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Abstract

Ga-oxide spinel nanocrystals are wide band gap systems, which can be incorporated in a
glass matrix by phase separation mechanisms. In suitable conditions, this kind of processes
can give rise to transparent nanostructured glass-ceramics with UV excitation and
luminescence properties potentially interesting in several technological areas. Nanophase
size dispersion and volume fraction have been demonstrated to be controllable, at some
extent, by suitable thermal treatments for nucleation and nano-crystallization in low-alkali
gallium germanosilicate system. Here we report the results on the role of Al.O; additions
on the microstructure and optical response of the glass-ceramics fabricated in this system.
Data of differential scanning calorimetry, X-ray diffraction, transmission electron
microscopy, absorption and fluorescence spectroscopy show that Al,O; addition, up to
4.5 mol%, turns out to have a considerable impact on the size and number density of
precipitated nanocrystals, which are solid solutions of y-Ga.AlQO; resulting from the

partial incorporation of Al ions into the crystalline phase. We show that the use of



Al,O; as an additive in the composition of gallium germanosilicates facilitates glass
melting and leads to glass-ceramics with significantly modified photoluminescence
characteristics such as decay lifetime and integrated intensity of light emission. The

possible reasons are discussed.
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1. Introduction

Additive compounds in glass technology are known to have a great impact on glass
crystallization, structure and properties of fabricated glass-ceramics (GCs), depending on
the glass composition and the type and concentration of the dopant species [1,2].
Relatively high amounts of additives could drastically change the composition of
precipitating crystalline phases and hence the sequence of phase transformations
[[31, [4], [5]]. In contrast, lower additive concentrations (up to several mol%) do not alter,
as a rule, the phase development but either noticeably promote crystallization process or
inhibit nucleation and growth kinetics [[6], [7], [8]]. Consequently, through this kind of
effects, additives can also play a role in controlling the incorporation of own ions or ions
of other dopants into precipitating crystals for the implementation and optimization of
luminescence properties and related spectral features. In particular, the properties of light
emission in low-alkali gallium silicate glasses were extensively studied for the selective
embedding of Ni [9], Cr [10], Cr and Ni [11], Co [12], Mn [13] or rare-earth [14] ions into
the nanocrystals (NCs) of Ga-oxide phases. At the same time, considerably less attention
has been given to the intrinsic photoluminescence of Ga-oxide nanophase, including
spinel-like y-Ga,0; NCs, grown in silicate glass matrix [15,16]. These NCs are responsible
for a broad luminescence band in the blue region at around 450 nm, ascribed to the
radiative recombination of donor and acceptor pairs (DAPs) [17]. Importantly,
luminescence Kinetics, stability and thermal evolution of Ga-oxide nanophases in an
amorphous matrix turn out to be largely different with respect to the freestanding and pure

compound [18,19]. Much of the interest in such transparent GC materials comes from an



intense UV-C excited light emission, which makes the fabrication of solar-blind UV-to-
visible optical converters possible [18,20]. However, the task of optimizing the light
output of these converters by an improved control over nanostructure formation still
remains a challenge.

As regards the possible additives in this perspective, Al,O;seems to be the most
convenient compound among common oxides, which can alter the microstructure or, more
strictly speaking, sub-microstructure of GCs with Ga-oxide phases, without changing the
sequence of phase transformations. Microstructure modifications can in fact be induced at
least as a result of viscosity change upon Al.O; addition. Furthermore, no relevant change
in the sequence of phase transformations is expected even at a relatively high
Al,O; content because of the similar structural role of Ga and Al ions in silicate glasses
[[21], [22], [23]]. However, Al,O; addition (above the starting composition) increases the
molar ratio R,0:/Me,O (R = Ga, Al; Me = Li, Na) and can provide alkali gallium silicate
glasses with a higher propensity to crystallization and a larger resulting fraction of
crystalline phase. Importantly, the spectral distribution of luminescence is not expected to
be drastically modified by the additional component — so preserving the main features of
large Stokes shift between excitation and emission — since the incorporation of Al in y-
Ga,0; NCs should not lead to the formation of new defect sites and localized states
associated with charge compensation. As a matter of fact, Al,O; is quite common as a
component of low-alkali Ga-containing silicate oxide glasses doped with transition metal
ions [11,13,[24], [25], [26]] but practically without mentioning its role in the fabrication

and optical response of such GCs except for some rare publications [16,27]. In regard to
the studies focused on the effect of Al,O; content on the intrinsic luminescence of NCs in
similar undoped glasses, they are practically lacking. Some data on Al,O, impact on the
microstructure and optical properties of gallium silicate GCs are given in a recent paper
by Lin et al. [16]. The authors used a broad concentration range of Al,O; (5-20 mol%),
which was added by the partial substitution of Ga,O; in the glass composition. However,
limited attention has been paid to the effects of Al.O, addition on the DAP luminescence
in transition metal-free samples. Actually, at the moment, there are few contradictory data
in the literature, reporting either lower [16] or higher [28] integrated luminescence
intensity than in Al,O,-free GCs.



The aim of the present paper is to give a comprehensive experimental basis and
interpretation of the effects of Al,O, addition to the light emission properties of Ga-oxide
nanophase in alkali-germanosilicate GCs comprising a thorough study of luminescence
intensity and decay kinetics, glass crystallization, Ga-oxide nanophase composition and a
change in the microstructure of fabricated GCs, in a composition series with Al,O, content

ranging from O to up to 4.5 mol% over 100%.

