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Abstract: In this work, we have performed a comprehensive
investigation of the Ag* concentration effect on the mor-
phological, thermal, structural, and mid-infrared emis-
sion properties of novel oxyfluoride borosilicate glasses
and glass ceramics containing both Ag nanoparticles and
erbium-doped hexagonal NaYF, nanocrystals. The effect
of Ag* ions on the glass forming and crystallization pro-
cesses was discussed in detail by glass structural analysis.
It was found that the Ag* concentration can affect the dis-
tribution of Na* ion and bridge oxygen in boron-rich and
silicon-rich phases, which induced the transformation
between BO, triangles and BO, tetrahedra during crystal-
lization process. In addition, there was a turning point
when the doped Ag* ion concentration reached its solu-
bility in the borosilicate glass. Furthermore, the enhance-
ment of the 2.7 um emission and the reduction of the
lifetime of the “I, , level were observed both in glasses and
in glass ceramics, and its origin was revealed by qualita-
tive and quantitative analyses of the Er’**-Ag nanoparticles
(localized electric field enhancement) and Er**+-Er** (non-
radiative resonance energy transfer) interactions within
glasses and glass ceramics. Moreover, the high lifetime of
the “I | 2 level (2.12 ms) and the peak emission cross section
in 2.7 um (6.8 x 10 cm?) suggested that the prepared glass
ceramics have promising mid-infrared laser applications.
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1 Introduction

A novel type of glasses containing both rare earth (RE) ions
and Ag ions has emerged in recent years but has already
attracted considerable attention [1-3]. The reason for such
interest lies in the efficient enhancement of the fluores-
cent properties in RE-doped glasses when introducing
appropriate Ag ions. The Ag exists in glass mainly in the
forms of isolated Ag* ions (or Ag atoms), molecular-like
Ag nanocluster, or Ag nanoparticles (Ag NPs) with surface
plasmonic resonance (SPR) absorption bands [2]. The SPR
effect plays an intriguing role in material design, photon-
ics, and other applications [4—7]. In particular, the fluo-
rescent enhancement by Ag NPs is due to the enhanced
electromagnetic field surrounding the Ag NPs, tuning the
radiative decay properties of neighboring RE ions [8, 9].
So far, many researchers have been conducted to study
the formation mechanism of Ag NPs in glass [2, 10] and
relative factors, including Ag doping concentration [11],
glass host composition [12], and the afterward thermal
treatment [13, 14]. Besides, the spectroscopic properties of
glasses containing both RE ions and Ag NPs in the visible
and near-infrared ranges were also deeply investigated
[15, 16]. The spectroscopic properties of such a new hybrid
material in the mid-infrared (MIR) range, however, have
received far less attention and are consequently less clear.

The MIR emission is of particular importance because
most molecules display high absorption cross section in
this region and therefore have promising applications
in chemical and biomolecular sensing and food quality
control [17, 18]. Advanced applications demand an effi-
cient MIR emission, and there are ongoing efforts to design
highly efficient MIR emission materials. RE-doped oxy-
fluoride glass ceramics (GCs) are one of the most efficient
MIR materials and have long fascinated many research-
ers [19]. The attraction of oxyfluoride GCs is that they can
simultaneously meet two critical requirements for MIR
laser materials: low phonon energy and excellent mac-
roscopic properties. On one hand, fluoride nanocrystals
(NCs) contained in the glass matrix provide low phonon
energy environment for RE dopant, which can weaken the
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multiphonon-assisted nonradiative relaxation effect and
enhance the fluorescent efficiency of RE ions [20]. On the
other hand, oxide glass matrices exhibit excellent macro-
scopic properties such as thermal stability, mechanical
properties, and chemical durability that are important for
practical applications such as fiber amplifiers [21, 22].

