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Donor-acceptor control in grown-in-glass Ga-oxide nanocrystals
by crystallization-driven heterovalent doping

Alberto Paleari,*™®! Nikita V. Golubev,"™ Elena S. Ignat'eva,™ Viadimir N. Sigaev,"™ and Roberto

Lorenzi®

Abstract: Incorporation of doping ions in nanocrystals is a strategy
for providing nanophases with functions directly related to ion
features. At the nanoscale, however, doping can also activate more
complex effects mediated by perturbation of nanophase size and
structure. Here we report a paradigmatic case in which we modify
grown-in-glass y-Ga,0O3; nanophases via nickel or titanium doping of
the starting glass, so as to control the concentration of oxygen and
gallium vacancies responsible for the light emission. Optical
absorption and luminescence show that Ni** and Ti** ions enter into
the nanophase, but differential-scanning-calorimetry and x-ray-
diffraction indicate that Ni and Ti also work as modifiers of
nanocrystal growth. As a result, doping influences nanocrystal size
and concentration, which in turn dictate the number of donors and
acceptors per nanocrystal. Finally, the chain of effects turns out to
control both intensity and spectral distribution of the light emission.

1. Introduction

Design and synthesis of nanostructures with specific functions
require a deep understanding of growing mechanisms, kinetics,
surface reactivity, and phase stability in the chemical
environment of the process.!" This is evident, for instance, in
solution-based synthesis of quantum dots.”? However, the
potential complexity of the chemical and physical factors which
determine the final nanostructure properties is even more
compelling when we are dealing with nanocrystals (NCs) grown
in a glass. In such systems, the players of the final material -
nanophase, host, interphase, and possible dopant species - are
included in the starting compound, i.e. the initial glass, and all
these players find their final place thanks to multiple driving
forces which cause and control NC nucleation and growth during
post-synthesis treatments.®!

In this field, some investigations have given relevant
results in recent years, demonstrating the feasibility of glass-
based easy-to-process nanostructured materials with different
kinds of grown-in-glass NCs in transparent matrix - either from
melting or by solution based methods. The investigated
nanophases include oxides,*” fluorides,®'® and metals.'""3
Importantly, the resulting materials show to be suitable to be
engineered for a wide range of applications, comprising optical
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3D-memories,™ UV-to-visible solar-blind converters,!'¥

optical fibers,!"®*'® and UV-emitting glassy-films."

In glass-based nanostructured systems, a special role is
played by wide-band-gap nano-oxides, since they can vehicle
intrinsic and extrinsic functions into an optical silicate glass
without compromising light transmittance in the visible range
(provided that NC size is kept at few nm). Nanophases of Ga-
oxides, in particular, are interesting as nanocrystalline hosts for
broadband infrared-emitting transition metal ions,!"*¥ and for
their intense e-beam or UV excited blue emission.!"**3 Much
of the interest is in the visible light emission which is efficiently
excited at wavelengths shorter than 280 nm by band-to-band
transitions, thanks to a direct allowed optical gap. The
luminescence band is centred in the blue region at about 460
nm, but with more than one component. A spectral contribution
comes from radiative recombination at donor and acceptor pairs
(DAPs), with neutral oxygen vacancies Vo acting as donors, and
complexes of oxygen and Ga vacancies [Vo,Vea]* behaving as
acceptors.?® Two additional components occur in the green and
UV regions at 550 nm and just below 400 nm, ascribed to
radiative transition at Vg, sites and, respectively, from decay of
self-trapped excitation probably mediated by sub-band gap
levels as Vo sites.®>3% Therefore, Vo and Ve, sites turn out to
govern spectral and kinetic features of light emission in Ga-oxide
nanophases.

Starting from those results, some recent studies have
demonstrated that DAP concentration per NC can be controlled,
to some extent, by tailoring the NC size and, consequently, the
concentration of Vo per NC at fixed oxygen deficiency in the
nanophase. This result has been obtained either in nanopowder
of selected size, or in grown-in-glass NCs by thermal tuning the
nucleation process."*“%#! Nevertheless, Vo and Vg, are
expected to be also influenced by doping with ions substituting
for Ga®* with different oxidation state, as demonstrated in QD
colloids,**** so prospecting a size-independent method - driven
by charge neutrality - to control the broadband visible light
emission of Ga-oxide at the nanoscale. However, doping
processes of nanophases, especially in grown-in-glass systems,
may cause not negligible side effects on nanophase size and
concentration. Such effects were in fact observed in Er-doped
Sn0O; NCs in glass,** and have been analyzed in a recent study
on lithium disilicates with transition metal doping.*® Therefore,
the development of a novel doping-induced strategy of DAP
engineering in Ga-oxide nanophases needs data - for now still
unavailable - about the possible effects of dopant species on the
NC growth.