2. Experimental

Glasses with  nominal molar composition 7.5Li,0-2.5Na,0-20Ga,0,-35Ge0O,-
35Si0, doped with different Al,O; content were prepared using special purity grade
amorphous  SiO, (Ltd «Lanthan center for technology», Moscow, Russia),
GeO, (JSC «Germanium», Krasnoyarsk, Russia), chemically pure Li,CO;and
Ga,0; (Ltd «<Rare Metals Plant», Koltsovo, Russia), Na,CO;and analytical grade
AIl(OH); (Ltd «JSC Reachem», Moscow, Russia). Al,O; was introduced in an amount of
1.5, 2.5, 3.5 and 4.5 mol% over 100%; Al-free glass was also synthesized for comparison
purpose. The appropriate proportions of the raw materials were calculated in order to
prepare 30 g of the final product. These materials were weighed with an accuracy of
0.001 g and then were hand mixed for 10 min. The batches were melted in a Pt crucible at
1480 °C for 1 h using a home-made electrically heated furnace. The melt was cast onto a
stainless-steel plate and quenched by being pressed with another stainless-steel plate to
obtain ~2.5 mm thick samples. Their visual inspection revealed that the addition of
Al,O; led to some phase separation on the surface of the castings. Importantly, when
increasing Al,O; content, the glass forming ability appeared to be continuously decreased
as evidenced by the growth of phase separation zones on the surface presumably identified
as v-Ga,O;-based solid solutions and some amount of Al-doped gallium germanate phase
with mullite structure. To avoid nucleation risks, the parent glasses were not annealed after
quenching. The most homogeneous parts of the parent glasses were then cut and prepared
as necessary for further analyses. The surface phase separation was mechanically removed

before any measurements were performed. The glass and GC samples were labelled in



accordance with Al,O; amount in the composition of glasses, i.e. 0AIl (corresponds to Al-
free sample), 1.5Al (corresponds to the sample with 1.5 mol% Al,O-), etc.

Differential scanning calorimetry (DSC) was performed by means of a thermal analyzer
STA 449 F3 Jupiter (Netzsch, Germany) in a Pt crucible, at a heating rate of 10 °C/min in
Ar, on bulk samples of 25.5 £ 0.3 mg. An empty Pt pan was used as a standard. The glass
transition temperature (T,) was determined as the extrapolated onset of the transition,
while exopeak (T..) and endopeak temperatures (T...) were defined as the peak extremum
temperature in DSC curves. The values of T, were reproducible to within £3 °C for all the
fabricated glasses, while those for T.., were precise to £3 and + 7 °C for several samples
cut from each casting of Al-doped and Al-free glasses, respectively.

The parent glasses were heat-treated in a furnace Vario 200 (Zubler, Germany) at 640 °C,
with an accuracy of temperature control within 1 °C, to obtain transparent GCs. The
samples of similar weight (Am <0.25 g) were placed into the furnace directly at the
treatment temperature, and after holding for 15 min, they were immediately removed from

the furnace.

The density of the parent glasses and GCs was determined at room temperature by
Archimedes method with distilled water as an immersion liquid. Density measurements
of a silica glass sample were accurate to within £0.01 g/cm? when determined by the same
apparatus.

X-ray diffraction (XRD) patterns of powdered samples were recorded by means of a
diffractometer D2 Phaser (Bruker, Germany) employing nickel-filtered CuKa radiation.
To perform Rietveld-based quantitative phase analysis, 7 wt% of CaF, (special purity
grade, Ltd «JSC Reachem», Moscow, Russia) was added to the parent glassy and GC
powders. CaF,was also used as an internal standard for d-spacing measurements. The
final samples were prepared by weighing the appropriate amounts of the components and
carefully mixing them in ethanol along with additional grinding to less than 10 um using
an agate mortar and a pestle. The mixtures were dried at room temperature in air for
~30 min and were analyzed on the same day. XRD data were collected between 10 and
100° 26, with a step size of 0.02° and a counting time of 1.5 s per step. To reveal solid

solution formation between Ga- and Al-oxide phases and estimate a mean crystallite size



with higher precision, the XRD peak at about 64.2° was measured with a counting time of
9 s per step. The crystallite size was evaluated with an uncertainty of about 5% from the
half-width of the diffraction maximum by using Scherrer equation. In calculation, Scherrer
constant was assumed to be 0.9 [29]. Crystalline phases were identified by comparing the
peak position and relative intensities in the X-ray diffraction patterns with the ICDD PDF-
2 database (release 2011).

The crystalline and glassy phase weight fractions were extracted by Rietveld refinement
strategy employing PONKCS (Partial or No Known Crystal Structure) procedure [30]. In
order to obtain empirical calibration constant ZMV (ZM and V — the mass and volume of
the unit cell, respectively) of the residual glass in fabricated GCs, «hkl phases» were
developed for an amorphous phase by using the samples consisting of the known amount
of CaF, and one of the corresponding parent glasses. The difference in X-ray scattering
efficiency of the parent and residual glasses was neglected. This is a reasonable
assumption since the crystalline phase content in fabricated GCs is relatively low. The
instrumental background profile was determined from the X-ray scan of an empty silicon-
made low-background specimen holder. The values of atomic coordinates and initial unit-
cell parameters were taken from Ref. [31] and Ref. [32] for y-Ga,0;and CaF,
respectively. The fitting of the X-ray diffraction patterns was performed by software
TOPAS 4.2 (Bruker, Germany).

