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Photonic media containing hybrid noble metal–dielectric nanocrystals (NCs) represent a wonderland of nano-
photonics, with a myriad of uncharted optical functions yet to be explored. Capitalizing on the unique
phase separation and spontaneous formation of Au-metal NCs in a gallosilicate glass, we fabricated Ni2�-doped
transparent nanoglass composites (GCs) containing Au-metal∕γ-Ga2O3-dielectric NCs. Compared with GCs free
of Au-metal NCs, the superbroadband near-infrared emission of Ni2� with a full width at half-maximum over
280 nm is enhanced twice in the Au-metal∕γ-Ga2O3 dual-phase GCs. A comparison is given as to the spontaneous
emission (SPE) properties of Ni2� in the dual-phase GCs when pumped resonantly and off-resonantly with the
localized surface plasmon resonance band of the Au-metal NCs. The important role of the Au-metal NCs in
the SPE enhancement is revealed by theoretical simulation based on the finite-element method. Combining
the photonic engineering effect of hybrid Au-metal∕γ-Ga2O3 NCs and the sensitization effect of Yb3� on
Ni2�, a record-high enhancement factor of over 10 of the Ni2� NIR emission is achieved, and optical gain is
demonstrated in the GCs at the fiber communication wavelength. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.379662

1. INTRODUCTION

Exploiting the advantages of both noble metal (e.g., Au, Ag)
and dielectric (e.g., Ga2O3, TiO2) nanocrystals (NCs) for
manipulation of light–matter interaction at the subwavelength
scale has led to a number of unprecedented technologies to
break down the conservative ideas in nanophotonics such as
ultracompact light sources [1], ultrahigh density optical data
storage [2], ultrasensitive spectroscopy [3], efficient LED light-
ing [4], and enhanced solar energy harvesting [5]. The light–
matter interactions in general and spontaneous emissions
(SPEs) in particular are subject to the local photonic environ-
ment [6]. For example, modifying local electromagnetic (EM)
field enhancements and density of optical states (LDOS),
also known as photonic engineering [7], has led to more than
3 orders of magnitude enhancement of upconversion lumines-

cence (UCL) of rare-earth (RE) ion-doped inorganic NCs [8].
On one hand, the enhancement of SPE arises from the strong
coupling between emitters and localized surface plasmon reso-
nance (LSPR) of the metal–dielectric NCs [9]. On the other
hand, the near-field scattering, due to the presence of a refrac-
tive index contrast between the NCs and the surrounding me-
dia, may promote utilization of pump light and thus lead to the
enhanced SPE [10].

However, it still remains a fundamental challenge to build
advanced and robust bulk photonic devices based on metal–
dielectric NCs [11]. Previously, implantation of noble metal
NCs into bulk photonic glasses has proven to be instrumental
in achieving diverse functionalities such as random lasing
[12], superior nonlinear optical properties [13], ultrastable op-
tical data memory [14], volumetric Bragg gratings [15], and
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surface-enhanced Raman scattering [16]. Recently, glasses em-
bedded with dielectric NCs such as Ga2O3 are gaining increas-
ing research momentum, which is continuously driven by their
potential applications in solar-blind converters [17] and, when
doped with RE or transition metal (TM) ions (e.g., Cr3�,
Ni2�), in solid-state lighting and broadband fiber amplifiers
[18,19]. Naturally, an interesting question emerges as to what
extent the embedded metal-Ga2O3 NCs will influence optical
and particularly SPE properties of RE or TM ion-doped
photonic glasses, which has not been reported in the literature.
Essentially, the difficulty lies in the controlled synthesis of
nanoglass composites (GCs), also known as nanoglass ceramics,
containing the desired metal–dielectric dual-phase NCs and
not suffering from serious optical properties degradation as well
as other adverse side effects related to microscopic inhomoge-
neities [20,21].