In the present work we report the analysis we have carried
out on Ga-containing alkali-germanosilicate glasses perturbed
by different levels of Ni* or Ti** doping, acting as oxygen
stoichiometry modifiers (with opposite effects) inside Ga-oxide
nanophases, as well as glass modifiers which promote atomic
diffusion during nucleation, but also hinder NC growth forming
blocking layers at the NC surfaces. The analysis of these factors,
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Figure 1. Strategy of doping-driven control of NC size and population of Ga
and O vacancies in grown-in-glass y-Ga,Os;, mediated by glass viscosity
lowering, diffusion blocking barriers, and Ni** and Ti** incorporation. Box on
the left: light emitting centers.

which affect the formation of y-Ga,O3; NCs in the glass matrix
and the population of Ga and O vacancies inside NCs (Figure 1
and Section S1 in Supporting Information), gives at last a basis
for tailoring the concurring effects of DAP engineering and NC
size control.

2. Results and Discussion
2.1. Doping Effects on Nanocrystallization

The analysis of differential-scanning-calorimetry (DSC) and x-
ray diffraction (XRD) data gives us evidence of detectable
structural effects caused by Ni and Ti doping. In Figure 2, we
report DSC curves of glass samples with composition 7.5Li,O-
2.5Na0-20Gaz03-45Ge0,-25Si0,, either undoped or doped
with different NiO or TiO, molar content. In all the compositions
we register the occurrence of three main features - a smooth
step at the glass transition temperature in the range 560-590 °C,
an exothermic peak with maximum in the temperature range

673-677 °C, and an endothermic process at about 1000-1010 °C.

In  agreement with = other studies on similar
compositions,®“! the exothermic peak is related to the process
of nano-crystallization of y-Ga;O3 in the glass matrix, while the
endothermic peak is caused by NC decomposition after
transformation into LiGasOg by Li-diffusion, with final formation of
B-Ga,O3; NCs. Besides these shared features, the DSC curves
of both Ni and Ti-doped samples show some differences from
the curve of the undoped composition, consisting in small but
clear shifts of the glass transition temperature T, (Figure 3a) and
of the exothermic and endothermic peaks at Tex, and Tendo
(Figures 3b and 2c). The detected shifts indicate that doping
does really influence some of the processes occurring in the
glass during the thermal treatment.
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Figure 2. DSC curves of 7.5Li,0-2.5Na,0-20Ga;05-45Ge0,-25Si0, (mol%)
glasses undoped and doped with the indicated molar amount of NiO or TiO,.
Curves are shifted for clarity. Temperature of glass transition (Tg), y-Ga;03
nano-crystallization (Tex), and decomposition of LiGasOs NCs with formation
of B-Ga,0; (Tendo) are indicated by dashed lines for undoped material.

Different factors can affect the glass transition and the
crystallization steps inside a complex glass. In fact, transition
metal ions tend to gather at the NC growing front, so forming a
barrier to atomic diffusion during phase separation and NC
growth as recently demonstrated in doped lithium disilicate
systems.*?!
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Figure 3. a) Glass transition temperature (T,) in samples with different content
of added TiO, or NiO compared with undoped composition (empty circle); b)
maximum peak temperature of the exothermic process of y-Ga,O; nano-
crystallization (Tex, left axis) and difference ATe, (triangles, right axis)
between the onset temperature of the exothermic process and Tex; C) peak
temperature of the endothermic process of decomposition of Li-diffused NCs
with formation of 3-Ga,0;.