Transmission electron microscopy (TEM) and electron diffraction patterns of the parent
glasses were obtained on a finely ground powder using a microscope JEM-2100 (JEOL,
Japan) with an accelerating voltage of 200 kVV. TEM and high angle annular dark field
scanning TEM (HAADF-STEM) images as well as electron diffraction patterns of GC
samples were obtained on a finely ground powder with the help of a microscope Titan G2
60-300 (FEI/Thermo Fisher, USA) operating at an accelerating voltage of 300 kV and
equipped with an energy-dispersive X-ray (EDX) detector system. No effect of electron
irradiation on the samples was observed during the low-resolution TEM study.
Measurements of not less than 500 nanoparticles (NPs) were made from various regions
of the sample to establish NC size distribution in fabricated GCs. The analysis of TEM

images was performed with DigitalMicrograph software (Gatan, USA). The mean NP size



corresponding to arithmetic mean length size was calculated from a particle size
distribution given as a histogram [33].

Optical absorption spectra were collected on well-polished samples ~2 mm in thickness
using a spectrophotometer UV-3600 (Shimadzu, Japan). Photoluminescence (PL) and PL-
excitation (PLE) patterns were obtained as contour plots of light intensity by collecting
PL spectra, with 10 nm of bandwidth for excitation and emission, with the help of a
spectrofluorimeter Cary Eclipse (Varian, USA). The uncertainty of the relative PL
intensity from excitation and light collection reproducibility in steady-state measurements

is less than 10%.

PL decay kinetics were investigated in three different time regimes: nanosecond (500 ns
range), microsecond (10 us) and millisecond (1 ms). The decay curves in the ns and s
regimes were recorded by means of a fluorescence spectrometer FLS900 (Edinburgh
Instruments, UK) with a pulsed LED source at 250 nm as an excitation source (pulse width
920 ps) and with the emission monochromator at 450 nm (20 nm of bandwidth). PL decay
measurements in the ms regime were collected with the spectrofluorometer Cary Eclipse
exciting at 250 nm (10 nm of bandwidth) by means of a pulsed xenon lamp and integrating
the signal in a range of 20 nm at around 450 nm, with a delay from the pulse of 0.1 ms
and a resolution of 1 pus. The data have been fitted as a sum of three (ns and ps regimes)
or two (ms regime) exponentials, without taking into account the convolution with the
instrument response function since the fastest time regime was an order of magnitude

longer than the LED pulse. Mean lifetime values were calculated as described in [34].

<t>=Y aiti?/Y aiti ,

where ¢; is the pre-exponential factors in a multi-exponential intensity decay, 7 — the

fluorescence lifetime of the i-th discrete component and Xa; = 1.0.

3. Results and discussion

3.1. Thermal evolution of parent glasses



The DSC curves of Al-free and Al-doped glasses have similar features and are shown
in Fig. 1. For all the glasses, only one crystallization exopeak is exhibited due to the
formation of a single Ga-oxide spinel phase. It is identified as y-Ga,O; in the case of Al-
free glass composition studied previously [19] and y-Ga,Os-based solid solutions for Al-
doped glasses as will be shown later in section 3.2. There is a clear influence of Al,O; on
the values of T, and T... In fact, the addition of AlQO; results in a shift of T, and T, to
higher and lower values, respectively, compared to Al-free glass (Fig. 1). Higher values
of T, implying the increase of the low-temperature viscosity when the molar ratio
Ga,0./(Ga,0,+Al,0s) decreases, have indeed been previously reported for the glasses in
the system Li,O-(Ga,Al),0~SiO,[35] in the restricted range of molar ratio
(Ga,0,+AlQO,)/Li,O < 1. No systematized data are at the moment available for Al-doped
glasses neither in gallium silicate systems at molar ratio greater than 1 nor in studied
gallium germanosilicate system. The value of T,is known to be linked to cation
coordination number, cross-link density and tightness of packing of an oxide network [36].
Higher values of these factors lead to an increase of T,. Within a narrow concentration
range of doping, far from the equivalence point where R,0./Me,0O =1 (R = Ga, Al;
Me = Li, Na), no coordination changes should be encountered, taking also into account
that the possible existence of octahedrally coordinated Ga (Al) and Ge ions in similar
silicate and germanate glasses remains controversial, and these ions predominantly occupy
tetrahedral sites in the glass network [22,23,[37], [38], [39], [40]]. As for the cross-link

density, it seems to be even decreased at least due to the lower relative content of the glass-

forming oxides after Al,O; addition. To compare the tightness of packing of the oxide
network, the oxygen packing density or the volume occupied by 1 mol of oxygen can be
calculated from the density of a glass and its composition [41]. The molar volume of
oxygen turns out to be decreased for the parent glasses from 13.44 (Al-free) to
13.27 cms (4.5Al) suggesting that T, increase is mainly associated with the change of the
oxygen density.
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Fig. 1. DSC curves (vertically shifted for clarity) of the parent glasses. Black dashed and

dash-dotted lines represent the position of glass transition (T;) and exopeak extremum
temperature (T..) for Al-free glass, respectively. Orange dotted line indicates the treatment
temperature. The inset on the left displays the influence of Al.O: content on the difference
between T.. and T, weighted by 1/T,, and the inset on the right shows the high-temperature
part of the DSC curves. (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)