Some researches have proved that the introduction of
Ag NPs can enhance the MIR emission of RE-doped glass
[23-25]. However, to the best of our knowledge, there was
no report on the effect of Ag NPs on the structure and MIR
emission of RE-doped GCs, which is more complex and
promising because of the complicated structure and better
performance of GCs. Among oxyfluoride GCs, oxyfluoride
borosilicate GCs have the advantages of excellent stabil-
ity of silicate glass and higher Ag ion solubility of borate
glass [26], offering a good chance to explore Ag-doped
oxyfluoride GCs as a new MIR material. In this context, we
set out to carry out a combined experimental and theoreti-
cal study on the structure and MIR emission of oxyfluoride
borosilicate glasses and GCs containing both Er-doped
fluoride NCs and Ag NPs.

In this work, novel oxyfluoride borosilicate GCs con-
taining Er-doped hexagonal NaYF, (-NaYF,) NCs and Ag
NPs were successfully prepared. The morphological char-
acteristics and absorption spectra are studied to confirm
the existence of 3-NaYF, NCs and Ag NPs in glass. The
thermal properties were investigated to guide the heat
treatment condition and assess the change of structural
tightness. Together with vibration spectra, the change
of glass structure was deeply revealed. Finally, the MIR
emission properties of glasses and GCs with different Ag*
concentration doping were analyzed, and the origin of
fluorescence change was discussed in detail.

2 Experimental procedures

2.1 Samples preparation

The microstructure and luminescent behaviors of GCs are
largely affected by Ag" doping concentration, especially
when doping concentration reached its solubility in glass;
therefore, a series of GCs with different Ag* concentration
were prepared. More importantly, for the deep investigation
of structural evolution and luminescent mechanism of GCs,
glass samples with the same concentration were necessary
to be synthesized and analyzed for comparison. Glasses
with the molar composition of 585i0,:14.5H,BO,-13.5Na,CO,-
6NaF-5.5YF,-0.5ErF -xAgNO, (x=0, 0.1, 0.3, 0.5, and 1, corre-
sponding to GO, GO.1, GO.3, GO.5, and G1) were melted from
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analytical grade powders (all reagents were bought from
Aladdin Industrial Corporation, Shanghai, China). The raw
materials with required proportion were mixed homogene-
ously and put into a covered corundum crucible in order
to prevent the vaporization of fluoride. Then the crucibles
were placed in an elevator furnace (YFG200*250/170-YC,
Shanghai Y-feng Electrical Furnance Ltd, Shanghai, China)
at 1450°C, where it remained for 30 min. After melting, the
glasses were quenched on preheated stainless steel plated
before being annealed at 500°C for 30 min to release inner
stress. Each glass was cut into two pieces properly, and
these glasses were divided into two batches.

Transparent GCs were obtained by the traditional partial
devitrification-controlled crystallization of starting glasses
[22]. One batch of the above glasses was put into a muffle
furnace at 600°C for 12 h to acquire GCs, which are corre-
spondingly denoted as GCO, GCO0.1, GCO.3 GCO.5, and GC1,
respectively. Based on glass characteristic temperature ana-
lyzed below, the thermal treatment temperature was chosen
as the moderate value of 600°C in order to ensure that the
sample remains transparent and the crystal phase stable.
Finally, the glasses and GC samples were cut and polished
into the glass samples with thickness of 1 mm for thermal,
structural, and spectroscopic properties measurements.

2.2 Characterization

The densities of glass samples were measured according
to the Archimedes principle using distilled water as the
immersion liquid. The differential scanning calorimetry
(DSC) curves for powder glass samples were measured by
a differential thermal analysis (DTA 404PC, NETZSCH, Free
State of Bavaria, Germany) at the heating rate of 10 K/min.
To know the difference between glasses and GCs, X-ray dif-
fraction (XRD) analysis of the samples was performed with
a Xray diffractometer(D2 PHASER, Bruker, Karlsruher,
Germany) using Cu-K , radiation. The micrographs of GC
were measured by a transmission electron microscope
(TEM, Tecnai G2 F20, FEI, Hillsboro, OR, USA). Fourier
transform infrared (FTIR) spectra were measured by
FTIR spectrometer (Nicolet iS50, Thermo Fisher Scientific
Inc., MA, USA) in the range of 400-1500 cm™. Absorption
spectra were measured by a UV-VIS-NIR spectrophotometer
(UV3600, Shimadzu Corporation, Kyoto, Japan) with a reso-
lution of 1 nm, and diffuse reflectance spectra were meas-
ured in the same instrument using BaSiO, (99%, 1 um) as
references. Upconversion visible spectrum was examined
by a fluorescence spectrometer-Fluorolog (F1-3-211, Jobin
Yvon, Paris, France), and a 980 nm laser diode was used as
the excitation source. MIR emission spectra were measured
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by MIR emission spectrometer (FLS980, Edinburgh Instru-
ments Ltd, Livingston, UK). and detected with a liquid-
nitrogen-cooled PbS detector upon excitation by a 980 nm
laser diode. All the measures were taken at room tempera-
ture, and other conditions were kept as similar as possible.