In fact, in nanophases, it is thermodynamically unfavourable for
the dopant to enter in the NC. Therefore, dopant species are
preferably excluded from the NC 'bulk' and located onto the
nanoparticle surface™” Such an effect can decrease the rate of
diffusion during NC growth and leads to the broadening and shift
of the exothermic peak as we register in Figure 3b. Weaker
effects of TiO, with respect to NiO doping are consistent with a
more pronounced tendency of Ti atoms to act as a glass former,
and with a larger amount of Ti in the glass which does not
contribute to the formation of diffusion blocking layers around
growing NCs. Furthermore, the larger radius of Ni?* ions (0.069
nm) with respect to Ga®** and Ti** (0.062 and 0.0605 nm,"“®
respectively) leads to higher propensity to accumulate at the
interface and to form diffusion blocking layer around growing
NCs. Such a view is also compatible with the larger availability
of octahedral sites at NC surface than in bulk,® so giving to Ni?*
ions a preferential accommodation at NC surface (much more
than to Ti** ions which easily admit tetrahedral sites). At high
doping levels, the more pronounced doping-induced change of
composition affects glass viscosity (as indicated by lower T4 in
Figure 3a) and favours diffusion, so as to shift the crystallization
process to lower temperature.

The temperature shift of the irreversible endothermic
process of NC decomposition (Figure 3c) is an additional
evidence of the modified matrix viscosity by Ni and Ti doping.
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Figure 4. a) XRD patterns of 7.5Li,0-2.5Na,0-20Ga,0;-45Ge0,-25Si0,
glasses (mol%) undoped and doped with NiO or TiO, after heating 10 °C min”
from 20 to 675 °C and 15 min at the final temperature. Curves are shifted for
clarity. b) NC size (circles, left axis) and volume fraction of crystallized material
(squares, right axis) vs. doping level from XRD analysis.
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We know, in fact, that the temperature of the endothermic
process at about 1000 °C mainly depends on the final LiGasOg
NC size which results from mechanisms of NC coalescence and
Li embedding occurring at temperature above Texo.*®
Specifically, the larger the NC size, the higher the temperature
of the endothermic peak. Since NC coalescence and Li diffusion
are promoted by viscosity lowering, the higher the doping - with
lower glass viscosity - the larger the size of LiGasOs NCs. The
data in Figure 3c substantially confirms this view, showing
increasing Tendo at increasing doping levels, at least up to 0.1
mol%. Heavy doping probably induce a large defectiveness
which destabilizes NCs so as to compensate the stabilizing
effects caused by larger NC sizes (see also Figures S1 and S2
in Section S2 of supporting information).

In Fig. 4(a), we report XRD patterns after treatment at the
exothermic peak of y-Ga;Os; crystallization. We observe
reflections ascribable to y-Ga,Os;, with relative intensities
intermediate between two PDF files (PDF 01-074-7709 and PDF
00-020-0426). Different PDF files are in fact reported in
databases for y-Ga,O3 - synthesized only as nanopowders or
colloidal systems - reflecting a strong propensity to structural
disorder in the occupation of octahedral and tetrahedral spinel
sites by Ga>* ions,* and to the incorporation of Li* ions
substituting for Ga** ions.

Besides the identification of the crystallized phase, the
analysis of the XRD patterns seems to show some differences in
crystalline volume fraction and NC size by changing the doping
level. Actually, most of the registered changes are comparable
with the experimental uncertainty. However, especially in the
data of Ti-doped samples, there is some evidence of slightly
smaller NC size and crystalline fraction at low doping level with
respect to undoped material, followed by larger values at higher
doping, with a behaviour similar to the behaviour of Tey, shift in
Figure 3b. This result suggests the occurrence of a doping-
related hindering of NC growth at the lowest doping level.
Diffusion blocking effect of dopant species at the surface of
growing crystals can prevail over doping-induced glass viscosity
lowering which should favour NC growth with respect to the
undoped composition. Instead, at heavier doping, the expected
effects caused by the decrease of viscosity probably prevails, as
suggested by slightly larger values of NC size and volume
fraction.

In summary, the analysis of DSC and XRD data shows
that Ni and Ti doping can influence the glass nanocrystallization,
with effects on size and concentration of y-Ga,O; NCs.
Therefore, since NC size affects the balance between Vo and
Vs sites inside each NC,*" we can expect a NC size-related
effect of doping on the donor-acceptor light emission properties
of NCs. Furthermore, Ti*" and Ni** ions substituting for Ga>* can
also play an even larger and more direct role in DAP and defect-
related optical emissions of the nanophase, provided that they
enter into NCs so as to modify donor and acceptor population by
heterovalent substitution. In the next sections we analyze optical
absorption and light emission data giving us evidence of
incorporation of the ions in NCs and modification of the donor
and acceptor ratio.