As regards to the lowered T.,, values compared to T.. for Al-free glass, they lead to a
shortened T...-T, range, which indicates decreased glass resistance against devitrification.
Comparing the fabricated glasses with different T, by means of the factor (T..-T,)/T, [42],
we in fact find that the crystallization tendency on heating is definitely higher in all Al-
doped glasses (Fig. 1, left inset) above the uncertainty in the values of T, and T.. for
several samples from the same melt. This conclusion is also supported by the fact that
crystallization occurs in a narrower temperature range for these glasses, and the
exothermic peaks are sharper and more intense, pointing to larger crystallization rates after
Al,O; addition. Moreover, a higher propensity to the crystallization is consistent with the
observation that glass forming ability is progressively reduced by increasing Al,O, content
(see experimental section) since a positive correlation exists between glass stability and

glass forming ability [43]. According to a simple structural model, such non-isothermal



crystallization behaviour can be explained by an increase of R,O./Me,O molar ratio or, if
we assume a larger preference for Al** to occupy tetrahedral sites in the glass network [23],
by Ga,0:/Me,O one (R = Ga, Al; Me = Li, Na). As a matter of fact, the formation of
[AlO.]-Me- tetrahedral units needs alkali ions, and hence less of these ions become
available to balance the local charge of gallium-oxygen tetrahedra. As a result,
Ga,0,/Me, O ratio increases, and phase separation is intensified both during melt
quenching and in the subsequent heat treatment of the glasses. Here, attention should be
given to a nonmonotonic trend in the change of the crystallization tendency: it increases
up to 2.5-3.5mol% Al.O;and then slightly decreases. The origin of this different
behaviour in 4.5Al glass can be explained by an even minor amount of NCs possibly
precipitating on quenching in the glass with the highest content of Al,O; and the influence
of crystallization beginning on the position of T, and T.., [44]. The exopeak area is in fact
decreased when moving from the DSC curve of 3.5Al glass to the curve of 4.5Al sample
(Fig. 1), and XRD analysis confirms the presence of a minor fraction of crystalline phase
in the latter glass (Fig. S1).

Regarding the dispersion of T, and especially T., values noted above, it is worth to be
mentioned that scatter of them is slightly but noticeably less in Al-doped glasses than in
Al-free glass. Greater dispersion of indicated values in later glass is likely caused by
extended chemical inhomogeneities probably due to incomplete homogenization of the
melt as a result of its rather high viscosity. However, we should emphasize that our Al-
free glass according to its XRD and electron diffraction patterns (Fig. S1, S2) was
amorphous and without any inclusions of unmelted batch. As for Al-doped glasses, even
a moderate fall in the liquidus temperature can improve — at constant melting conditions
— melt homogeneity and can result in a more homogeneous glass at the macroscale. This
temperature fall is in fact expected when the number of glass components increases
because of a sort of weakening of the germanosilicate networking propensity when Si(Ge)-
O-Si(Ge) bonds are replaced by weaker Si(Ge)-O-Al ones [45,46]. Consequently, overall
chemical homogeneity of Al-doped glasses at macroscale should be improved even if they
demonstrate the phase separation on the surface and become more inhomogeneous at sub-

microscopic level as a result of pronounced tendency towards devitrification.



Another fact deserving consideration is the growth of the extremum temperature of the
endopeak (Fig. 1, right inset) previously ascribed to the decomposition of the spinel phase
LiGasOs, formed from y-Ga,0O; NCs, in the glass of Al-free composition [19]. Taking into
account the occurrence of solid solutions in the LiGasOsLiAl;:Os system [47] and the
higher thermal stability of LiAlsOs [48] compared to LiGasOs [49], such a growth of the
endopeak temperature is the first evidence of Al incorporation in the crystalline Ga-oxide
phases precipitated in the fabricated glasses. Indeed, the position of Bragg reflections in
the XRD patterns of 4.5Al GCs is shifted to larger diffraction angles — also after treatment
above T..., — compared to Al-free GCs (Fig. S3), and it can be considered as a strong
indication of the solid solution formation. As regards the mechanisms potentially
responsible for slowing down Li(Ga,Al)sOs precipitation and decomposition, we cannot
completely exclude, however, the formation of diffusion barriers around NCs [50] that

suppresses crystal growth and tendency to decompose with lithium release.

3.2. XRD and TEM of heat-treated glasses

Based on the DSC curves and our previous data on similar glass compositions [28,51], the
heat treatment at 640 °C for 15 min was performed on all the fabricated glasses. Fig.
2 displays the XRD patterns of Al-free and Al-doped GCs and also Al-free parent glass as
a reference. The XRD patterns of all the parent glasses show the typical feature of an
amorphous phase, except for 4.5Al glass, whose XRD pattern registers a minor amount of
Ga-oxide spinel phase precipitated in the bulk (Eig. S1). Sharp diffraction peaks in Fig. 2
and S1 correspond to CaF, added to all the samples to reveal the shift of Bragg reflections
of the embedded Ga-oxide spinel phase and to perform Rietveld-based quantitative phase
analysis. The heat treatment leads to bulk precipitation of a crystalline phase with broad
Bragg reflections, which are indicative of the small size of the precipitated NCs. Scherrer
analysis of the peak broadening gives estimated crystallite sizes (Table S1) ranging from
~5 nm (Al-free) to ~4 nm (Al-doped). The analysis of the Al,O, dependent broadening of
the XRD reflection at about 64.2° in GC samples registers the most relevant NC size

reduction after the first Al,O; addition (1.5Al sample) and a minor further decrease (as will



be confirmed later in section 3.4) with 2.5 mol% Al O.. Greater Al,O; addition does not

cause further relevant changes of NC size above the experimental uncertainty.
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Fig. 2. XRD patterns of Al-free and Al-doped glass-ceramics in comparison with the XRD

pattern of Al-free parent glass, all with the addition of 7 wt% CaF.. The patterns are vertically
shifted for clarity. The inset shows the 26 shift of (440) reflection of the Ga-oxide spinel phase
toward higher angles when Al:O; content increased. The reflections of CaF., y-Ga.0s and y-
AlOs (inset) phases are indicated by black, orange and green sticks according to PDF files
ICDD PDF2 #00-035-0816, #00-020-0426 and #00-010-0425, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

In our previous studies of Al-free gallium germanosilicate glasses [19], y-Ga.Os turns out
to be the main crystalline phase precipitated in the bulk of the samples after treatment
between T, and the extrapolated exopeak completion temperature in DSC curves. Other
studies show that small additions of NiO or TiO,do not change the nature of the
precipitated crystalline phase but modify the temperature range of crystallization and the
tendency towards devitrification [52]. Furthermore, an increase of the heat-treatment
temperature leads to LiGasO; formation as a result of Li ions diffusion from the glass
matrix into y-Ga,O; NCs [19]. The XRD patterns in Fig. 2 confirm that also in Al-doped
GCs the main diffraction peaks belong to a single phase with cubic spinel-type structure.