3 Results and discussion

3.1 Morphological characteristics

The XRD for glasses and GCs were measured by powders of
glass samples after polishing. The amorphous nature of the
glasses was confirmed by the absence of peaks in Figure 1A.
Crystallization of the B-NaYF, phase was observed for all
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Figure 1: Morphological characteristics of glasses and GCs.
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GC samples, as the diffraction peaks of the XRD curve in
Figure 1B were well matched with the standard pattern of j3-
NaYF, (PDF#16-0334). However, the Ag NPs are undetecta-
ble in both glasses and GCs from XRD analysis, supposedly
because of the small size of Ag NPs. Interestingly, surface
crystallization phenomenon was observed in GC1 sample,
and the surface crystallized layer was also measured by
XRD using bulk GC1 sample, as shown in Figure 1C. The
result indicates that the crystallization phase was formed
in the surface crystallized layer, corresponding to SiO,
(PDF#42-1401) and Ag (PDF#65-2871) crystals. The crystal-
lization of glass surface is brought about by two reasons.
On one hand, the aggregated Ag NPs can play a role as
nucleating agent for the crystallization of stable oxide com-
ponents in glass when the doped Ag* ion concentration is
higher than its solubility in the borosilicate glass. On the

XRD patterns of glasses (A) and GCs (B); (C) comparison of the XRD patterns for the G1 sample, GC1 sample, and surface crystallized layer of
the GC1 sample; TEM micrographs of Ag NPs (D) and B-NaYF, NCs (E) distributed in glass.
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other hand, the resistance of the rearrangement and migra-
tion of atoms is relatively small in glass surface, which has
more breaking bonds than glass interior. Figure 1D and E
show TEM micrographs of Ag NPs and 3-NaYF, NCs dis-
tributed in glass, captured from powders of the GO.1 and
GCO.5 samples, respectively. The Ag NPs of varying diam-
eters mainly from 6 to 13 nm are inhomogeneously distrib-
uted in glass, while B-NaYF, NCs with diameters of roughly
45-65 nm are homogeneously distributed in glass.

3.2 Thermal and structural analysis

The DSC thermograms of different concentrations of Ag
dopants in glasses are shown in Figure 2A. Two exothermal
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peaks can be observed for each glass sample. The first weak
exothermal peak near 625°C is caused by the crystallization
of fluoride components in the glass, while the second broad
exothermal peak can be attributed to the crystallization of
borosilicate oxides in the glass matrix. The variation of glass
transition temperature T, which is sensitive to any change
in the coordination number of the network forming atoms
and the formation of nonbridging oxygen (NBO) bonds, was
able to indicate the structural changes in the glass network.
Itis noticeable that the T, of glass samples firstly decreases
from GO to GO.5 and then increases from GO.5 to G1. Thus,
the number of NBO bonds in glass structure increases firstly
and then reduces at different Ag doping concentration.
AT=T,-T, (T, is the onset crystallization temperature for
the second exothermal peak) is generally considered as a
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Figure 2: Effect of Ag* on the thermal properties and structure variation of glasses and GCs.