2.2. Incorporation of Ni in Nanocrystals

In Figure 5a, we report the optical absorption spectra of NiO-
doped nanostructured glassceramics in the visible and near UV
region. At energy lower than 4 eV, below the absorption edge
caused by band-to-band transitions of y-Ga,Os; NCs and by
high-energy charge-transfer (CT) transitions at Ni-O bonds,®
we register two main absorption bands at 1.96 and 3.25 eV.
These bands are ascribable to the crystal-field transitions
3Ao(F)—>T4(F) and 3Ax(F)—°T(P) of Ni** ions in octahedral
environment,®" substituting for Ga* in octahedral spinel sites of
y-Ga;0O3; NCs. These bands are not observed in as quenched
glass, where Ni?* ions are dispersed in the amorphous matrix in
lower symmetry sites giving rise to an intense band at 2.86 eV.
Importantly, the 2.86 eV band is not detected in nanostructured
materials or, if any, is hidden in the low energy tail of the 3.25 eV
band, which instead increases proportionally to the NiO content,
according to the Lambert-Beer law, as the 1.96 eV band (inset in
Fig. 5(a)). The quantitative analysis of this outcome allows us to
give a lower limit of more than 90% of the total Ni** ions
incorporated into the nanophase, without saturation effects.
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Figure 5. a) Optical absorption spectra of NiO-doped nanostructured glass-
ceramics compared with undoped material and 0.5 mol% NiO doped as
quenched glass (dashed line). Inset: absorption coefficient at the maximum of
the band at 1.96 eV as a function of the NiO content. (b) Optical absorption
spectra of TiO,-doped nanostructured glassceramics compared with undoped
material. Inset: (left axis) doping dependence of the photon energy at which
the absorption coefficient is equal to an arbitrary reference value of 80 cm™;
(right axis) doping dependence of the absorption coefficient at 4.2 eV.
Experimental uncertainty is within the symbol size.
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2.3. Incorporation of Ti in Nanocrystals

The absorption spectra of TiO,-doped glassceramics do not
show detectable traces of crystal field or defect-related
transitions below the absorption edge of y-Ga,Os NCs. This fact
tells us about the titanium oxidation state, which is Ti*
independently of doping level or nanostructuring treatment,
since Ti** would give rise to transitions in the visible region at
about 500 nm.®? The doping-related shift of the UV absorption
edge can instead provide some information on the environment
of Ti*" sites. Different factors can be responsible for the shift,
such as NC size effects on the energy gap (potentially driven by
TiOz in the matrix, Figure 4b), the increase of crystalline fraction
(dependent on TiO, addition, Figure 4b) and the consequent
increase of intensity of the UV absorption tail, the energy gap
lowering by enhancement of oxygen mean polarizability
(dependent on TiO; incorporation in NCs), and the superposition
of O*—Ti** CT transitions (at energy dependent on Ti*
coordination).

Actually, we can rule out NC size effects on the energy
gap. In fact, the expected change &(AEg) of the size-dependent
shift AEg of the energy gap Eg is less than 102 eV in the size
range 9-10 nm (from 2R data in Figure 4b), as determined by
the expression AEg=(R*%/2m*R?)-1.8e%/41eR,* where m* is
the reduced exciton mass (about 0.3 electron mass in Ga,03),*
¢ is dielectric function (about 10g0),*™ and R is the NC radius.
Similarly, the slight increase of crystalline fraction with
increasing TiO, content (less than 5%, data in Figure 4b) cannot
explain the enhancement by a factor 4 of the absorption
coefficient at fixed energy (inset in Figure 5b, right axis). As
regards the possible narrowing of Ga,O3 Eg by incorporation of
Ti oxide in NCs, we can estimate the order of magnitude of the
expected effect from the empirical Duffy's relation Eg=20(1-
RmNm)2 between Eg and the ratio between the molar refraction
Rm and the molar volume V2% In fact, Rn, is directly related to
the molar polarizability am of the material, which can in turn be
calculated additively from the reported molar polarizability of the
simple oxides Ga,03 and Ti02.5" In this way, we estimate a shift
of Eg of only -4x107? eV from undoped to 0.5 mol% TiO, doped
Ga,03, to be compared with a shift of about 0.4 eV in the iso-
absorption energy observed at 80 cm™ of absorption coefficient
(Figure 5b, left axis). Therefore, the most reliable interpretation
of the observed change of UV absorption edge must be based
on O*STi* CT transitions contributing to the near UV
absorption edge together with the onset of Ga-oxide band-to-
band excitations. Such attribution is consistent with the observed
linear dependence of the absorption coefficient at fixed energy
on the TiO, content (inset in Figure 5b, right axis). Furthermore,
the spectral position of the steep doping-dependent absorption
tail suggests that the Ti-related band probably lies in the range
4.5-5 eV. This spectral range is consistent with O>—>Ti** CT
bands observed in other systems with Ti*" ions in six-fold or five-
fold coordination, as in crystals or glassceramics.®® By contrast,
in glass, O*>Ti*" CT bands from four-fold sites are expected,
with spectral position lying at higher energy, in agreement with
the bathochromic effect (i.e. a red-shift) already registered in Ti**
CT transitions at increasing Ti** coordination number in



