAO0.8 glass-ceramics. This observation for the
HGCAO0.0 nanocomposite was essentially assigned to the low prob-
ability of the molecular dipoles to produce a strong polarisation (which
needed more time to reorient in the existence of an external applied
field) [31]. However, for the nanocomposites prepared with 0.6 and
0.8 mol% of the Ag NPs reasonably strong polarisation was developed
from the surface plasmon polariton field of the Ag NPs. Conversely, the
value of ¢” was initially dropped with the increase in the externally
applied frequency and then either slightly increased (for the HGCAO.0
nanocomposite) or decreased (for HGCA0.6 and HGCAO0.8 nano-
composites). The observed reduction at lower frequencies was ascribed
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Fig. 5. The EDX elemental maps of the HGCA0.8 nanocomposite.
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Table 2
The values of the equivalent circuit elements obtained using the ZMAN soft-
ware.

Sample Rs (kQ) R (MQ) CPE

Q (pF) n
HGCA0.0 11.35 1.85 49.88 0.98
HGCAO0.6 0.455 2.01 48.29 0.99
HGCAO0.8 0.511 2.53 47.49 1

to the relaxation of the dipoles and their orientations where the hop-
ping of the charge carriers followed the changes in the externally ap-
plied frequency [32,33].

Optical properties

Absorption spectral analysis

Fig. 7 displays the recorded transmission and reflectance data for
the HGCAO.8 sample. The inset of Fig. 7 shows the physical appearance
of the obtained transparent glass-ceramic. Fig. 8-a and b show the ab-
sorption spectra (obtained from the optical reflectance and transmit-
tance [34]) of the as-quenched HGCAO0.8 glass-ceramic nanocomposite
in the visible and NIR regions. It consisted of thirteen peaks that cor-
responded to various electronic transitions from the ground state (°Ig)

100 T—
- HGCA08 T
=
S
g 804
=
8
o
"
S 60
=4
e
@Y
2 40
=
£
g
£ 20
- o
-h .‘.
= :j-""'-_."'."". --------- -u...-....--------...--...-.MW:‘J
0 1 I 1] T 1
400 800 1200 1600 2000
. (nm)

Fig. 7. The transmittance (line spectra) and reflectance (dots spectra) of the
HGCAO.8 nanocomposite. Inset: the physical appearance of the actual samples
under sunlight.

to the upper excited states (°I,, °Ig, °Is, °Fs, °F4, °F3, °Kg, °Gg, °Gs, K,
3H,, 3L and ®Kg) of Ho®>* [35]. The inset of Fig. 8-b depicts the ab-
sorption spectra of the GCA0.5 sample (prepared without Ho®>") which
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Fig. 8. The absorption spectra of the HGCA0.8 nanocomposite in the (a) visible
and (b) IR region (Inset: LSPR bands of the Ag NPs existed in the GCA0.5 na-
nocomposite prepared without Ho®* that was fitted to the Gaussian-Lorentzian
cross function).
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Fig. 9. The absorption spectra of the studied nanocomposites after subtracted
from the HGCAO.0 sample contribution.

was deconvoluted to identify the presence of Ag NPs LSPR bands in the
current glass-ceramic. The observed four bands were attributed to the
following factors: (i) varying shapes of Ag NPs; (ii) the presence of
multiple resonance modes (such as the dipole, quadrupolar, octupole
and hexadecapole mode); (iii) the coupling of two independent re-
sonators (two NPs) with anti-symmetric shapes that caused some
splitting of the dipole modes into transverse and longitudinal types
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pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

responsible for the hybridized states and the formation of the new states
[36-40]. To determine the effect of the Ag NPs LSPR modes on the
absorption features of the proposed glass-ceramic nanocomposites, the
absorption spectra of the HGCA0.6, HGCAO0.7, HGCAO0.8, and HGCAO0.9
samples were subtracted from that of the HGCA0.0 sample (prepared
without Ag NPs). Fig. 9 shows the resultant spectra, suggesting the
manifestation of the strongest LSPR modes by the HGCA0.8 nano-
composite. In addition, the absorption spectra (Fig. 8) for all samples
were analysed to determine the optical band gap energy and Judd-Ofelt
intensity parameters.