Capitalizing on the unique phase separation and spontane-
ous formation of Au-metal NCs in a supercooled gallosilicate
glass [22], we fabricated Ni2�-doped transparent GCs contain-
ing Au-metal∕γ-Ga2O3 NCs via a simple one-step thermal-
induced crystallization process. The reason for selecting
Ni2� as the dopant is primarily its attractive ultrabroadband
near-infrared (NIR) SPE covering the second “biological win-
dow” (1000–1350 nm) and the important “fiber communica-
tion window” (1100–1700 nm). Although significant progress
has been made lately to boost Ni2� NIR SPE in GCs, for ex-
ample, using sensitizers (e.g., Nd3�, Yb3�) to facilitate energy-
harvesting of excitation light, new techniques and strategies are
still in great demand to meet the insatiable desire for perfor-
mance improvement. Compared with RE ions, the SPE of
TM ions (Ni2�) is muchmore susceptible to local EM field envi-
ronments. As such, notable modification of Ni2� SPE is ex-
pected to occur in the nanostructured GCs containing the
dual-phase metal–dielectric NCs, and consequently observed
in our experimental work. The underlying mechanism respon-
sible for the enhanced SPE is discussed in the context of both
experimental observations and theoretical simulations.

2. EXPERIMENT

Glass samples with the composition of (in mol.%)
64SiO2 − 23Ga2O3 − 13Li2O doped with 0.15Ni and xAu
(x � 0, 0.3, 0.5, and 0.7), were prepared by the conventional
melt-quenching method. High purity (4N) SiO2, Ga2O3,
Li2O, NiO, and HAuCl4 · 3H2O (3N) were used as the
raw materials. A total of 30 g raw materials was mixed com-
pletely and melted in a high-purity quartz (3N) crucible at
1600°C for 1 h in air. The melt was rapidly quenched at room
temperature (RT) and then annealed at 550°C for 3 h, forming
“precursor glass” (PG). The PGs were cut and well polished to
12mm × 10mm × 1.2mm cuboids. Finally, GCs were ob-
tained by heating the PGs at 740°C for 5 h. The fabrication
details can be found in the Appendix A.

Detailed characterizations include transmission electron
microscopy (TEM), high-angle-annular-dark-field scanning
TEM (HAADF-STEM), energy dispersive spectroscopy
(STEM-EDS), X-ray diffraction (XRD), optical transmission,
and steady-state and time-resolved photoluminescence (PL);
please refer to the Appendix A. The refractive index, n, was

measured by an Abbe refractometer (ATAGO) with a
sodium vapor lamp that emits at 589.3 nm (D line). The
simulation of the local EM field in the GCs was carried out
by a finite-element method using commercially available
COMSOL Multiphysics (COMSOL Inc.) software [23].
The wave-optics module was used because it is very suitable
for theoretically simulating and analyzing nanostructured op-
tics [24,25]. In the simulation, the outer boundary of the do-
main was implemented with perfectly matched layers to
prevent backreflections.

3. RESULTS AND DISCUSSION

The precursor gallosilicate glass (AuNi PG) is completely amor-
phous, with no diffraction peaks, as shown in Fig. 1(a).
However, an additional weak and broad shoulder is clearly re-
solved at around 2θ � 36.2° (highlighted by a circle), coincid-
ing with the strongest diffraction peak of the standard γ-Ga2O3