(A) DSC curves of the borosilicate glasses; densities and molar volume

of glasses (B) and GCs (C); Fourier transform infrared absorption

spectra of glasses (D) and GCs (E); (F) schematic structure variation of glass due to the introduction of Ag NPs.
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useful criteria for evaluating the thermal stability of glass

and the accessibility of fiber drawing. Here, one can find

that the AT of glass samples firstly increases (126°C, 133°C,
145°C, 165°C, and 148°C, corresponding to GO, G0.1, GO.3,
and GO.5, respectively) and subsequently decreases from

GO.5 to G1. The result indicates that appropriate addition of

Ag in the investigated glass is favorable for enhancing the

thermal stability of glass.

The density measurement gives a rough macroscopic
overview of the structural packing. The measured density
and calculated molar volume of glasses and GCs have been
presented in Figure 2B and C, respectively. The density
was found to be proportional to the increase of Ag content,
which is most likely related to the addition of AgNO, with
high molar mass. However, the density later decreases with
the further improvement of Ag* ion concentration, suggest-
ing that a structure change occurs in glass. The glass struc-
ture tends to be in order after the crystallization process
of B-NaYF,, leading to the increment of density in all GCs
compared with corresponding precursor glasses.

To identify the presence of different structural groups
and possible changes in their rearrangement with the
glass composition, normalized FTIR absorption spectra
of glasses and GCs are shown in Figure 2D and E, respec-
tively. The main characteristic IR bands for glasses and
GCs are as follows [27-30]:

(i) The bands at around 470 cm™ are attributed to the
vibration of Si-O-Si bonds containing SiO, tetrahedra.

(i) The weak bands near 785 cm™ are related to the
stretching vibration of Si-O-Si or O-Si-O.

(iii) The broad bands in the region 800-1300 cm™ are due
to the deformation and asymmetric stretching vibra-
tions of the B-O bond in the BO, tetrahedra and asym-
metric stretching vibrations of the Si-O-Si bonds in
complex anions.

(iv) The peaks close to 1400 cm™ are associated with the
stretching vibration of the B-O bond in the composi-
tion of the BO, triangles.

It can be seen that the position of the broad band in the
region 800-1300 cm™ is slightly shifted, which may be
caused by the change of NBO in glasses and GCs. Further-
more, the intensity of peaks near 1400 cm™ has no obvious
change in glass samples while it decreases previously and
increases later in GCs with an increase in Ag-doped con-
centration. The change in intensity of this peak is indica-
tive of the fact that the interconvert of BO, triangles and
BO, tetrahedra occurred in the glass structure.

To deeply reveal the change in the glass structure,
the distributed tendency of Na* and Ag* in such phase-
separated glasses is first determined. The Na* ions in the
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glasses can either attach with silicon as Si—-Na* result-
ing in the formation of NBO or with boron by forming an
alkali borate phase. The association of the Na* ions with
boron or silicon is governed by the R and K ratios (where
R=[Na,0]/[B,0,] and K=[Na,0]/[Si0,]). The sodium ions
associate with boron till R<0.5 and thereafter link with
silicon. Also, it has been found that in sodium borosili-
cate glasses, if K>0.5, then the sodium ions link only
with boron [28]. Therefore, a certain amount of Na* ions
associate with boron, and residual Na* ions link with
silicon in the investigated glasses, where K<0.5 and
R>0.5. Besides, it is reported that most of the Ag* ions
are preferentially dispersed in the B,0-rich glassy phase
compared with the SiO-rich glassy phase [26]. There-
fore, a simplified influence mechanism for glass struc-
ture variation is shown in Figure 2F and is summarized
as follows:

In the glass forming process (melting-quenching
stage), the Ag* ions can displace Na* ions in the boron-
rich phase, resulting in more displaced Na* ions enter-
ing into the Si-O network in order to keep the charge
balanced. Thus, the number of BO, triangles has little
change in the investigated glasses. More Na* ions in sil-
icon-rich phase can break Si-O bonds resulting in more
loose glass structure and decreased T,. However, for
glass doped with higher Ag* concentration (G1 sample),
the network of glass becomes B,0,-deficient so that the
excessive Ag*ions participate in the formation of the Si-O
network, leading to decreased Na* ions in Si-O network
and the rebound of T.

