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Abstract

We report on design and fabrication of Ni**-doped glass-ceramics from a low-alkali optical
glass in Li,O-Na,O-Ga,05-Si0,-GeO, system by melting technique and subsequent thermally
controlled nano-crystallization. The analysis of differential scanning calorimetry, X-ray diffraction,
transmission electron microscopy, absorption and fluorescence spectroscopy reveals, for the first time,
the real possibility of optimizing the integrated intensity of Ni** near-infrared emission through
controlled pre-treatments at temperatures of nanophase nucleation, with the enhancement up to a
factor of four with respect to gallium germanosilicate glass-ceramics obtained without pre-treatments.
Importantly, the effects on the light emission are shown to be related to the influence of pre-treatment
on size and size distribution of the gallium oxide nanocrystals which result from subsequent

crystallization at higher temperature.
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1. Introduction

Pre-crystallization heat treatment is known to have strong influence on subsequent
crystallization and final properties of glass-ceramics [1]. Nevertheless, most studies on the effects of
heat treatments on the structure and properties of multi-component glass-ceramics are aimed at the
investigation of phase transformation during glass crystallization, revealing structure and property
changes just at the crystallization range. In particular, only one-step isothermal treatment is used for
Ni?*-doped low-alkali gallium silicate glasses to fabricate glass-ceramics [2-19], with the exception of
one paper where two-step heat treatment [20] was applied for few glass compositions but without any
investigation of luminescence efficiency as a function of such treatment. Moreover, the effect of heat
treatment conditions on the luminescence efficiency (quantum vyield or integrated intensity of the
luminescence band), which is one of the target characteristics of the final material, has received no
attention in previous papers on Ni?*-doped low-alkali gallium silicate glasses [2-20].

The interest in Ni**-doped silicate glass-ceramics stems from their broadband near-infrared
(NIR) emission coupled with the ease of fiber drawing and lower production cost relative to crystals.
Such materials are considered to be promising for the use as broadband optical gain media [11, 13], in
spite of the strong excited absorption of Ni** [21], and are investigated as potential solutions for
strategies of substitution of critical raw materials like rare earth doped compounds. However, high
melting temperature required to prepare low-alkali gallium silicate glasses substantially hinders their
fabrication and leads to poor optical quality of the initial glass [22]. In contrast, low-alkali gallium
germanosilicates can be obtained at temperatures lower than 1500 °C and after doping with Ni** also
demonstrate broadband NIR emission with comparable quantum vyield [23-25]. Two-step heat
treatment of Ni-free low-alkali gallium germanosilicates was shown to have notable impact on size
and number of nanocrystals (NCs) of spinel-like gallium oxide precipitated in the glass matrix [26]. In
regard to Ni**-doped germanosilicates, only one-step heat treatment has been used up to now, and a
strong correlation has been revealed between the number of Ni** ions per NC and the integrated
intensity of the related broadband NIR emission [24]. For this reason, pre-crystallization heat
treatment seems to be a powerful tool to enhance the efficiency of Ni** luminescence in the

germanosilicate glass-ceramics by controlling the sub-microstructure of the material.



In this paper we shed further light on the complex correlation between early stage of phase
separation and luminescence efficiency of Ni’*-doped glass-ceramics. The main objective was to
develop two-step heat treatment regime and to study efficiency of Ni** luminescence as a function of
pre-crystallization heat treatment, with the aim of increasing broadband NIR emission from

transparent Ni**-doped glass-ceramics.