Optical band gap, refractive index, and urbach energy

For accurate evaluation of the optical band gap energy (E,) for the
proposed glass-ceramics, two methods were used such as the (i) Tauc
plot and (ii) absorption spectrum fitting (ASF) which is independent of
the sample thickness. The Tauc plot involved the (ahv)'/* against
photon energy (hv). Conversely, the ASF method first estimated the
wavelength (Ag) corresponding to the optical band gap energy
(Eg = he/ A) from the plot of (AN~ ym against A~ 1 (where the index m
takes the value 2 and 0.5 depending on the direct and indirect allowed
optical transitions across the band gap, respectively) and then
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Fig. 13. The PL excitation spectra of the HGCA0.8 nanocomposite.

calculated the value of E; [41]. The indirect Eg values for all nano-
composites containing both Ho®** and Ag NPs were presented in
Fig. 10. The observed variation in the E; values (from 3.505 to
3.608 eV) with the increasing Ag NPs contents was ascribed to the
emergence of the extra localized energy states in the optical band gap
[42]. The values of n were determined from the values of E; (Dimitrov
and Sakka relation [43]) and depicted in Fig. 11. The observed behavior
of n can be correlated to the density (p) of the prepared glass-ceramics
to define a structural-optical interrelationship. Such correlation is
useful to achieve the optimum conditions for the Ho>" PL emission
enhancement in the proposed nanocomposites controlled by the Ag NPs
contents. The lower value of p (the larger the molar volume) indicated
an easy distortion of the electron cloud associated to the network units
and thus resulted in the higher polarizability of the nanocomposites.
Consequently, such distortion was responsible for the generation of
dispersion forces and hence the higher dispersion. This higher disper-
sion caused the more bending or refraction of light in the material
(slowed down the light propagation) and thus producing higher n.
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Fig. 14. The PL emission spectra of the prepared glass-ceramics.

Fig. 12 shows the variation of AE (obtained by Urbach expression
[44]) values of the studied nanocomposites as a function of Ag NPs
concentration. The higher Urbach energy indicated a higher disorder in
the host nanocomposite matrix. The reason for such disorder in the
current glass-ceramic nanocomposites can be attributed to the im-
purities and vacancies contributed more localized states inside the op-
tical band gap, displaying an inverse correlation between the AE and Eg
values [45,46]. The trend of AE (ranged from 0.281 to 0.286 eV) var-
iation in the proposed glass-ceramics was somewhat analogous to the
behavior of n values fluctuation (higher disorder caused more bending
of light inside the networks of nanocomposites). Also, the trend of AE
(enhancement of the network disordering) with the rise of Ag NPs
contents from 0.6 to 0.8 mol% supported by the IS analysis. Based on
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Fig. 15. The PL peak intensity against Ho>* emission transitions of the nano-
composites.

these revelations, a structural, optical and dielectric relationship in the
prepared glass-ceramic nanocomposites can be established.

Photoluminescence excitation and emission spectral analysis
Fig. 13 displays the PL excitation spectra of the HGCA0.8 sample
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tracked at the emission wavelength of 546 nm (the position of the most
intense absorption peak). The excitation spectra of the proposed glass-
ceramic system revealed 5 significant peaks at approximately 360, 384,
413, 450 and 485 nm corresponding to the transitions from the ground
state (°Ig) to the excited states ®Hg, °Ga, °Gs, °Gg and °F3 in Ho®™
[34,47]. The wavelength of the observed most intense excitation peak
(~450 nm) was used to record the PL emission spectra for the prepared
glass-ceramics for evaluation of the optical properties. Fig. 14 displays
the PL spectra of the produced glass-ceramic nanocomposites obtained
with 450 nm excitation wavelength. The observed 3 significant PL
peaks were assigned to the IR (°F4 — 1), red (°F5 — °Ig) and green
(°F4 — °Ig) emissions of Ho>*. These peaks were well matched with the
reported literature findings [8,47]. The intensity of the green emission
(°F, — °Ig) was the highest. Also, all the peak intensities were first
enhanced with the increase in the Ag NPs contents up to 0.8 mol%
(Fig. 15) and then quenched at 0.9 mol%. This quenching in the PL
intensity was due to the energy transfer process between the neigh-
boring Ho®* as well as between the metal NPs and Ho®*. The PL in-
tensity enhancement was mainly ascribed to the LSPR mediated effect
of the Ag NPs where a strong electric field was generated around the
Ho>* positioned in the proximity of the NPs inside the glass-ceramic
matrix [48,49]. This LSPR field amplified both the local incident elec-
tromagnetic field (also called local field enhancement or LFE in short)
that led to the increment in the excitation rate due to the resonant
coupling with the LSPR modes (442 nm in the current case) as well as
the emission rate where the LSPR wavelength overlapped with the
emission wavelength. The ET from the Ag NPs to Ho>* occurred due to
the resonance effects between the Ag NPs absorption bands and excited
levels of the Ho®>* [50]. In this mechanism, the presence specific
electronic states of the Ag NPs can transfer the energy to the Ho>* not
in the form of luminescence [51]. Fig. 16 shows schematically the de-
tected absorption bands of the Ho®* and Ag NPs (LSPR modes) inside
the host matrix in the presence of various mechanisms including the ET,