However, a closer inspection reveals that the diffraction peaks are slightly shifted to a
higher angle when increasing the Al.O; content (inset in Fig. 2). Taking into account the
existence of an extensive solid solution in system y-Ga,O; — y-Al,O; [24,53], the lattice
constant of the spinel crystals in fabricated GCs is expected to be between the unit-cell
dimensions of the end-members of the solid solutions, i.e. between 8.238 A (the lattice
constant for y-Ga,Os [31]) and 7.938 A (the lattice constant for y-Al,Os [54]). Indeed, in
our case the lattice parameter of the precipitated phase ranges from 8.21 to 8.19 A (Table
S1) when Al O, content increases from 0 to 4.5 mol%. The difference between obtained
and above-mentioned values of the lattice constant for y-Ga,O; can be related to smaller
NCs [55] in Al-free GCs compared to NCs in Ref. [31]. The observed change of the lattice
parameter for fabricated GCs together with the absence of any diffraction line not
assignable to a single cubic phase in the corresponding XRD patterns give a strong
evidence of the incorporation of Al into the y-Ga,O; phase and the formation of y-Ga,.
JAlO; solid solutions. The cubic lattice parameter of gallia-alumina mixed oxides is
reported to be an approximately linear function of the chemical composition [53,56]. This
fact allows us to argue that, in the investigated range of Al.O; addition, the chemical
composition of the y-Ga,.Al.O; spinel solid solutions ranges from about y-Gai Al 1s0; to
v-Ga.»Al.O; with increasing Al.O; content. Thus, based on DSC and XRD data (Figs. 1

and 2, S3) we can conclude that Al.O; additions used did not drastically change the

sequence of phase transformation. After the exothermic process of y-
Ga,0; nanocrystallization in Al-free glass, y-Ga,O; NCs transform into LiGasOs via
diffusion-driven kinetics of Li incorporation into NCs [19] and then, at the endothermic
peak, B-Ga,O; forms through the decomposition of LiGasOs. The same sequence is also
valid for Al-doped glasses, except that solid solutions of Al.O; in corresponding Ga-oxide
compounds are formed instead of pure Ga-oxide phases.

The weight fraction of Ga-oxide spinel phase in GCs can be estimated by Rietveld-
PONKCS technique described in detail in Ref. [30]. As an example, Fig. 3 shows the
measured XRD pattern of 2.5Al GCs, the theoretical patterns calculated for the crystalline
phases (precipitated spinel and added CaF.) and the differential profile obtained by
Rietveld method. The R-factors were R.,, = 2.74 and R.,, = 3.82 (the reduced chi-squared
value ¥ = (Ruw/Rex)? = 1.39). The analysis of all GCs shows that the content of the Ga-



oxide spinel phase changes from about 14 to 20 wt% (Table S1) with a nonmonotonic
dependence on the Al,O; addition: the amount of the crystalline phase increases up to a
maximum for 2.5Al GCs, then slightly decreases for 3.5Al GCs and finally falls to the
level of Al-free GCs (~14 wt%). Taking into consideration that the fabricated glasses
contain ~36-38 wt% Ga,0O; depending on the composition, approximately half of the total
amount of Ga,0O;in 2.5Al GCs is segregated into the spinel NCs. As regards the
nonmonotonic trend, it is in reasonable agreement with the data on density growth after
the heat treatment (Fig. S4) and reflects the suggestion that an increase of glass
crystallization tendency, as noted above in the DSC analysis, is offset by constant
conditions of the isothermal heat treatment. In fact, a significant T, growth at increasing
Al,O; addition results in a narrower range between treatment and glass transition
temperature (i.e. 640°C-T, in Fig. 1) and forces the crystallization to proceed at higher
viscosity. Besides this effect, it is to be noted that another concomitant mechanism can
contribute to the nonmonotonic dependence of crystallized Ga-oxide amount on the
Al,O; addition. The occurrence of native Ga-rich nanoheterogeneities and even native
crystalline segregates (as observed in 4.5Al parent glass) may hinder the formation of new
crystals [57]. This process would also explain, in fact, the unexpected low crystalline
content in 4.5Al GCs. Importantly, the obtained values of crystallized fraction, taken
together with the chemical composition of the spinel solid solutions and the total amount
of Al,O; content, indicate that Al ions in Al-doped glasses are distributed between the
residual glass and the native amorphous nanoheterogeneities, wherein spinel NCs are
formed [58]. This conclusion is also supported by the TEM analysis, the results of which

are discussed below.
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between intensities of experimental (blue) and total calculated (red) patterns on the same
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Fig. 4 reports TEM images, electron diffraction patterns and NP size statistics of
representative samples of the investigated GC materials. The electron diffraction patterns
and high-resolution TEM images, as well as the XRD data, indicate the presence of a
crystalline phase in the heat-treated glasses. The electron diffraction patterns of the
selected areas consist of several rings: the spotty rings resulted from the preferentially
oriented spinel nanocrystallites and the diffused rings originated from the glassy phase.
When moving from Al-free GCs to the sample with 2.5 mol% Al.O;, broader diffraction
rings appear consistent with the precipitation of smaller NCs. The mean size of NPs from
the analysis of the TEM images varies from about 6 nm (Al-free) to 5 nm (Al-doped) and
IS in reasonable agreement with NC sizes evaluated by XRD (Table S1). Since XRD peak
width analysis yields volume-weighted mean size values, which are inherently different
from the arithmetic mean length size calculated from TEM images [59], some discrepancy