2. Experimental

The present work has been carried out on stria-free glass from a single melt obtained in ~250
ml platinum crucible. Glass with nominal composition 7.5Li,0-2.5Na,0-20Ga,0;-35Ge0,-35Si0,
doped with 0.1 NiO (mol%) was prepared using special purity grade amorphous SiO, (Ltd “Lanthan
center for technology”, Moscow, Russia), GeO, (JSC “Germanium”, Krasnoyarsk, Russia), chemically
pure Li,COs; and Ga,0; (Ltd “Rare Metals Plant”, Koltsovo, Russia), Na,CO; and NiO (Ltd “JSC
Reachem”, Moscow, Russia). Appropriate proportions of the raw materials were calculated in order to
prepare 430 g of final product. The starting materials were weighed with an accuracy of 0.001 g and
were dry mixed for 5 h before melting at 1480 °C for 2 h in a home-made electrically heated furnace.
To increase melt homogeneity, oxygen bubbling through the molten glass was carried out by means of
a platinum tube. After homogenization for 40 min, the melt was kept at 1480 °C for 5 min before
casting into an unheated steel mould. The cast glass was then annealed in a muffle furnace
(Termokeramica, Russia) heating from room temperature up to 520 °C at a rate of 10 °C/min, holding
for 2 h and then cooling for 170 °C, at ~14 °C/h. The furnace was then turned off, and the glass was
allowed to cool slowly to room temperature overnight. Square rods about 10x0.5x0.5 cm in size were
cut from the resulting glass (hereafter, the “parent glass). This material was used for all subsequent
experiments aimed at revealing the effect of pre-crystallization temperatures on Ni** luminescence
integrated intensity and the level of its enhancement that can be reached in two-step treated glasses
compared with one-step treated reference sample.

One of the rods was cut into smaller samples, ~0.5x0.5%0.5 c¢cm in size, and isothermally
treated for different times. These samples were used to study the dependence of the nucleation process

on the duration of pre-crystallization heat treatments by Marotta's method [27]. This method was



used as it can more accurately predict the temperature dependence of the nucleation rate
rather than the peak height method in the case of considerable overlapping of the nucleation
and growth processes [28]. The heat treatments were performed by placing the samples into the
muffle furnace at room temperature, heating them at a rate of 10 °C/min up to 595 °C (accuracy +2 °C)
and holding for 2.5, 3.5, 4.5, 6.5 or 8.5 h. The treatment temperature was chosen according to previous
data on similar glass indicating the occurrence of nucleation process in that range of temperatures [26].

Three other rods were used to reveal the influence of pre-crystallization heat treatments on
luminescence efficiency of the glass-ceramics. The rods were placed in a hand-made gradient furnace
and treated for 3.5 h at temperatures near Tg, in the range 550-630 °C, where the highest nucleation
rate is expected to occur [29]. Sections of one of these rods were cut from different parts along the rod
length and were used for differential scanning calorimetry (DSC) analysis. The other two pretreated
rods and a reference sample of the parent glass were then treated at 640 °C for 15 min. Higher
temperatures or longer duration led to increased light scattering of glass-ceramics obtained by
one-step treatment compared with the glass heat treated in two steps. One of the two double
treated rods was polished for optical measurements. Sections of the other rod were cut from different
parts along the rod length and ground for X-ray diffraction (XRD) and transmission electron
microscopy (TEM) analyses.

DSC measurements were performed by means of a thermal analyzer STA 449 F3 Jupiter
(Netzsch, Germany) in platinum crucibles, at a heating rate of 10 °C/min in Ar, on bulk samples of 22
+ 0.5 mg. The glass transition temperature (T,) was determined as the extrapolated onset of the
transition, while crystallization temperatures were defined as peak extremum temperatures in the DSC
curves. Crystallization temperatures were reproducible to within 1 °C for several samples from the
same melt confirming high homogeneity of the parent glass.

Optical absorption spectra were collected using a spectrophotometer UV-3600 (Shimadzu,
Japan). Photoluminescence (PL) spectra in the NIR range were obtained with the help of optical
spectrum analyzer AQ-6315A (Ando, Japan) upon excitation by a 966 nm hand-made source on the

basis of a semiconductor laser diode. The diameter of the spot of exciting radiation on the samples was



~300 um. Silica core optical fiber of 660 um in diameter was used for collecting and guiding the PL
light to the spectrum analyzer. The uncertainty of the relative PL intensity from light collection
reproducibility is less than 10%. The integrated PL intensities after background subtraction were
computed with the trapeze method for all glass-ceramic samples and were compared to evaluate
luminescence enhancement. PL decay kinetics data have been collected in photon-counting mode
using a L900 Flash Photolysis setup (Edinburgh Instruments, UK) coupled to an InGaAs photodiode
detector (Hamamatsu Photonics, Japan), with a temporal resolution <2 ns and an uncertainty of about
10%. The excitation source employed is a Minilite 11 Continuum Nd:YAG pulsed laser (Photonic
Solutions, UK) at 1064 nm with a pulse duration of 5 ns. PL decay kinetics was investigated
integrating radiation at 1400 nm with a bandwidth of 20 nm. Convolution procedure was applied to the
decay curves to determine PL lifetimes in double exponential fitting.