3+ 3L9
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Fig. 16. The energy level scheme of the Ho>" depicting the excitation, emission and some possible energy transfer mechanisms of the Ho®>* positioned in the
proximity of the Ag NPs inside the host network. NR: non-radiative transitions; MR: multi-phonon relaxations; CR: cross relaxations.
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Table 3
Experimental (f.,, X107~ °) and calculated (f.q % 10~°) oscillator strength and the root-mean-square deviation (8,ms) of the synthesized glass samples.
Transition HGCAO0.6 HGCAO0.7 HGCAO0.8 HGCAO0.9
fzxp fcal fcxp fcal faxp fcal fexp fcal
51g — °I, 5.995 6.817 6.322 7.173 6.023 6.872 6.112 6.835
g — ls 3.977 4.477 4.346 4.748 4.078 4.526 3.820 4.507
51 — °Is 0.964 0.814 0.928 0.874 0.686 0.835 1.093 0.829
5Ig — °Fs 13.21 12.86 14.16 13.66 13.46 13.12 12.94 12.80
5Ig — °F4 17.61 13.48 18.78 14.31 18.12 13.70 17.62 13.49
5Ig — °F3 2.154 4.785 1.462 5.075 2.001 4.829 1.763 4.827
5l — °Kg 0.167 3.680 0.231 3.882 0.131 3.731 0.114 3.693
5Ig — °Gg 61.97 63.16 65.26 66.49 63.27 64.52 62.22 63.41
5Ig — °Gs 10.81 13.28 11.31 14.14 11.14 13.72 10.84 13.11
5l — °Ky 2.350 0.909 2.468 0.961 2.484 0.921 2.605 0.914
5Ig — %Hg 21.50 10.80 22.38 11.37 22.22 11.01 21.47 10.82
5Ig — %L 0.613 3.813 0.835 4.036 0.576 3.855 0.674 3.843
51 — °Ke 0.699 0.155 1.889 0.163 0.984 0.157 1.089 0.156
Srms 3.638 x 107° 3.862 x 107° 3.816 x 10°° 3.661 x 107°
Table 4 =
The J-O parameters (x 10~2° cm?) and the spectroscopic quality factor () of "E
the studied glass-ceramics. o
= 40.24
Sample Ho®" (mol%) Q, Q, Qg x S
HGCAO0.6 0.5 7.75 6.54 4.23 1.547 %
HGCAO0.7 0.5 8.05 6.91 4.45 1.553 Wnﬂ-
HGCAO0.8 0.5 7.82 6.71 4.25 1.581 =]
HGCAO0.9 0.5 7.81 6.44 4.26 1.511
Ref. [34] 0.5 12.7 10.5 6.42 1.63 .§
Ref. [47] 0.5 4.33 5.28 2.27 2.32 wmh
Ref. [8] 0.5 8.05 2.77 2.31 1.20 \
| 10,79 _11.62
g
& 4.97 4.16
= 0.63
3
0 HGCAD.8 Rel.[34] Ref.[47] Ref.[8]

50.40 50.50
40.70

| Pgreen [ Pred W P (%)

HGCAO0.8

Ref.[34]

Ref.[47] ReL.[8]

Glass-Ceramic Samples

Fig. 17. The values of 8z (%) for the three PL emissions of the HGCAO0.8 na-
nocomposite when compared with other reports.