In the crystallization process (heat treatment stage),
Na* ions in the Si-O network take part in the formation
of B-NaYF, NCs and accompany with the free oxygen.
The emerging free oxygen would affect the glass struc-
ture because the melted B,0, composition has a layered
structure while the melted SiO, composition possesses
a framework structure. Combined with the free oxygen,
BO, triangles in glass are translated to BO, tetrahedra,
which converts the layered structure of boron to the
framework structure and increases the connectivity of
the whole glass network, creating the condition for B,0,
and SiO, to form a uniform glass network. Accordingly,
the number of BO, triangles is decreased and the number
of BO, tetrahedra is increased in GC samples (from GCO to
GCO0.5) as reflected by the FTIR spectra. However, for the
GC1 sample, Ag and SiO, crystals precipitate in heat treat-
ment process due to excessive Ag* ions in Si-O network.
The crystallization of SiO, phases in glass surface would
prompt Na* ions into the boron-rich phase, resulting in
decreased BO, tetrahedra and increased BO, triangles in
the glass network.
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3.3 Absorption spectra and MIR emission
properties

The absorption spectra of glasses and GCs at room tem-
perature ranging from 500 to 1750 nm are presented in
Figure 3A and B, respectively. Similar to other Er**-doped
glass system [31], there are five absorption peaks cen-
tered at around 521, 530, 650, 796, 976, and 1530 nm, cor-
responding to the transitions starting from the Er*:*I,
ground state to its excited state levels 2Hu/z, "53/2, “Fglz, "19/2,
“l,,,» and ‘I, , respectively. The strong absorption peaks
centered at 976 nm indicate that the Er** ion doped glasses
and GCs can be pumped by commercial 980 nm laser
diodes. However, the absorption spectra of some samples
ranging from 300 to 500 nm were over-ranged. In this case,
the diffuse reflectance spectra of the powders of samples
were measured to reveal the absorptive characteristics of
samples in the 300-500 nm region, as shown in Figure 3C
and D. Here, one can clearly find the characteristic SPR
bands at around 410 nm in Ag* ion doped glasses and GCs.
The plasmon resonance wavelength depends upon the
size of Ag NPs, and it increases with the diameter of Ag
NPs [32-34]. Obviously, it can be seen that the plasmon
resonance wavelength shows a red shift when doped Ag*
ion concentration increases, indicating the increased size
of aggregated Ag NPs [14, 32]. The average particle size of
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Ag NP in GO.1 sample can be estimated to be around 10 nm
by the simulation of SPR peak wavelengths [32]. This is
in agreement with the TEM micrograph in Figure 1D.
The intense SPR bands in the diffuse reflectance spectra
suggest that Ag NPs are abundant in glass samples. In
addition, the intensity of SPR bands decreases from GO.1
to G1. This is because the barrier to form bigger Ag NPs is
higher so that the number of Ag NPs in glass is smaller
after the short-annealing process. Whereafter, the long
thermal treatment process provides sufficient energy for
the formation of large Ag NPs, resulting in more intense
SPR bands of diffuse reflectance spectra in Ag™doped
GCs. However, the intensity of the SPR band of GC1 sample
shows a rebound, which is attributed to its surface crystal-
lization behavior as discussed in the above section. Fur-
thermore, the spectral broadening of SPR band in glass
can be attributed to plasmon hybridization, which can be
viewed as bonding and antibonding combinations of indi-
vidual nanosphere plasmons [14, 35].

Figure 4A and B present the fluorescence spectra
of Er**-doped glasses and GCs in the spectral region of
2500-3000 nm pumped at 980 nm as a function of Ag*
ion doping concentration, respectively. It is found both
in glasses and GCs that the intensity of 2.7 um emission
increases with the increment of Ag* content, and the fluo-
rescence enhancement was more obvious in glasses than
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Figure 3: Absorption features of Er**ions and Ag NPs in glasses and GCs.
Absorption spectra ranging from 500 to 1750 nm of glasses (A) and GCs (B); diffuse reflectance spectra ranging from 300 to 500 nm in

glasses (C) and GCs (D).