XRD patterns of powdered samples were recorded by means of a diffractometer D2 Phaser
(Bruker, Germany) employing nickel-filtered CuKa radiation. Crystalline phases were identified by
comparing the peak position and relative intensities in the X-ray diffraction pattern with the 1ICDD
PDF-2 database. The crystallized fraction was estimated as 100-(A,/Ay), where A, and A, are,
respectively, the area of the whole XRD pattern (without background) and the area of the peaks
considered as the area outside of the broad amorphous XRD pattern. Indicated areas were
computed (in cpsxdegrees) with the trapeze method using DIFFRAC.EVA software.

TEM images and electron diffraction patterns were obtained on finely ground powder using a
microscope JEM-2100 (JEOL, Japan) with an accelerating voltage of 200 kV. No effect of electron
irradiation on the samples was observed during low-resolution TEM study. Measurements of 170-300
crystallites were made from various regions of the sample to establish NCs size distribution in

fabricated glass-ceramics.



3. Results and discussion
3.1 Pre-treatment effects on the crystallization process

The influence of temperature (or time) of the pre-crystallization heat treatment on the process
of bulk nucleation of the nanophase can be evaluated by the method developed by Marotta et al. [27].
In this technique, the difference, AT, between the peak crystallization temperature of the initial glass
and pretreated samples is plotted against the temperature (or time) of the pre-crystallization heat
treatment. The occurrence of efficient nucleation is registered by a maximum in AT vs temperature of
pre-crystallization heat treatment. Furthermore, collecting data of AT in samples pretreated for
different times at nucleation temperature, one can plot AT vs treatment time that reflects the rate of

increase of the number density of nuclei during the heat treatment.
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Fig. 1. (a, b) DSC curves (vertically shifted for clarity) of studied glass before (parent) and after pre-
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crystallization heat treatment at 595 °C for indicated durations or at indicated temperatures for 3.5 h.
(c, d) Shift of the exothermic DSC peak maximum temperature T, in pretreated samples (with respect

to T, of the parent glass) vs. time or temperature of pre-crystallization heat treatment. The inserts



show exothermic DSC peak area as a function of pre-crystallization duration and temperature. Curves

in (c) and (d) are drawn as a guide to the eyes.

Figure 1a, b shows the DSC curves of the parent glass compared with the glass after pre-
crystallization treatment, either at constant temperature (595 °C) for different time or at different
temperatures for fixed duration (3.5 h). The curves register an exothermic crystallization peak at
temperature T, ranging between 680 and 694 °C. This range is about 100 °C above T, (~580 °C)
evidenced by a smooth step. The shift of T, as a result of pre-crystallization heat treatment is shown in
Figure lc, d. The difference AT between peak crystallization temperature in the parent and pretreated
glasses grows with the increase of duration of the pre-crystallization heat treatment (Fig. 1c). At the
same time, peak area first increases when moving from the DSC curve of the parent glass to the curves
of pretreated glasses, then it remains almost unchanged (Fig. 1a, inset in Fig. 1c). By contrast, AT vs.
pre-treatment temperature shows a maximum (Fig. 1d). In this case, peak area does not practically
change up to 588 °C, then it decreases at higher temperatures (Fig. 1b, inset in Fig. 1d). Such a
decrease of glass crystallization indicates that glass is partially crystallized already after pre-treatment
above 600 °C, because of the considerable overlap of the nucleation and growth processes at these
temperatures. However, the amount of crystallized phase after such pre-treatments turns out to be

small and undetectable by XRD. This fact suggests us to call all preliminary heat treatments (with

the exception of the treatment at 625 °C) as pre-crystallization treatment.