zeolites.®™ Therefore, the data in Figure 5 suggests that a
fraction of Ti*" ions are incorporated in y-Ga,Os NCs in
octahedral sites substituting for Ga®" ions. In the next section we
show that Ti*" and Ni** incorporation in NCs has also outcomes
in the NC light emission.

2.4. Doping Effects on Light Emission

The evidences of NC size effects after NiO and TiO, addition
(Figure 4) and the indication of Ni** and Ti*" incorporation in NCs
(Figure 5) are accompanied by doping-related effects on the NC
light emission properties. Indeed, we observe effects both on the
spectral distribution of the light emission and on the integrated
intensity. To analyze the doping related spectral changes, we
report in Figures 6a and 6b the normalized photoluminescence
(PL) spectra of NiO- and TiO,-doped nanostructured
glassceramics, respectively, compared with the undoped
composition. The resulting colour actually shows more evident
changes in TiO,-doped materials, with a shift from blue to almost
white emission. We analyze the changes as effects of dopant
ions on distinct light emitting centres.

We report in Figure 7 the analysis of the spectral
distribution of emitted power as a superposition of three
Gaussian components, with intensities as free parameters. In
the analysis, spectral positions and bandwidths are empirically
constrained using the spectra of undoped and heavy doped
materials.
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Figure 6. PL spectra excited at 250 nm, at room temperature, in glassceramic
7.5Li,0-2.5Na,0-20Ga,03-45Ge0,-25Si0, (mol%) undoped and doped with
the indicated molar amount of a) NiO and b) TiO,. Insets: chromaticity
coordinates of the spectra in the CIE-1931 colour space (marks are in the
same colour of spectra).
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In fact, the low energy side of the main blue peak in the undoped
sample and, respectively, the low energy and the central portion
of green and UV bands in doped materials can be satisfactorily
fitted by Gaussian components either directly (for the blue band)
or after subtraction of the previously fitted blue component (for
green and UV bands). We obtain Gaussian components centred
at 2.47, 2.89, and 3.75 eV - with bandwidth o 0.24, 0.33, and
0.33 eV, respectively. The analysis in three components is
consistent with the occurrence of previously identified
mechanisms of UV, blue, and green emission in Ga oxide
systems, respectively ascribed to decay of self-trapped
excitation, DAP recombination, and radiative transition at Vg,
sites.?”**%% Even the spectral parameters are consistent with
previous analyses, provided that one takes into account the
change of spectral distributions from PL intensity spectra to
emitted power spectra we calculated as PL signal intensity
divided by the squared wavelength.®” The results of this
analysis in TiO,-doped material (Figures 7b-d) register a strong
doping-induced lowering of intensity of the blue component with
respect to the undoped glassceramic (Figure 7a).
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Figure 7. Spectra of emitted light power vs. photon energy (circles) and fit
(lines) as sum of three Gaussian components (filled areas) with fixed spectral
parameters (see text) in nanostructured 7.5Li,0-2.5Na,0-20Ga,03-45GeO,-
25Si0, (mol%) glassceramics a) undoped, and doped with b) 0.05 mol% TiO,,
¢) 0.1 mol% TiO,, d) 0.5 mol% TiO,, e) 0.5 mol% NiO, f) 0.1 mol% $ NiO, g)
0.05 mol% NiO. h) Amplitudes of the three Gaussian components as a
function of the doping level (same colour codes as in a)-g)).