Is always expected.
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Fig. 4. TEM analysis of Al-free and Al-doped glasses heat-treated at 640 °C for 15 min. TEM

images of the representative samples: (a) Al-free glass-ceramics, (b) and (c) — the glass-
ceramics doped with 2.5 and 4.5 mol% Al.Os, respectively. The insets are the electron

diffraction patterns, which were obtained from the same area in the left part of the

corresponding bright-field images. (d) Typical high-resolution TEM image showing

crystalline features corresponding to the lattice parameters of spinel-like Ga-oxide. From (e)
to (i), histograms of NP size statistics from the analysis of the TEM images of the glass-
ceramics doped with different Al.O; content: 0 (e), 1.5 (f), 2.5 (g), 3.5 (h), 4.5 (i). Orange

dashed lines indicate mean NP size.




A larger crystallization rate evidenced by a narrower temperature range of crystallization
and sharper more intense exopeaks for Al-doped glasses has to change the size and number
of NCs in fabricated GCs as revealed by the XRD data. The TEM images (Fig. 4a-—)
clearly indicate that the sub-microstructure of the heat-treated Al-doped glasses is
significantly different from Al-free GCs. As follows from the TEM analysis (Fig. 4e-i),
Al,O; addition results in narrower size distribution — which favors high optical
transmittance [60] — and smaller mean NC diameter, which greatly affects NC number
density. The latter quantity increases for all heat-treated Al-doped glasses since they
contain more (1.5-3.5Al) or practically the same (4.5Al) content of the crystalline phase
as compared to Al-free GCs. Such an increase of NC number density — influenced not only
by the Al,O; amount but also by decreasing nucleation barrier due to the shortening of
interval 640°C-T,, as in the case of crystallized fraction change, — implies the enhancement
of nucleation in Al-doped glasses. The analysis of element distribution studied by STEM-
EDX (Fig. 5) gives further insight on the role of Al.O; in the crystallization process.
Precipitated NPs, as expected, turned out to be rich in Ga*, while Si* distribution is
opposite to that of Ga* ions. Importantly, the elemental mapping provides direct evidence
of the presence of Al> inside NPs (Fig. 5). However, a significant part of Al ions is also
found at the NP interface with some amount in the glassy phase. Thus, the overall effect
of Al,O; content on the sub-microstructure of GCs originates from a counter play between
the enhanced efficiency of nucleation, probably caused by a decrease in crystalline/glassy
interfacial energy, and the inhibition of crystal growth due to a viscosity increase and the
accumulation of the additive at the crystallization front. As a result, the crystalline phase
amount reaches the maximum for intermediate additive content (2.5 mol% Al.O;), and NP
(NC) sizes are smaller in all Al-doped GCs compared to Al-free sample. It is worth noting
that the smallest NPs are observed in 2.5Al GCs, while higher Al.O; content results in
slightly larger mean NP sizes (Eig. 4) at practically constant NC size (from XRD analysis),
suggesting core-shell structure of precipitated NPs. This observation supposes a
pronounced tendency to phase separation of the parent glasses with 3.5 and 4.5 mol%
Al,O;, in which chemical differentiation and nanostructuring are intensified on melt
cooling but crystal growth during subsequent heat treatment is suppressed by above-

mentioned reasons. This assumption on increasing the degree of phase separation in 3.5



and 4.5Al glasses is confirmed by the analysis of the optical absorption spectra in the next

section.

Fig. 5. Typical HAADF-STEM image of the glass-ceramics doped with 4.5 mol% Al.O: (a),
as an example, and the corresponding STEM-EDX mappings for Ga* (b), Si++ (c) and Al (d).

3.3. Absorption spectra of parent and heat-treated glasses

The parent and heat-treated glasses are highly transparent with an external transmittance
of ~80% for ~2mm thick samples in the spectral region near the maximum of
luminescence band (about 450 nm) (Eig. S5). The absorption spectra in Fig. 6 highlight
three main facts. First of all, the absorption edge shifts towards longer wavelengths upon
heating at 640 °C. The absorption edge in the glass of Al-free composition has reliably
been ascribed to Ge-containing Ga-oxide nanoheterogeneities with an optical gap wider
than that in precipitated y-Ga,O; NCs [61]. Such native nanoheterogeneities, as evidenced
before by small-angle neutron scattering data [58], are formed through liquid-liquid phase
separation. The segregation of Ga-oxide from the native nanoheterogeneities,
accompanied by their composition change and, consequently, the edge shift, leads to the
precipitation of spinel NCs [58,61]. Since the amorphous phase separation is typical for

gallium (aluminum) silicate [62], alkali gallium (aluminum) silicate [22,63] and to a lesser



extent for gallium germanate systems [40,64], it definitely occurs in our Al-doped glasses
as well. As a result, the occurrence of Ga-oxide rich nanoheterogeneities determines the

limit of UV transparency of the parent glasses.
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Fig. 6. Absorption spectra of Al-free and Al-doped samples: the parent glasses (dashed lines)

and glass-ceramics (full lines).