3.2 XRD and TEM of parent glass and two-step treated samples

The sub-microstructural effects of pre-crystallization heat treatments on the final nano-
crystallization can be extracted from XRD and TEM analyses summarized in Fig. 2 and Fig. 3,
respectively. Figure 2 reports some representative XRD results on powdered samples from bulk glass
before and after heat treatment for different temperature or treatment duration. A few facts are worth
noting. The first fact regards the pattern of the parent glass. Even though it is basically amorphous-like

with the usual broad halo observed in glasses, the pattern shows an additional weak and broad
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Fig. 2. XRD patterns of the parent glass (a) and the samples treated at indicated conditions without (b,
d) and with pre-crystallization heat treatment at 617 (c, e) and 625 °C (f) for 3.5h. Reflections of y-

Ga,0; phases are indicated by sticks according to PDF file ICDD PDF2 #00-020-0426.

shoulder at around 20 ~36°, suggesting the occurrence of a sub-micrometer two-phase
structure. No evidence of crystalline phases is detected at this stage by TEM: sharp rings are lacking in
the diffraction pattern of the parent glass, whereas they are well detectable in heat-treated samples (see
insets in Fig. 3a-c). Indeed, amorphous phase separation at the nanometer scale has previously been
detected in the glass with the same nominal composition during a small-angle neutron scattering study
[30]. Even more drastic phase separation is instead reported in similar but less stable glass
compositions of the Li,O-Ga,05-SiO, system. In such a ternary system, crystalline phase already
occurs in initial glasses, for instance in 13Li,0-23Ga,03-64Si0, and 10Li,0-20Ga,05-70SiO; [6, 31],
and the lower glass stability makes it difficult melting, drawing a fiber, and controlling optical
properties.

The second fact we can highlight regards the occurrence of a set of reflections, ascribable to y-
Ga,0; or LiGasOg, as a result of thermal treatments. To better identify the precipitated phase, we
treated the parent glass at 680 °C and have considered the intensity ratio between the diffraction peaks
at 20 = 36.2 and 64.2° (Fig. 2d). From ICDD PDF-2 database, this value is expected to be 2.98 and

1.43 for LiGasOg and y-Ga,0s, respectively. In our case, this ratio is equal to ~1.4 thus suggesting the



precipitation of a spinel y-Ga,O3 phase. The ratio slightly changes, increasing to 1.6, in the glass-
ceramics with the highest pre-treatment temperature (Fig. 2f). This result is consistent with the fact
that Li ions can diffuse from the glass matrix into y-Ga,O3 NCs to form LiGasOg [32]. Therefore, y-
Ga,05; seems to be the main crystalline phase precipitated in the parent and pretreated glasses after
treatment at 640 °C for 15 min.

The third relevant outcome from XRD analysis is the estimated fraction occupied by the
crystal nanophase. The crystallized fraction in the final glass-ceramics, after treatment at 640 °C for 15
min, results to be different in material obtained from the parent glass and from pretreated (625 °C,
3.5h) glass, giving values of about 9 and 14 %, respectively.

About the XRD reflections of nanocrystallized gallium oxide, further important indication
comes from the careful observation of diffraction peaks width in the XRD patterns. The full width at
half maximum A& of one-step and two-step treated glasses (Fig. 2d, e) provides evidence of smaller
NCs size in samples obtained using pre-crystallization heat treatment. Specifically, taking into account
the larger A6 values in pre-treated samples, the average size d of coherent diffraction domain turns out

to be smaller — with a value of about 5 nm — according to Scherrer’s equation

092
cosO-AQ’

where A is the X-ray wavelength and 0 is the Bragg angle. No clear effects are instead detected as a
function of the pre-crystallization temperature because of the broadness of the XRD pattern. A more
detailed and quantitative estimation of the mean size and NCs size distribution is instead provided
through the analysis of TEM images (Fig. 3d-i) and is discussed below.

Figure 3 reports TEM images, electron diffraction patterns, and NCs size statistics for
representative samples of the investigated materials. The mean size of NCs determined by TEM varies
from about 4 to 7 nm and is in reasonable agreement with XRD results. Minor discrepancy is indeed
expected, since the analysis of broad XRD reflections and the occurrence of size distribution bring to
non-negligible systematic errors in the values estimated by Scherrer’s equation. As follows from TEM
analysis, the pre-crystallization heat treatment results in decreasing NCs diameter and narrowing size

distribution. The smallest NCs size observed in the glass-ceramics pre-treated at 560 and 617 °C is
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Fig. 3. TEM analysis of the parent glass (a) and the glass-ceramics fabricated using one-step (b, d)
and two-step (c, e-i) regime. Transmission electron microscopy images of (a) parent, (b) one-step
treated (640 °C, 15 min) and (c) two-step treated glass (617 °C, 3.5 h, then 640 °C, 15 min). The insets
are the electron diffraction patterns that were obtained from the same area as corresponding bright-
field images. From (d) to (i), histograms of NCs size statistics from the analysis of several TEM
images of the samples treated at 640 °C for 15 min without (d) and after (e-i) pre-crystallization

treatment for 3.5 h at 560, 588, 615, 617, and 625 °C, respectively.

about 4.4 nm. The last temperature lies within the range where the maximum nucleation rate can occur
according to DSC data and can be considered as nucleation temperature. The decrease of NCs size in

the glass-ceramics pre-treated at 560 °C is probably due to secondary phase separation [30].