spinel, suggesting the occurrence of an submicrometer two-
phase structure, similar to our previous work [18]. Owing
to the unique phase separation of the supercooled PG,
γ-Ga2O3 NCs can be grown in the glass matrix upon thermal
treatment without the aid of typical heterogeneous nucleating
agents such as TiO2, ZrO2, CaF2, Cr2O3, and noble metals.
However, no diffraction peaks of metallic Au are detected,
which might be due to the small size and dilute distribution
of Au NCs [26]. The presence of Au NCs, however, can be
observed by TEM, as shown in Figs. 1(b)–1(e). Two types
of NCs are identified with different morphologies and particle
size distributions in the GC, namely, (1) cubic nanoparticles
with a larger size (∼10 nm, green squares) representing the
Ga2O3 NCs, and (2) spherical ones with a smaller particle size
(∼5 nm, blue circles) corresponding to the Au-metal NCs
(confirmed by STEM-EDS). The inset in Fig. 1(b) shows
the corresponding high-resolution TEM (HRTEM) image,
which also evidences the existence of dual-phase NCs as distin-
guished by the differences in the crystal lattice constants (in-
terplanar spacings). The presence of Au NCs can be further
verified by the elemental mapping, as shown in Fig. 1(d).
The separation distance between Au-metal and Ga2O3 NCs
is less than 5 nm (in close proximity), with a considerable
faction of Au-metal NCs in contact with Ga2O3 NCs. The
coupling between Au and Ga2O3 NCs within the shaped re-
gion, as indicated by a rectangle in Fig. 1(b), will be simulated,
as discussed in Fig. 4 later.

The cogrowth of Au∕Ga2O3 NCs in the GCs imposes spec-
tacular influence on their optical properties. Figure 2 shows
transmission spectra of Ni2� singly-doped and Ni2�∕Au-
codoped PG and GC samples. Similar to our previous studies,
the absorption bands at 435, 856, and 1710 nm observed in the
PGs are attributed to trigonal bipyramid fivefold coordinated
Ni2� [18]. After the thermal treatment, three new bands at
383, 629, and 1060 nm are observed in the GCs, originating
from the spin-allowed 3A2�F� → 3T1�P�, 3A2�F� → 3T1�F�,
and 3A2�F� → 3T2�F� transitions of Ni2� in octahedral sites
[18]. Our recent comprehensive TEM examination has offered
straightforward evidence that nearly all theNi2� ions are doped
into the Ga2O3 NCs in the GCs, inducing the pronounced
spectral changes, as mentioned above [18]. A ruby-red color
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can be seen in the Au-doped PG sample and is slightly dark-
ened in the GC sample due to the increased absorption. This
color is caused by LSPR of Au NCs [27]. In a common soda-
lime-silicate glass with n of 1.55 close to that of the gallosilicate
glass studied herein (n � 1.57), the LSPR band peaks at
540 nm for spherical Au-metal NCs of 6 nm in diameter.
Remarkably, the LSPR band can be also seen even in the rapidly
quenched glass (see Appendix A, Fig. 6), suggesting the sponta-
neous formation of Au NCs prior to “striking gold” by any
thermal treatment [28]. Such a spontaneous formation of

Au NCs has been seldom found in glasses, and has only been
observed in antimony glasses containing the mild reducing
agent of Sb2O3 [29].

Both enhancement and attenuation of SPE of RE ions have
been found in glasses and GCs embedded with noble metal
NCs [30,31]. Herein, when excited at 980 nm, which is
off-resonant with respect to the LSPR band of Au-metal
NCs (Fig. 2), the SPE of Ni2� centered at 1300 nm with
an extremely large FWHM of 283 nm is significantly enhanced
by 2 times in the Au∕Ga2O3 dual-phase GCs as compared with
the Ga2O3 single-phase GCs [Fig. 3(a)]. The Ni2� emission
increases with the Au concentration, reaching the maximum
at the 0.5 mol.% Au [Fig. 3(a)]. At higher Au concentrations
(>0.5 mol:% ), however, some very large Au-metal particles
can be seen (by the naked eye), segregating from the samples
due to the limited Au solubility. Consequently, the PL intensity
starts to fall as the Au-metal NCs embedded in the glass matrix
actually decreases after the Au-metal segregation. On the other
hand, when excited at 532 nm, which is resonant with the Au
LSPR band, the Ni2� SPE is much weaker in the dual-phase
than in the single-phase GCs [Fig. 3(b)]. The SPE enhance-
ment is usually accompanied by an increase in the PL decay
rate, Γr , which is inversely proportional to the lifetime [32].
However, the decay rate of the Ni2� emission decreases in
the dual-phase GCs when pumped off-resonantly at 980 nm
[Fig. 3(c)] or resonantly at 532 nm with the Au LSPR band
[Fig. 3(d)]. Therefore, the decay rate shows a trend opposite
to the SPE enhancement.