The second fact is the edge shift towards shorter wavelengths in GCs when increasing
Al,O; content. This fact is probably related to the incorporation of Al ions into y-
Ga,0; NCs. In fact, the band gap of y-Al,Os is about 7.4 eV [65], much wider than that in
v-Ga.0O; phase (~4.4-5.6 eV [[65], [66], [67]]). Hence, Al-doping is expected to cause a
blue-shift of the intrinsic absorption edge, consistently with the absorption spectra in Fig.
6, the TEM data and the results of the XRD analysis on solid-solution formation.

Third relevant outcome deserving consideration is that the parent glasses demonstrate
different spectral position of the absorption edge, implying various extent of the phase
separation, caused by different glass forming ability depending on Al.O; content.
Specifically, 3.5Al and 4.5Al glasses show an absorption edge definitely different
compared to the other glass samples and quite similar to those of GCs. This fact suggests
that chemical differentiation in 3.5Al and 4.5Al glasses leads to the formation of
submicroscopic regions with intermediate composition between spinel NCs and the initial
Ga-oxide rich nanoheterogeneities formed in Al-free, 1.5 and 2.5Al glass samples.

Interestingly, there is a small but clear difference in the slope of the edge between 3.5 and



4.5Al glasses (Fig. 6), that points to a more ordered structure of the submicroscopic
regions in the case of 4.5Al glass. Its steeper slope is consistent with the fact that this glass
begins to crystallize on melt cooling with the precipitation of a minor amount of the Ga-
oxide spinel phase according to the XRD analysis (Fig. S1). Some support of the validity
of the above-mentioned interpretations can be found in TEM images and electron
diffraction patterns of the parent glasses (Fig. S2). Despite the low electron density
difference between gallium germanosilicate matrix and Ge-containing Ga-oxide
nanoheterogeneities, some contrast features are detected in TEM images when increasing
Al,O; content up to 4.5 mol%. Additionally, the electron diffraction pattern of 4.5Al
sample exhibited sharper rings indicative of crystalline domain formation compared to the
other two samples. This fact is in good agreement with the XRD data of the parent glasses,
and both observations indicate that the addition of Al,O; and the increase of its content
intensify chemical differentiation and nanostructuring in the parent glasses. Further insight
into the role of AlO; in the optical response of GCs can be obtained by joining the data

on their sub-microstructure with the study of nanophase light emission.

3.4. Photoluminescence of glass-ceramics

The fabricated GC materials display an intense and broad room-temperature luminescence
excited at photon energy higher than the onset of the UV absorption tail in Fig. 6. The
light-emission and excitation patterns of these materials are reported in Fig. 7a—e and
comprise three main contributions in the UV, blue and green spectral regions, all
ascribable to the luminescence of Ga-oxide materials [68,69]. The main «blue» PL
component, centered at around 450 nm, is usually attributed to the radiative recombination
of DAPs formed by native structural defects [70]. The donor states are ascribed to oxygen
vacancies Vo' and the acceptor states to oxygen and gallium vacancies in (Vo, V) sites
[68]. Additional «green» component at about 530 nm, whose intensity is enhanced in the
single crystal B-Ga,O; grown under O, atmosphere [71], arises from transitions related to
localized defect sites, probably interstitial oxygen atoms with a minor contribution of
gallium vacancies [72]. As regards the minor «UV» component observed at about 350 nm,

it is attributed to exciton-like transitions [73].
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Fig. 7. (a—e) Contour plots of PL intensity as a function of emission and excitation wavelength
in the glass-ceramics doped with different Al.O; content: 0 (a), 1.5 (b), 2.5 (c), 3.5 (d) and 4.5
(e). The intense features linearly dependent on the wavelength in the upper part of the contour
plots are due to the excitation light at the first and second order. (f) Spectral distribution of
light emission at the excitation wavelength of 250 nm providing the most intense PL according
to the contour plots and an enlarged part of the PL spectra in the spectral range of 650—
1000 nm (inset). Orange dashed line represents the position of PL band maximum for Al-free

glass.

The contour plots in Fig. 7 confirm that the main light emission in the investigated
materials is the blue band centered at about 450 nm and excited at about 250 nm. Fig. 7f
reports representative emission spectra extracted from the 3D patterns at the indicated
excitation and extended to the long wavelength region so as to include the low-intensity
band peaked at about 760 nm (inset in Fig. 7f). Photoluminescence bands in this spectral
region are often observed in oxides as a result of light emission from non-bridging oxygen
sites. The detection of such a band in investigated GCs is expected because of the
formation of a glass-crystal interface, which implies the occurrence of a number of
coordination defects, including non-bridging oxygen, from the structural mismatch

between crystalline and glassy phases. The dependence of the 760 nm band intensity on



Al,O; addition (inset in Fig. 7f) indeed supports this interpretation since an indirect effect
of AlQ; addition on non-bridging oxygen concentration is expected. In fact, the
Al,O; addition influences the amount of crystallized phase and the NC size, with
consequent effects on the interface formation. As a result, the GC samples with the largest
crystallized fractions (2.5 and 3.5Al) display the most intense «red» emission (consistent
with the most extended interface), while the samples with lower crystallinity (0 and 4.5Al)
show considerably weaker PL signals.