cross-relaxation, multi-phonon relaxations, non-radiative and radiate
decays. These Ag NPs acted as the sensitizers where upon the excitation
via the appropriate wavelength (450 nm in the present case), the energy
was transferred to the Ho®>* and consequently triggered the occupation
of their excited states before decayed radiatively by the emission (PL) of
light [52]. Meanwhile, some excited states decayed non-radiatively due
to the existence of many closed lying energy levels in the Ho®*. In the
present work, the HGCA0.8 nanocomposite that revealed the optimum
PL enhancement also exhibited the highest LSPR band intensity as
predicted by the absorption spectral analysis (Fig. 9). This finding in-
dicated the most favourable nature of the proposed host matrix as well
as the best doping concentration of the Ag NPs (0.8 mol%) for efficient
synergism, enabling a simultaneous enhancement in the PL intensity
towards an intense green and red lasing actions.

Glass-Ceramic Samples

Fig. 18. The values of crf~(><10‘210m2) for the three PL emissions of the
HGCAO.8 glass-ceramic compared to other reported works.

J-O intensity and radiative parameters

Following the earlier work [34], the J-O intensity parameters (L2,
Q4 and ) of the prepared glass-ceramic nanocomposites were cal-
culated. The J-O evaluation was performed using the values of the re-
fractive indices together with the matrix elements and the oscillator
strengths of the recorded transitions in the Ho>" 4f quantum states.
Table 3 shows the values of the experimental and calculated oscillator
strengths of the proposed nanocomposites for various transitions in the
Ho®™* together with their root mean square deviation (8,,s). The ob-
served variation of the oscillator strengths with the increase in the Ag
NPs contents was attributed to the higher local symmetry of the host
network [53]. The 8,5 values were found to be comparable to the other
literature reports [8,47,54,55]. Table 4 enlists the calculated J-O in-
tensity parameters which revealed a trend of Q, > Q4 > . In ad-
dition, the spectroscopic quality factor (x) of the glass-ceramics was
compared with other reported values. The parameter Q, described the
symmetric surrounding the Ho®" and the ligand polarizability pro-
duced by the overlap of the orbital ligand and Ho>* [56]. The HGCAO.7
nanocomposite having the largest value of Q. displayed the lowest
symmetric environment around the Ho®*, indicating the stronger po-
larizability. The values of €, were varied from 7.75 to 8.08
(x10~?°cm?) with the rise in the Ag NPs concentration from 0.6 to
0.9 mol%. This variation was consistent with the change in the V,, n,
and AE values, confirming the exposed structural-optical relationship in
the present nanocomposites. The parameters Q¢ and Qg signified the
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Fig. 19. Measured luminescence decay curve at 545 nm (°F4 — °Ig) and 656 nm (°Fs — °Ig) for HO®*.

Table 5

Measured lifetimes, radiative lifetimes, non-radiative decay rate and quantum efficiencies of Ho>" in the HGCA0.0 and HGCA0.8 nanocomposites.

Sample SF, — °Ig (green) 5Fs — °Ig (red)

Tmes (115) Trad (15) Wyr (s~ n (%) Times (115) Traa (15) Wyr (s~ ") 1 (%)
HGCAO0.0 5.52 49.27 0.16 11.20 4.97 101.26 0.19 4.91
HGCAO0.8 5.56 24.06 0.14 23.11 5.03 49.72 0.18 10.12
Ref. [64] 7.65 65 - 11 - - - -
Ref. [65] 2.13 - - - - - - -

dielectric properties, rigidity and the viscosity of the host matrix
[56,57]. The obtained behavior of the network rigidity (related to p and
Vi, values) revealed by the change in the Q4 value [58,59]. Moreover,
the lasing potency of the Ho>" in the titled glass-ceramics can be jus-
tified by the values of i, wherein the nanocomposite with large y value
is established to be a viable candidate for the solid state laser devel-
opment [11]. In this study, the HGCA0.8 nanocomposite disclosed the
highest x value which was further supported by the results on the PL
intensity enhancement.

Fig. 17 compares the fluorescence branching ratio (8g) of the
HGCADO.8 glass-ceramic obtained for all the detected PL peaks with the
existing literature on other hosts containing 0.5 mol% of Ho>". It is
known that a solid state system with 8z value above 50% can offer the
potent lasing actions [60], wherein the parameter gz describes the
probability of the stimulated emission transition between two specific
energy states obeying the selection rules [61,62]. The achieved values

of Br for the HGCAO0.8 nanocomposite were 73.88%, 83.97% and
71.40% for the green (°F4 — 5Ig), red (°Fs — °Ig) and IR (°F4 — °I,)
emissions, respectively. In short, these large values of fr clearly in-
dicated the effectiveness of the produced glass-ceramic nanocomposites
for the construction of red and green lasers.