Below we first address the abnormal behavior of the PL de-
cay rate. Because Ni2� ions are well doped in the Ga2O3 NCs,

Fig. 1. (a) XRD patterns of the 0.15Ni2�∕0.5Au-codoped PG and GC samples. The pattern of the reference γ-Ga2O3 crystal (PDF# 20-0426) is
also presented at the bottom. (b) A dark-field TEM image of the GC sample. The inset shows the corresponding HRTEM image, where the blue
circles and green squares indicate the presence of Au and Ga2O3 NCs, respectively. (c) HAADF-STEM image of the GC sample, and the cor-
responding STEM-EDS maps for the (d) Au and (e) Ga elements.

Fig. 2. Transmission spectra of the 0.15Ni2� singly-doped and
0.15Ni2�∕0.5Au-codoped PG and GC samples (thickness,
1.2 mm). The inset shows the digital photographs of the samples.
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their PL decay rate may be described by an “NC cavity” model
proposed by Meijerink et al. [33], which reads as

Γr � Γ0n
�

3n2

2n2 � n2NC

�
2

, (1)

where Γ0 is the PL decay rate of the emitter in vacuum, and
nNC is the refractive index of the NC. According to this model,
the PL decay rate will increase when NCs are embedded in a
matrix with a larger n. The Au-metal NCs slightly increase
the effective n of the matrix of the dual-phase GCs to 1.59,
and thus the PL decay rate would increase accordingly.
Obviously, this is contrary to the experimental observations.
The decrease in the PL decay rate could be also caused by re-
duced nonradiative relaxation. However, Ni2� ions are effec-
tively protected by the Ga2O3 NCs with the same crystal
field environment. We consider that the decrease in the PL de-
cay rate or, in other words, the increase in the PL lifetime can be
attributable to the radiation trapping effect [34] as a result of
the emission-reabsorption process, which tends to be enhanced
by internal reflection [35]. The dropping of the Ni2� SPE
when pumped resonantly at the Au LSPR band is primarily
because of the extremely strong and rapid (on the femtosecond
scale) energy dissipation (via Joule heating) of the excited Au-
metal NCs surpassing any improvement that the field concen-
tration achieves [36].

According to Fermi’s golden rule, the radiative transition
rate of an emitter from the initial (excited) state jii to the final
state jf i can be described as

Γr �
2π

ℏ
jhf bμif · E locciij2ρ�ω�, (2)

where μif and E loc are the electric dipole and local electric field
operators evaluated at the emitter position, and ρ�ω� is the
LDOS that counts the number of the optical modes available
for the emission. The radiative transition rate increases with the
LDOS (known as the Purcell effect), which in turn results in
the enhanced SPE, given that no additional dissipative channels
are introduced [37]. Previously, the SPE enhancement of RE
ions (e.g., Eu3�, Er3�) in glasses embedded with Au NCs was
interpreted by means of the proliferation of the LDOS near the
Au-metal NCs, which becomes most effective when the LSPR
band of metal NCs coincides with the optical absorption or
emission spectral windows of the emitter. Apparently, this is
not the case in the present study, since both the excitation
and emission wavelengths of Ni2� are far away from the Au
LSPR band. Recently, an enhanced (by 30%) NIR emission
of Er3� at 1530 nm was found in a lead germanate glass upon
the 980 nm excitation, which is tentatively attributed to the
enhancement of optical absorption in the vicinity of hot spots
formed near the Au-metal NCs. According to this mechanism,
the SPE enhancement (fF ) can be described by the following
expression:

fF � η

η0

jμif · E ex
locj2

jμif · E ex
0 j2

, (3)

where E ex
0 and E ex

loc are the incident and local electric fields at
the excitation, and η and η0 are the quantum efficiencies at the
emission in the presence and absence of the Au-metal NCs,
respectively. The internal quantum efficiency of Ni2� was
determined by τ300K∕τ10K, where τ300K and τ10K are the life-
times of the NIR SPE at RT and 10 K temperatures, respec-