Interestingly, we have found bimodal and broad distribution of NCs size in one-step treated
sample. Such a broad distribution, with a relevant tail towards size larger than 10 nm, is one of the
reasons of increased light scattering in one-step treated glass-ceramic materials [33]. The occurrence
of bigger NCs can be related to the presence of amorphous nano-inhomogeneity regions in the parent
glass, with relatively large size (about 8 nm) [30]. This evidence, in fact, suggests the occurrence of
NCs directly grown from the native amorphous nano-inhomogeneity regions — already present in the
parent glass — with a final size larger than the size of NCs subsequently precipitated in the glass during
treatment, as also reported in the work on heat-treated 10Li,0-20Ga,0;-70SiO, glasses doped with
Co® [31]. In this sense, the bimodal size distribution in one-step treated material indicates a
considerable overlapping of the nucleation and growth processes in the studied glass. In regard to
two-step treated samples, chemical differentiation into smaller submicroscopic regions during

pre-crystallization heat treatments — as we found out in our previous small-angle neutron

scattering study [30] — turns out to be the reason for narrowing NCs size distribution.

3.3 Absorption spectra

Thermal treatments drastically alter the visual appearance of the material with respect to the
parent glass. The change regards the color, whereas no relevant modification is detected in the
attenuation by light scattering, which remains very low despite the formation of NCs (total
transmittance is not less than 84% at 1300 nm for ~4 mm samples). The glass color changes from
amber to light greenish blue after two-step treatments. Similar but gradual color alteration is also
observed in the glass subjected to pre-crystallization heat treatment at temperatures higher than ~ 615
°C (inset in Fig. 4a). Figure 4 shows some representative optical absorption spectra of the studied
samples, including the parent glass, pretreated glasses and glass-ceramics.

Amber coloration of Ni** bearing silicate glasses is identified as coming from five-fold
coordinated Ni®* sites together with a varying proportion of four-fold coordinated ones [34].
According to this attribution, the absorption bands at around 430, 830, 1670 nm and the shoulder at

~510 nm derive from five-folded coordinated Ni** in trigonal bipyramid, and can be ascribed to the
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Fig. 4. Optical absorption spectra of 0.1 mol.% Ni**-doped glass and glass-ceramics: (a) the parent
glass and the glasses pretreated for 3.5 h at indicated temperatures; (b) the same glasses after
nanocrystallization at 640 °C for 15 min. Inset: photo of the glass rod treated in the range 550-630 °C

for 3.5 h that was used for sample preparation.

transitions from °E'(’F) ground state to *A,CP), *A2CF) + *Ayy"CF), *E"CF) and *E"(*P) excited
states, respectively [35]. Indicator of four-fold coordinated Ni** is the weak but clearly detectable
shoulder at ~730 nm, related to the transition from the ground state *T;(°F) to excited one 'E(*D) [36].
Therefore, the optical absorption spectra of the parent glass and the glass pretreated at temperatures
lower than 617 °C are predominately determined by five-fold coordinated Ni?* ions located in glass
matrix (Fig. 4a). It is interesting to note that some changes in Ni** environment occur starting even
after pre-crystallization treatment at 560 °C, while the area of the exothermic DSC peak (inset in Fig.
1d) decreases notably only after treatment at 611 °C. This fact suggests that some rearrangement of the
mean coordination environment of Ni** ions already occurs during the nucleation process and well
before the structural rearrangement involved in the crystallization of the gallium oxide nanophase.