DE GRUYTER

Q. Liu et al.: Ag* effect on glass and glass ceramics with Ag NPs and Er-doped NaYF, NCs —— 919

A B
. ggl Er'*: 4I11/2 _’4113/2 . gggl
- — G0.3 ~
;./ Er't: 411 12 —’4113/2 GO.5 ;5,
= Gl z
g g
| |
2500 2600 2700 2800 2900 3000 5500 2600 2700 2800 2900 3000
Wavelength (nm) Wavelength (nm)
C D
0 0 —
e Lifetime (ms) ¢ Lifetime (ms)
. —G0 4.72+0.02 —GCO0 5.68 +0.02
z —GO0.1 4.60+0.02 § —GC0.1  5.64+0.02
s ——G0.3 4.44+0.02 =] —GC0.3  5.64+0.02
= 1 —G0.5 4.36+0.02 - —GC0.5 5.48+0.02
7e Gl 4.12+0.02 7 ¢ GC1 5.24+0.02
3 8
E £
3 3
e’ e2
0 5 10 15 20 0 5 1'() 15 20
Decay time (ms) Decay time (ms)
E F
8 2
& ': ¢ Ty level 3 Er*: Hy, =5 2H9/2 Rk H9/2
g f 2.12ms ;» Weakened
s e : 4 E
RS 4 e ; 5 . 350 400 450) Iy 4 g S— 4111/2
5 T Decay time (ms)‘ ‘Wavelength (nm)
= 4 4
§ 5 Li3n Enhanced — e
2 21 27 um As NP LSPR
e —GCl NN SR
© . - ) \ . 4 980 nm a
2500 2600 2700 2800 2900 3000 B2 LFE Er 1572

Wavelength (nm)
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The 2.7 um emissions of glasses (A) and GCs (B); decay curves and lifetime of I

sion cross section in 2.7 um, lifetime of the “Iu/2

5 level in glasses (C) and GCs (D); (E) calculated emis-

level (inset at the left), and upconversion emission spectrum (inset at the right) of the

GC1sample; (F) schematic simplified energy level diagram of Er** ions and the fluorescence enhancement mechanism.

in GCs. Figure 4C shows that the decay lifetime of the “I;,
level in glasses reduces from 4.72 to 4.12 ms with increas-
ing Ag*ions content. A similar phenomenon was observed
in GCs; however, the degree of decrease is smaller, as
shown in Figure 4D. The decreased lifetime of “I, , level is
beneficial to the population between the upper I , level
and the lower ‘I | " level of Er** ions, which can improve the
2.7 um fluorescence intensity and laser output.

The 2.7 um emission cross section of the GC1 sample
is subsequently calculated by the Fiichtbauer-Ladenburg
equation [36]:

o - FA, I(A)
" 8uen® [AI(A)dA

@

where 1 is the wavelength, I(1) is the measured fluores-
cence intensity, I(1)/ _[M (4)dA is the normalized line shape
function of the experimental emission spectrum, A_, is the
radiative transition probability, and ¢ and n are the light
speed in vacuum and the index of refraction, respectively.
The spontaneous transition probability A_, (here the value
is 26.45 s™) was obtained based on the measured absorp-
tion spectrum and the Judd-Ofelt theory [37, 38]. The calcu-
lated peak emission cross section is 6.8 X102 cm?, which
is larger than that of the LiYF, crystal (5.3x10 cm?) [39]
and the ZBLAN glass fiber (5.7 x 102! cm?) [40]. As shown in
Figure 4E’sinsetat theleft, thelifetime of the“l,  levelin the
GC1 sample is 2.12 ms (measured under 808 nm pumping),
which is much larger than that in the lanthanum-tellurite
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glass (0.21 ms) [41], the germanate glass (0.24 ms) [42], and
the fluorotellurite glass (1.07 ms) [43]. Furthermore, based
on the measured lifetime and calculated radiative lifetime,
the overall fluorescence quantum efficiency (i) of the “I
level was determined by the following relationship:

11/2

n=—" @

Trad

The calculated value of # was as high as 35.7%. The high
quantum efficiency in such material is mainly because
B-NaYF, NC is one of the lowest phonon energy in lumi-
nescent materials, in which the multiphonon nonradia-
tive decay rate is much smaller. The high emission cross
section and quantum efficiency suggest that the prepared
GCs have good gain properties and potential MIR laser
applications.