Fig. 18 presents the stimulated emission cross-section (¢f in cm?) of
all the recorded PL emissions for the HGCAO0.8 nanocomposite and
compares them with the existing literature on other hosts containing
0.5 mol% of Ho®*. The value of of implies the capacity of the photons
emission from a specimen that can be an efficient lasing media [61],
where large of values are favorable for the low threshold and high gain
laser fabrication [60]. The achieved larger values of a}? for the
HGCAO0.8 nanocomposite (46.68 X 1072  cm?, 41.12 x 1072 cm? and
36.95 x 10~ ?! cm? for the green (°F, — °Ig), red (°Fs — °Ig) and IR
(°F4 — °I,) emissions, respectively) nominated its composition for the
fabrication of intense green and red laser devices. Based on the present
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findings, it can be affirmed that the observed alteration in the spec-
troscopic traits of the proposed nanocomposites was indeed induced by
their structural modifications (such as the symmetry, ligand interaction,
and LSPR of Ag NPs).

PL decay rates and quantum efficiency

Fig. 19 displays the luminescence decay curve measured at 545 nm
(°F4—°Ig) and 656 nm (°Fs—°Ig) for the HGCA0.0 and HGCAO.8 na-
nocomposites. The experimental lifetime (tpes) of the excited levels (°F,
and °Fs) were obtained by the exponential fit of the measured curves
(Table 5). The values of the radiative lifetimes (t.q, calculated from the
J-O theory), the non-radiative decay rate (Wygr) and quantum efficiency
() (estimated following [63]) of the Ho®™* doped inside the HGCAO0.0
and HGCAO0.8 nanocomposites are also presented in Table 5. The ob-
tained very low n values (comparable with other reports) were pri-
marily ascribed to the closeness of several excited energy levels in
Ho>". The observed increase in the 1, values was mainly attributed to
the Ag NPs LSPR mediated enhanced local electric field effect and the
energy transfer from the Ag NPs to the Ho>" [63]. The values of the
experimental radiative lifetime were found to be shorter than the cal-
culated ones which may be due to the nonradiative relaxation of the
excited state of the Ho>" in the proposed host [63]. According to the
literature, the quantum efficiency of a particular emission transition is
strongly influenced by some factors such as the emission cross-section,
radiative transition probability, lifetime of the metastable state, REL
concentration and ligand field effects [5]. In the present disclosure, the
green emission from the HGCAO0.8 nanocomposite showed the highest
quantum efficiency and lowest non-radiative decay rate, thereby in-
dicating its promise as the green lasing media.

Conclusions

The Ho®*-activated (fixed content) and Ag NPs (varying contents)
sensitized five zinc-sulfo-boro-phosphate glass-ceramic nanocomposites
were prepared via the standard melt-quenching. The as-quenched na-
nocomposites were characterised to evaluate their structural, optical
and dielectric traits as a function of various Ag NPs concentrations. The
J-O theoretical calculations were conducted to complement the ex-
perimental data. A correlation was established for the first time among
the observed variation in the Ag NPs concentration dependent values of
p, Vi, Eg, n, AE, 05 and J-O parameters (intensity and radiative). It was
demonstrated that the synergism between the inserted Ho®>* and Ag
NPs inside the proposed glass-ceramic nanocomposites can be effective
to customize their spectroscopic attributes, especially the PL emission
characteristics required for various miniaturized visible light emitting
devices. The PL peak intensity enhancement of the current nano-
composite prepared with 0.8 mol% of Ag NPs was highest compared to
those reported for other Ho®>" (0.5 mol%) doped hosts. This disclosure
was mainly attributed to the Ag NPs LSPR mediated effect where a
strong electric field was generated in the Ho®* surrounding that was
located in the close vicinity of the NPs inside the glass-ceramic network.
In short, the proposed glass-ceramic compositions are asserted to be
beneficial for the development of functional composite materials
needed for solid-state laser and various optoelectronic devices.
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