The light greenish blue color of heat-treated samples indicates octahedral coordination
environment of Ni** ions. Indeed, the absorption spectra of glass-ceramics (and also the spectrum, not
shown, of the glass pretreated at 622 °C and higher temperature) are very similar to that of Ni** ions in

octahedral sites in other materials [37]. The absorption bands peaking at ~ 380, 640 and 1090 nm can



be attributed to the spin-allowed transitions from the *A,,(°F) ground state to *T14(*P), *T1,(°F) and
3ng(3F) excited states, respectively [35]. The spectral shoulder located around 770 nm can be assigned
to the spin-forbidden transition of 3Azg(?}F) — 'E4('D) [38]. The absorption spectrum of the glass
treated at 617 °C seems to be composed of a combination of five- and six-fold coordinated Ni**
spectra.

The bands in the absorption spectra can be used to extract information about the electronic
energy levels and related crystal field parameters. The crystal field strength parameter Dg and Racah
parameter B of octahedral Ni*" in the glass-ceramics are reported in Table | as calculated by using the
expressions [39] given by solving the Tanabe-Sugano matrix:

Dg = /10
B = (v2- 2vy)-(v2 - v)/[3:(5v; - 9ny)],
where v, and v, are the wavenumbers corresponding to *Ax(’F) — *To4(°F) and *Ay(’F) — *T1y(°P)
transitions. The estimated Dq value of Ni* in the glass-ceramics is very close to that in crystals but
larger than those in other glasses [39], indicating that Ni** ions are segregated in the crystal phase of
the glass-ceramics. Ni?* ions are supposed to be fully embedded in the y-Ga,0; NCs, substituting for
Ga*" in octahedral spinel sites, as we found out in our previous work by registering the changes of Ni**

optical absorption and NIR luminescence [24].

Table |

Crystal field parameters of studied glass-ceramics after treatment at 640 °C for 15 min

Pre-crystallization temperature, °C

- 560 | 569 | 578 | 588 596 | 604 | 611 | 615 | 617 | 625

Dg, cm™” 914 | 918 | 918 | 918 | 917 | 921 | 923 | 926 | 927 | 923 | 929

B,cm™ 920 | 915 | 907 | 903 | 903 900 | 901 | 899 | 899 907 | 905




3.4 Photoluminescence of glass-ceramics

No NIR luminescence is detected in the parent glass. By contrast, glass-ceramic materials
show a broadband NIR emission between about 1100 and 1600 nm (Fig. 5a). Figure 5a shows some
representative PL spectra of the glass-ceramics obtained by one-step and two-step processes,
compared with the parent glass. The emission can be attributed to the transition from the 3ng(sF)
excited state to the *Ay(°F) ground state of Ni*" ions in octahedral sites [37]. Figure 5b displays the
pre-treatment temperature dependence of the integrated PL intensity, PL lifetime, and amount of
crystallized phase. The integrated PL intensity increases with the increase of pre-crystallization
temperature and reaches a maximum in the samples pretreated at 615-617 °C (Fig. 5). PL lifetime
follows a somewhat similar behavior, with longer lifetime in almost all double-treated samples than in
one-step treated material, and a general increase as a function of pre-treatment temperature from 580
°C to the range 611-625 °C. Importantly, this range roughly matches the temperature range 610-620

°C of most efficient nucleation registered by DSC analysis.
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Fig. 5. (a) Photoluminescence spectra of representative samples and (b) integrated intensity of
the emission, amount of crystallized phase and mean lifetime as a function of pre-crystallization

temperature.

The formation and growth of the crystal nanophase in the final glass-ceramics appears to have
an important role on PL, since the increase of crystal fraction is accompanied by larger PL intensity
and longer PL lifetime (Fig. 5b). In fact, the larger the total amount of crystal phase, the larger the

available space where Ni?* ions are distributed in NCs and, therefore, the lower the active ions mean

Crystallized fraction, %



density per unit of crystal volume. Such an effect can result in a consequent reduction of concentration
quenching of luminescence. At least at a first approximation, a semi-quantitative evaluation of the Ni**
ion concentration per NC can be obtained from the mean NC size and the value of crystalized fraction
according to TEM and XRD data, respectively. From these data, in fact, we find (Table II) that the
Ni?* ion concentration per NC decreases from ~4.1.10% (one-step treated glass) to 2.7-10%° cm™
(glass-ceramics pretreated at 625 °C) when the PL lifetime increases from about 180 to 300 ps.