3.4 Origin of enhanced MIR emission

The dynamics of emission and energy transfer (ET) process
are strongly associated with the distance between differ-
ent or same doped ions, NPs and NCs in glass. The average
distances for Er**-Er** and Er*-Ag* ion pairs are calculated
using the following equation [44]:

[Py
RZ[NAPX] ©

where M is the mean molecular weight of borosilicate
glass, N, is the Avogadro number, p is the glass density,
and x is the total concentration of the incorporated Er**
or Ag ions. The distance between two Er** ions in B-NaYF,
NCs can be estimated using the following equation [45]:

1
3
R=2 Y @)
lmch

where N is the number of molecules in the unit cell, V
is the cell volume, and x_is the total concentration of
doped Er** ions. In the case of B-NaYF, NCs, the number
of molecules is equal to 1, and the cell volume is 108.6
A3, As the heat treatment time is as long as 12 h, itis a
reasonable assumption that all NaF, YF,, and ErF, are
formed as NCs. The x_in NCs is calculated in considera-
tion of these raw materials. The calculated distances are
shown in Table 1. Although the Ag* ions distributed in
glass aggregate to form Ag NPs, the average distance of
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Table 1: The average distances of Er**-Er** and Ag*-Er** ion pairs and

the energy transfer coefficients of Er*:4l , —Er*":*l , resonance
energy transfer process.

Sample d. . (&) d,..A C,, (10~ cm® s~1)
GO 20.89 / 1.97
GO0.1 20.83 19.60 1.90
GO0.3 20.78 17.77 1.71
GO0.5 20.40 16.48 1.64
G1 20.85 13.89 1.56
GCo 17.07 / /

Ag*Er** ion pair has reference significance to the dis-
tance between Ag NPs and Er** ions as they are expected
to have a similar trend.

In the present glass samples, the vast majority of Ag*
ions coalesces and exists in the form of nonluminescent
Ag NPs so that the ET from Ag atoms or molecular-like Ag
to Er’* ions is negligible. Therefore, we discuss the inter-
action between Ag NPs and Er** ions here. From diffuse
reflectance spectra, the localized surface plasmon reso-
nance effect will emerge when the wavelength of light
interacting with Ag NPs is in the range of 300-500 nm. At
the same time, the ZHQ/2 —>‘*115/2 transition of Er** ions can
radiate a 394 nm light, as shown in Figure 4E’s inset at
the right. Therefore, as shown schematically in Figure 4F,
the localized electric field (LFE) around nearby Er** ions
can be increased by the localized surface plasmon reso-
nance effect when the Ag NPs interact with the 394 nm
light. Furthermore, the Er*:‘l, , level was influenced by
the enhanced LFE, so the phonon mode density and the
radiation rate of Er’:*l , —“1 , , were increased [46]. In
this case, the 2.7 um emission of Er** ions was improved,
as has been proved in Figure 3. With increasing Ag*ion
concentration, the size of Ag NPs increased, and the dis-
tance between Er’* ions and Ag NPs decreased, suggest-
ing the enhancement of the LFE in the proximity of Er**
ions, thereby enhancing the Er** ions’ MIR emission in
glass samples. However, the Er’*ions in B-NaYF, NCs are
farther from the Ag NPs and thus are affected far less.