Fig. 3. Emission spectra of the samples doped with 0 mol.% Au (Ni GC), 0.3 mol.% Au (0.3AuNi GC), 0.5 mol.% Au (0.5AuNi GC), and
0.7 mol.% Au (0.7AuNi GC) excited at (a) 980 nm and (b) 532 nm, respectively; PL decay curves of the Ni2� 1300 nm emission of the samples
excited at (c) 980 nm and (d) 532 nm, respectively.
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tively. The quantum efficiency is slightly increased from 62%
in the absence of Au NCs to 73% otherwise, which accounts
for approximately an 18% increase in the SPE. Obviously, the
increase in the quantum efficiency cannot be the sole source for
the significant increase (>100%) in the SPE of Ni2� in the
dual-phase GCs. The enhancement of the local excitation field
must also come into play, according to Eq. (3), to account for
the enhanced Ni2� SPE. To verify such an assumption, the
local field at the pump wavelength due to internal scattering
within the GCs was simulated as shown in Fig. 4. The simu-
lation model [Fig. 4(a)] was established according to the sizes
and distributions of the Au-metal and γ-Ga2O3 NCs deter-
mined experimentally by referring to the TEM image
[Fig. 4(b)]. The maximum local electric field can be found
around the sharp corners of the cubic Ga2O3 NCs in the
single-phase GCs. The Au-metal NCs clearly act as scattering
centers and form a light trapping cage around the Ga2O3 NCs.
As a result of the light confinement, the strongest electric field
can be found to be located between Au-metal and Ga2O3 NCs,
especially when they are in close proximity (creating a hot spot)
[Fig. 4(b)]. The maximum local electric field in the presence of
Au-metal NCs is about 3 times larger than that achieved in the
single-phase GCs free of Au-metal NCs. Since the local field
falls off rapidly with the distance away from the metal NCs
[Fig. 4(c)], only a small fraction ofNi2� ions are profiting from
the local field enhancement. It is conceivable that, as more Au
NCs grow in the glass matrix, the average distance between the

Au and Ga2O3 NCs becomes shorter, which explains the larger
Ni2� SPE enhancement observed in the more strongly Au-
doped GC [Fig. 3(a)]. Besides, the simulation also indicates
that the local field will increase with the radius of Au-metal
NCs [Fig. 4(d)]. Therefore, there is a large chance that further
SPE enhancement can be achieved if more Au-metal NCs with
larger radii can be planted or grown in the dual-phase GCs.
It is also noted that the scattering efficiency is wavelength-
dependent [38]. The simulation performed in the Au LSPR
band at 532 nm shows that the local field in the dual-phase
GCs enhances (by an order of magnitude) to a much greater
extent than at the 980 nm (see Appendix A, Fig. 7). However,
as most EM wave energy at 532 nm is coupled to heat dissi-
pation of the Au-metal NCs (vide supra), only the attenuation
of the SPE is observed when pumped at 532 nm [Fig. 3(b)].

Our previous studies have revealed that RE ions tend to be
incorporated into the Ga2O3 NCs embedded in the single-
phase GCs [22]. As a result of the modified local environment,
SPE quenching of RE ions is observed. In contrast, enhance-
ments of NIR emissions have been observed from a variety of
RE ions (e.g., Yb3�, Er3�) doped Au∕Ga2O3 dual-phase GCs
when pumped off-resonantly (see Appendix A, Figs. 8 and 9).
However, when the UCL bands of the RE ions overlap with the
strong attenuation band of the Au-metal NCs, or when the RE
ions are pumped resonantly with the Au LSPR band, significant
PL quenching occurs (see Appendix A, Figs. 10 and 11), which
is likely due to the same cause as elaborated above in Fig. 3(b).