However, the increase of crystal fraction alone cannot fully explain all the changes of
integrated intensity and PL lifetime along the investigated domain of pre-treatment temperatures.
Specifically, starting from the low temperature pre-treatment regime between 560 and 580 °C, the
increase of crystal fraction would be expected in a first approximation to slow down the luminescence
decay instead of making it faster. Furthermore, we observe that both integrated intensity and lifetime
grow in the ranges 578-604 and 611-617 °C without detectable changes of crystalline fraction.
Actually, the error bars are not negligible, and the uncertainty probably hides possible minor changes.
Additional mechanisms accompanying the change of crystal fraction seem to play a role in the pre-
treatment dependence of PL.

Among the mechanisms that can influence the PL response, we should take in account that a
moderate reduction of NC size can cause an increase of interface area and surface defects without a
drastic reduction of the number of Ni** ions per NC, as probably occurs at low pre-treatment
temperature (see TEM analysis in Fig. 3e, f, XRD data in Fig. 5b, and Tab. II). In that case, the
moderate decrease of concentration quenching of luminescence by lowering the Ni** concentration per
NC is overcome by detrimental effects from non-radiative decay at surface defects. In fact, PL
intensity does not increase in Fig. 5b until PL lifetime starts to increase thanks to pre-treatments at
temperature closer to the maximum of the nucleation process. When nucleation becomes effective in
reducing the NC size (as suggested by TEM analysis) and pre-treatment causes a sensible increase of
crystal fraction, the number of NCs sensibly increases and causes a strong reduction of Ni** ions per
NC, which increases the PL efficiency.

An additional mechanism possibly contributing to the observed change of PL features is

suggested by the data in Tab. I. The data show that the Dq value basically increases as a function of



pre-treatment temperature, somewhat similarly to the behavior of PL lifetime. In fact, if Ni** ions
occupy stronger crystal field sites, the non-radiative rates are smaller that results in longer PL lifetime
and more intense PL emission [9]. This observation provides us with an explanation for PL intensity
and PL lifetime changes at fixed crystal phase content (and, consequently, fixed Ni** ion concentration
per NC), as registered in the ranges 578-604 and 611-617 °C. It is worth noting that pre-treatments at
temperature immediately higher than the indicated ranges cause noticeable enhancement of PL
lifetime, consistently with the occurrence of the concomitant effect of crystal fraction growth and
increase of PL yield induced by crystal field enhancement.

In regard to the decrease of integrated PL intensity at the final investigated pre-treatment
temperature at 625 °C (while the lifetime does not register relevant change), we notice that such an
extreme case requires to take into account possible effects caused by increased light scattering at the
highest crystal fraction and the largest size (among two-step treated samples) of NCs, even though not
yet evident at a visual inspection. Light scattering turns out to decrease, in fact, both the effective
excited volume and the emitted light collection.

Table 11
NCs content and Ni** concentration per NC of representative glass-ceramic samples

after treatment at 640 °C for 15 min

Pre-crystallization temperature, °C

- 560 | 578 | 588 | 604 | 611 | 615 | 617 | 625

NCs concentration, 10" cm®? 026122 - [105]/083| - |1.15]|1.48|0.68

Ni®* concentration per NC, 10 cm™® | 4.05 | 3.97 | 3.67 | 3.33 | 3.32 [ 3.04 | 3.04 | 3.06 | 2.66

2 Concentration of NCs in cm™ was calculated using density of one-step treated glass-ceramics (3.546 g/cm™).



4. Conclusion

In summary, we present an effective way to enhance luminescence of glass-ceramics doped
with transition metal ions. The method involves the use of pre-crystallization heat treatment to finely
tune the sub-microstructure of glass-ceramic material. To test the method, we fabricated optically
homogeneous glass and applied two-step treatment to transform it to transparent glass-ceramics. As a
result of pre-crystallization heat treatment, the near-infrared luminescence efficiency of Ni** in the
fabricated glass-ceramics is largely increased without losing initial high transparency. The effect can
be mainly ascribed to lowering of Ni*" ion concentration per NC and narrowing NCs size distribution
as well as to alteration of the crystal field strength of six-fold coordinated Ni**. The data demonstrate
that Ni?* spectroscopy can be notably improved not only by changing the composition of crystalline

host in a glass matrix, but also by heat treatment optimization.
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