As regards the blue band, the PL data register a not negligible effect of Al,O; addition on
both spectral position and light emission intensity. The spectral position shifts towards
higher energies when Al,O; content is increased, consistently with the widening of the
band gap (Fig. 6). About the PL intensity, the spectra in Fig. 7f show a relevant
nonmonotonic change with the AIlO; concentration: the PL signal increases with
Al,O; content until it reaches its maximum for GCs with 2.5 mol% Al,O;and then
decreases. This behaviour suggests some relation with the nonmonotonic change of
crystallized Ga-oxide amount evidenced by the XRD analysis of the GC samples. More
specifically, we find that the integrated emission intensity in Fig. 7f appears to follow, to
some extent, the change of NC number density, which we can estimate from the mean NC
(NP) size, the value of crystallized fraction and the density of GCs according to the TEM

data, XRD analysis and density measurements, respectively (see Fig. 8a, Table S1). This

result points to the importance of thermal treatment and additive content as the main factor

for maximizing NC number density and, consequently for improving the light emission

properties.
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Fig. 8. (a) Dependence of integrated emission intensity (from integration of spectra in Fig.
7f) and NC concentration on Al.O; content in the glass-ceramics. (b) Time decay of PL at
450 nm in the glass-ceramics and, as an example, fitting curves for Al-free and 4.5Al samples.
Inset: influence of Al.O; addition on mean lifetime in the ms regime and NC size. Dashed lines

in (a) and in the inset are guides for the eyes.

Other factors can however play a role, contributing to the resulting Al,O, dependence of
the 450 nm PL band intensity. Some evidence appears in 2.5Al and 4.5Al samples — in the
former, the integrated intensity is larger than that expected from the increase of NC
concentration, and in the latter a large intensity fall is detected which is not fully justified
by the lowering of NC number density. More detailed evidence comes from PL lifetime
data.

Fig. 8b reports PL decay curves, in the ms time range, of the 450 nm blue emission excited
at 250 nm in the investigated set of GCs. As reported in the inset of Fig. 8b, the PL lifetime
turns out to be progressively shortened by Al,O; addition and, indeed, this result is also

found in the ns and ps ranges (Figs. S6 and S7). The lifetime shortening can be the result

of two kinds of possibly concurrent effects. On the one hand, a reduced mean distance
between donors and acceptors in the DAP recombination process (possibly caused by the
decrease of mean NC size, as evidenced by the XRD and TEM data, and/or an increase of
donor and/or acceptor sites per NC) is expected to shorten the lifetime. In principle, it
could increase the radiative recombination rate and the PL intensity, even if, actually, the
PL intensity can also be determined by possible changes of donor and acceptor
concentration, as observed in similar systems [74]. On the other hand, an increase of
nonradiative channels (possibly arising by a larger amount of nonradiative recombination
sites at larger Al,O; addition) can be another source of lifetime shortening, which gives
rise to a decrease of PL intensity. The latter effect probably contributes to the lifetime
shortening at Al,O; content larger than 2.5 mol%. In fact, no increase of donor and
acceptor concentration — as a possible factor causing a lifetime shortening — is indeed
expected at large Al.O; content, when the NC size is observed not to change sensibly (with
even an increase of NP size) and when progressive Gas substitution by Al ions should

hinder the formation of defect sites. The calculated formation energy of intrinsic defects,



such as donor and acceptor sites, in Al-doped Ga.O; is in fact larger than in Al-free
material [75], and can rather be a concurrent cause of PL intensity reduction. As a result,
not only is the sub-microstructure influenced by Al-doping, but also the overall PL

efficiency of GCs is affected (Fig. 7, Fig. 8) because of multiple factors. They comprise

modifications of the sub-microstructure itself, through changes of concentration and mean
size of NCs, but also include the formation of nonradiative recombination sites and a
possible decrease of donor and acceptor concentration.

Indeed, the occurrence of competitive Al.O; effects on the blue PL emission can also
explain some results of a previous study reporting no enhancement of blue PL intensity in
similar GCs — but with distinct composition comprising a magnesium-alkali-silicate
matrix — despite both crystallized fraction and Ga-oxide NC number density turn out to
increase with Al,O; addition [16]. In fact, our data show that the addition of 4.5 mol%
Al O, which is about the minimum AlO; content in Ref. [16], is already too large for
keeping PL enhancement mechanisms still dominant on the detrimental effects of
Al,O; addition, giving rise to basically the same PL intensity of Al-free GCs. This outcome
suggests that a larger amount of Al,O; probably causes small or negligible PL
enhancement because of dominant effects of nonradiative decay channels and/or a
possible reduction of radiative recombination sites. The addition of MgO, with a resulting
heterovalent Mg doping of NCs, could in fact favor an effective lowering of

recombination sites [76], as already observed in Niz-doped gallium germanosilicates [18].

4. Conclusion

In summary, additions of ALO;(from 1.5 to 4.5mol%) to low-alkali gallium
germanosilicate glasses lead to the formation of y-Ga..AlO; spinel nanocrystals with a
significant change in the microstructure of the fabricated glass-ceramics. The DSC
analysis demonstrates that Al,O; added over 100% turns out to facilitate the melting
process and the subsequent crystallization of y-Ga.O;-based solid solutions. At fixed heat
treatment temperature, the addition of ALO;up to 2.5-3.5mol% promotes glass
crystallization even at a moderate increase of glass viscosity. As a result, the integrated

luminescence intensity of the glass-ceramics is enhanced up to a factor of five with respect



to Al-free heat-treated glass without losing initial high transparency. The effect can be
mainly ascribed to the increase of NC concentration and the parallel narrowing of NC size
distribution. The monotonic shortening of the PL decay time with Al.O; content suggests
that the increase of NC number density and NC size reduction are accompanied by the
parallel promotion of competitive mechanisms, such as nonradiative decay channels and

a decrease of donor and acceptor species.
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