In addition to the interesting Er’**-Ag NP interaction,
the origin of the change in MIR emission can be learned
from the Er**-Er’** interactions within the glasses and GCs.
When two active ions are placed in close proximity, they
could interact by multipolar electric coupling, induc-
ing nonradiative ET between active ions. The ET process
can be quantitatively evaluated by the calculations of the
absorption and emission cross sections of Er’** ions using
Dexter theory [47], and the Dexter expression for the ET
coefficient (C,,) by dipole-dipole mechanism can be
expressed as follows:
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where D and A are the donor and accepter, respectively,

(both are Er** ions in this work). g, and gfp are the degen-
eracy of the lower and upper levels of the donor, respec-
tively. ho  is the maximum phonon energy, 11is the average
occupancy, m is the number of phonons participating
in the ET (no phonon is necessary for resonance ET), S,
is the Huang-Rhys factor, and A’ =1/(1/A-mhw,) is the
wavelength with m phonon creation. The absorption and
emission cross sections can be obtained from the meas-
ured absorption spectra and McCumber formula [48], and
the calculation method has been well discussed in other
reports.

The C,, of ET (Er3*:“111/2—>Er3*:‘*1u/2) have been calcu-
lated for all glass samples and are present in Table 1. Gen-
erally, the ET efficiency increases with the decrease of the
D-A distance due to the electric coupling effect. However,
the calculated C,, of ET (Er3*:"I“/2—>Er3*:“1n/2) decreases
with the decrease of the Er**-Er** distance in glass samples,
as shown in Table 1. This indicates that the Er** ions in the
‘I, level incrementally radiate their energy to lower levels
instead of nonradiatively transferring energy to adjacent
Er*t ions, which also confirms the LFE effect on MIR emis-
sion by surrounding Ag NPs, as shown in Figure 4F.

As there would be a rigid restriction on the distance
between two Er’* ions in B-NaYF, NCs, the calculation of
such a resonance ET between two Er** ions in -NaYF, NCs
is sensitive to the calculated cross sections. However, the
measured absorption spectra of GCs insufficiently support
the calculation of cross sections for 3-NaYF, NCs. This
complicates the determination of C, in GCs. Even so, we
can qualitatively know that the distance between Ag NPs
and Er’* ions in B-NaYF, NCs is larger than the distance
between Ag NPs and Er** ions in glass because the diameter
of B-NaYF , NCs are dozens of nanometers. As a result, the
emission of a single Er** ion and the ET process between
two Er’** ions are affected less by the formation of Ag NPs in
GCs, leading to a small enhancement of the MIR emission
in GCs.

4 Conclusion

In conclusion, different concentrations of Ag* ions with
Er**-doped oxyfluoride borosilicate glasses and GCs were
prepared by melting-quenching method. XRD, absorption
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spectra, and TEM confirmed that the prepared GCs contain
Ag NPs together with B-NaYF, NCs. DSC, densities, and
FTIR absorption spectra of samples led us to analyze the
structural change of glass, revealing the effect of Ag* ions
on the glass forming process and crystallization process.
It was found that the Ag" concentration can affect the dis-
tribution of Na* ion and bridge oxygen in boron-rich and
silicon-rich phases, which induced the transformation
between BO, triangles and BO, tetrahedra during crystalli-
zation process. In addition, there was a turning point when
the doped Ag*ions concentration reached its solubility in
borosilicate glass. Besides, the influence of aggregated
Ag NPs on 2.7 um emission was studied, and its origin
was revealed by qualitative and quantitative analyses of
the Er**-Ag NPs (LFE effect) and Er**-Er** (ET) interactions
within glass and GX. Furthermore, the high lifetime of the
“L, » level (2.12 ms) and the peak emission cross section in
2.7 um (6.8 10 cm?) of GC suggested that the prepared
GCs have promising MIR laser applications. Moreover, the
2.7 um fluorescent enhancement due to the LFE effect was
more obvious in glass than in GC, which is found to be
related to the size of Ag NPs and the distance between Ag
NPs and Er** ions. The structure and MIR luminescence on
this hybrid glass material were investigated by multiple
methods, providing a deeper comprehension of the com-
plicated glass structure and a new choice for MIR laser
host materials.
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