Fig. 4. (a) Simulation model as referred to the TEM image shown in (b); (b) normalized local electric field (E loc) distribution with respect to the
incident 980 nm pump light (E0) in the single-phase Ga2O3 (lower right and left) and dual-phase Ga2O3 and Au GCs (upper right); normalized
integrated local electric field (

R jE locjdS) at the upper surface of the Ga2O3 NCs as a function of (c) the distance, d , between Au and Ga2O3 NCs
and (d) the radius, r, of Au NCs with a fixed distance.
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Combining the local field enhancement effect of the Au-metal
NCs and the sensitization of Yb3� on Ni2�, the Ni2� NIR
emission is significantly enhanced over 10 times, which sets
a new record-high enhancement factor [Fig. 5(a)]. We further
examined the feasibility of the Yb3�∕Ni2� (1.0/0.15 mol.%)-
codoped dual-phase GCs in optical amplification using the
conventional two-wave mixing configuration [39], as schemati-
cally shown in Fig. 5(b). The optical gain was evaluated by
g � 1∕lLn�I∕I 0�, where l is the sample thickness, and I
and I 0 are the signal intensities at 1310 nm with the pump
on and off at 980 nm, respectively. The optical gain can be
realized both in the dual- and single-phase GCs; however,
the presence of Au NCs gives an optical gain (1.52 cm−1) twice
that of the Au-free GC sample (0.72 cm−1) [Fig. 5(c)]. The
results suggest the potential use of the Yb3�∕Ni2�-codoped
GCs embedded with dual phase of Au∕Ga2O3 NCs for optical
amplification [40].

We did not measure the light amplification of the sample
x � 0.3 because of the rather mild enhancement in the PL in-
tensity [Fig. 3(a)]. As for the sample x � 0.7, it exhibits sig-
nificant inhomogeneity, and thus does not warrant further
study. It has been previously demonstrated by Qiu et al. that
fiber can be drawn out of the GC sample similar to the one
studied herein by the so-called “melt-in-tube” method [41].
Similar Ni2� SPE was observed from that fiber; however, no
light amplification was reported. The light amplification from
Ni2�-doped fibers has only been reported by Qiu et al. in a GC
fiber containing LiTaO3 and LiAlSi2O6 dual-phase NCs [41].
In contrast to the LiTaO3∕LiAlSi2O6 dual-phase GCs, which
contain anisotropic nonlinear crystals and tend to suffer from
birefringence, the Au∕Ga2O3 dual phase GCs contain only iso-
tropic crystals and thus promise lower scattering losses [42].

4. CONCLUSION

Ni2�-doped GCs containing simultaneously Au-metal∕
γ-Ga2O3-dielectric NCs are fabricated for the first time, to
the best of our knowledge. The lengthening of the Ni2� emis-

sion lifetime suggests that the NIR SPE enhancement is not
related to the increase in the n of the surrounding media
and the LDOS at the emission wavelength. Since Ni2� ions
are effectively protected by the Ga2O3 NCs and consequently
kept away from the hydroxyl groups, the reduction of the non-
radiative relaxation rate is irrelevant. The significantly en-
hanced Ni2� SPE in the dual-phase GCs is thus construed
by the enhanced local electric field and energy harvesting at
the excitation wavelength, because the Au-metal NCs offer
more scattering centers with the strongest electric field located
between Au-metal and Ga2O3 NCs. The enhanced radiation
trapping in the dual-phase GCs can account for the lifetime
lengthening. The quenching of the SPE when pumped reso-
nantly with the LSPR band of the Au-metal NCs is caused
by the rapid energy dissipation of the excited Au-metal
NCs. The importance of present study lies in not only provid-
ing a promising photonic material for optical amplification, but
also in aiding the understanding of the complex mechanisms
responsible for the metal NCs enhanced/quenched SPE in
optical glasses, which remains highly controversial.

APPENDIX A: EXPERIMENTAL DETAILS

XRD was performed on the powder samples. The diffraction
patterns were recorded using an X-ray diffractometer
(D/MAX2550VB/PC, Rigaku Corporation, Japan) with
Cu-Kα irradiation.