This is consistent with a strong effect of TiO in hindering the
formation of [VO,VGa]X, which are the acceptor sites responsible
for the blue emission in DAP recombination. Such an effect can
result from Ti*" incorporation in NCs with partial compensation
for the charge unbalance by Vg, sites, so as to prevent Vo and
Vea sites from forming complexes (see also Section S1 in
Supporting Information). According to this mechanism, the
process of Ti*" incorporation makes a fraction of Ve, sites free to
act as independent light emitting localized defects, whose
emission is responsible for the green PL component. In fact,
parallel to the bleaching of the blue component, we register the
appearance and increase of the green emission with TiO,
addition (Figures 7a-d). By contrast, the UV band - related to the
occurrence of Vo sites - does not change so much as the other
two components. This fact indicates that the relative decrease of
Vo sites with increasing TiO, addition is not particularly relevant,
even though it significantly affects the number of [Vo,VGa]X
complexes, consistently with the natural tendency of Ga oxides
to oxygen deficiency rather than cation non-stoichiometry.
Interestingly, in 0.5 mol% TiO, doped material (Figure 7d), the
intensities of the three components are almost equal and give
rise to a quite broad light emission. All these data are
summarized in Figure 7h as a function of TiO; content.

The effects of NiO doping are quite different with respect to
TiO.. The intensity of the blue emission decreases with doping
more gradually (Figures 7a, 7e-g), but with a more relevant final
decrease at large NiO content. This behaviour is consistent with
an effect of Ni** incorporation in NCs on the yield of DAP
recombination. In fact, increasing the number of Ni substituted
sites we expect - for charge neutrality - an increase of Vo, which
in turn enhance the probability of radiative and nonradiative
decay paths competitive to DAP recombination.!"*4% This view
fits also the lack of relevant contribution in the green component
of the spectrum, ruling out a significant influence of doping on
the population of Vg, sites and their pairing to Vo sites. Instead,
UV emission shows minor changes, as in TiO,-doped material.

It is worth noting that the effects of TiO, or NiO doping on
NC size and crystalline fraction are far from playing a role on the
light emission properties at least comparable with those of Ti*
and Ni** ions as modifiers of the ratio between Vg, and Vo sites
inside the NCs. In fact, the reduction of NC size, which is
expected to increase DAP recombination yield,"**% is evidently
overwhelmed by the other mechanisms, since opposite effects
are observed in samples where we register smaller NC size than
in undoped material (data at low doping in Figure 4b and Figure
7h). Similarly, the expected effects on the PL spectrum from the
relatively small increase of crystalline fraction - from the lowest
doping level to higher values (Figure 4b) - can hardly justify the
observed change of light emission intensity in Figures 7b-g, and
even more the complex change of relative intensity of the
different components. Interestingly, the role of Vo and Vg,
relative population on the observed spectral changes caused by
TiO; or NiO doping is instead supported by PL measurements of
undoped variants of glassceramics samples we obtained from
glass melted in_different oxygen atmosphere (Figure S3 in
Supporting Information), in which we register spectral changes
similar to those in Figure 6.
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Conclusions

The analysis of structural and optical features of grown-in-glass
y-Ga203; NCs allows us to draw now a quite articulated picture of
the potential of TiO, and NiO doping for tailoring the nano-
crystallization process of Ga-oxides in alkali-germanosilicate
glass matrix so as to modify size and relative amount of the
nanophase and to drive concentration and balance of the main
light emitting intrinsic sites. Importantly, while we register clear
effects of TiO, and NiO as glass maodifiers able to determine the
final NC size and fraction of crystalline nanophase, we can also
confirm that the doping species are incorporated in NCs to some
extent (completely in the case of NiO) and actively work as
modifiers of the NC stoichiometry acting as Ni* and Ti*'
substituting ions for Ga®" in octahedral sites. Furthermore, the
analysis of the spectral distribution of light emission as a
function of doping demonstrates that Ti** and Ni** ions
effectively change the balance between Vg, and Vo and,
consequently, the relative weight of the main optically active
sites responsible for PL in the nanostructured material. The data
indicates that the direct effects of incorporated species on the
light emission (through the change of Ve, and Vo populations)
are much more relevant than the indirect effects (via NC size
change) previously observed in undoped material and related on
the influence of NC size and growth on DAP population and
kinetics. Our new results show that DAP recombination and
localized transitions at oxygen and gallium vacancy sites can be
largely tailored by Ni?* and Ti** substituting for Ga®*, with
relevant changes of the resulting spectral distribution of light
emission, as a result of the control of three concomitant spectral
contribution in the UV, blue and green regions, ascribable to
some extent to the relative population of Vo, DAP and Vg, sites,
respectively.