Bright-/dark-field TEM, HRTEM, and HAADF-STEM
images were measured using an FEI Talos F200X operating
at an acceleration voltage of 200 kV and equipped with an en-
ergy-dispersive spectrometer (EDS). TEM samples with a
thickness of approximately 50 nm were prepared by ion-beam
milling using a PIPS system from GATAN. In the STEM-EDS
elemental mapping measurement, the probe size was 0.13 nm
in diameter, the examined area (∼120 nm × 120 nm) was di-
vided into 2048 pixels × 2048 pixels, and the dwell time was
20 μs per pixel. It took approximately 20 s per frame
and 80 s to acquire a mapping image. The selected-area

Fig. 5. (a) Emission spectra of the 0.15 mol:% Ni2�-doped single- (Ni GC) and dual-phase (AuNi GC) GC samples,
1.0 mol:%Yb3�∕0.15 mol:%Ni2�-codoped single- (YbNi GC) and dual-phase (AuYbNi GC) GC samples excited at 980 nm; (b) scheme of
the two-wave mixing method. ISO, isolator; Coupler, at the 980 and 1310 nm wavelengths; Filter, filtering out the 980 nm light; DSO, digital
storage oscilloscope; (c) optical amplification properties at 1310 nm of the dual-phase GCs codoped with (in the middle) and without Yb3�∕Ni2�

(Yb/Ni-free, on the left), and of the single-phase GC codoped with Yb3�∕Ni2� (Au NC-free, on the right) for comparison.
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EDS spectrum was obtained by continuously scanning over a
20 nm × 20 nm area. The scanned area was divided into
512 pixels × 512 pixels, and the dwell time was 20 μs per pixel.

By doing so, the real exposure time was reduced to approxi-
mately 0.5 ms, and there was no noticeable damage to the ex-
posed area after the measurements.

Optical transmission spectra were measured using a Perkin-
Elmer Lambda 950 UV-VIS spectrophotometer in the spectral
range of 200–2000 nm. PL emission and PL decay spectra were
recorded using an Edinburgh FLS980 fluorescence spectrom-
eter (Edinburgh Instruments). Continuous- and pulsed-semi-
conductor lasers, operating at 980 and 532 nm, were used
as the excitation sources. The spectral widths of the slits were
set to 2 nm. The emission spectra were corrected for the re-
sponse of a photomultiplier tube (PMT) using a built-in cor-
rection file.

Fig. 6. Transmission spectra of the rapidly quenched (air-quenched)
and annealed glasses (PG) and the GC sample doped with 0.5 mol.%
Au.

Fig. 7. (a) Simulation model based on the TEM image shown in
Fig. 4(b), and (b) local electric field distribution of the light in the
Au LSPR band at 532 nm.

Fig. 8. Emission spectra of the 1.0 mol:%Yb3�-doped (Yb PG)
and 1.0 mol:%Yb3�∕0.5mol:%Au-doped (AuYb PG) PGs as well
as the 1.0 mol:%Yb3�-doped single- (Yb GC) and dual-phase
(AuYb GC) GC samples under 980 nm excitation.

Fig. 9. Emission spectra of the 0.2 mol:%Er3�-doped (Er PG) and
0.2 mol.% Er3+/0.5 mol.% Au-doped (AuEr PG) PGs as well as the
0.2 mol:%Er3�-doped single- (Er GC) and dual-phase (AuEr GC)
GC samples under 980 nm excitation.

Fig. 10. UCL spectra of the 1.0 mol:%Yb3�∕0.2 mol:%Er3�-
doped (YbEr PG) and 1.0 mol:%Yb3�∕0.2 mol:%Er3�∕0.5mol:%
Au-doped (AuYbEr PG) PGs as well as the 1.0 mol:%Yb3�∕0.2 mol:%
Er3�-doped single- (YbEr GC) and dual-phase (AuYbEr GC) GC
samples under 980 nm excitation.
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