Experimental Section
Sample Preparation

We prepared glass samples by melt-quenching method, with nominal
composition 7.5Li,0-2.5Na,0-20Ga,03-45Ge0,-25Si0, (mol%). We
used, as raw materials, amorphous SiO, (special purity grade), GeO,
(special purity grade), Li,CO3 (chemically pure), Na,CO; (chemically
pure), Ga;0O3 (chemically pure). Glasses with composition different from
the abovementioned one were also synthesized by introducing different
amount (0.05, 0.10, 0.50 mol%) of NiO or TiO, reagents (chemically
pure). The amount of reagents in each batch was calculated in order to
prepare 70 g of final product. The starting materials were weighed using
an analytical balance with an accuracy of 1 mg. In each preparation, the
raw powders were thoroughly hand mixed in a beaker for 15-20 min. The
glasses were prepared in an uncovered platinum crucible (about 45 ml)
in an electrically heated furnace at a temperature of 1480 °C for 40 min.
The melt was poured onto a stainless steel plate and quenched by
pressing with another stainless steel plate to obtain samples of about 2
mm of thickness. The as-quenched glass was cut to the desired shape
with a low-speed diamond saw or grinding disc using water as a coolant.
Samples were then polished for optical measurements or ground for
powder diffraction. Part of the as-quenched bulk samples was heat-
treated in a muffle at 675 °C according to data obtained from DSC



analysis. In such cases, heat treatments were performed, with an
accuracy of the temperature control within +2 °C, placing the samples
into the furnace at room temperature and heating at a rate of 10 °C min™.
After treatment, the samples were quenched removing them from the
furnace after stay for 15 min at the DSC peak extremum temperature.

Physical Measurements

DSC measurements from room temperature up to 1200 °C were
performed on a Netzsch DSC 449F3 high-temperature thermoanalyzer in
platinum pan with cover, at a heating rate of 10 °C min™ in Ar, using bulk
samples of 15-20 mg. The reproducibility of endothermic and exothermic
peak extremum temperature is within 2 °C. X-ray diffraction patterns of
powdered samples were recorded on a D2 Phaser diffractometer
(Bruker) employing nickel-filtered CuK, radiation. Crystalline phases
were identified by comparing peak position and relative intensities in the
XRD pattern with the ICDD PDF-2 database. Mean NC size was
estimated from Scherrer's analysis of the width of XRD reflections, after
numerical subtraction of the background and amorphous halo from the
whole XRD pattern and fitting nanophase reflections, using the software
Diffrac.Eva by Bruker. Crystallized fraction was estimated as 100(1-(Ax-
Ap)/Ay), where A, and A, are respectively the area of the whole XRD
pattern (without background) and the area of the peaks. Optical
absorption spectra were collected by means of a Cary 50 (Varian)
spectrophotometer with 1 nm resolution from 200 to 1000 nm.
Photoluminescence (PL) spectra were taken exciting at 250 nm using a
xenon lamp and a MS2004i (SOL instruments Ltd) monochromator with a
bandwidth of 4 nm and collecting the emitted light through a second
monochromator MS3504i (SOL instruments Ltd) with a spectral
resolution of 2 nm and a photosensor module H7844 (Hamamatsu).
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S1. Analysis of the role of Ni and Ti doping in the Kroger-Vink notation

The effects of Ni** and Ti*" ions substituting for Ga>" in octahedral sites in NCs (pictorially displayed in Figure
1) are described in more detail using the Kroger-Vink notation. For sake of simplicity, herein and in the
paper, we neglect to write the superscript X to indicate the neutral state of elements and single vacancies.
With the only aim of representing some of the possible mechanisms of doping-induced perturbation of the
local charge compensation at Ga,0; defect sites and complexes, Equations (1)-(3) (and (4)-(6)) analyze
three NiO (and TiO,) concentrations corresponding to the doping levels in the investigated materials. The
final step of each equation is a simplified scheme of the evolution of the system after trapping of photo-
excited electrons from the conduction band and subsequent radiative decay. The first three equations
regards NiO doping:

0.05 mol% NiO 2[ yo ] +Nl—>[ yo ] [ ]
° (Vo, 2) (Vo, ) Vo, Nigg

photoexcitation v X v X
and optical decay 0 0
—_— 5
< [(Vo, Vé:ll ,] + hvblue> + ([VO,Nlé;a] + thV) (1)
0.10 mol% NiO 2[ ] +2Ni +V, [ ] Vé'NiG“]X
. mo | ,” l il III .7
° (VO ) ) Ga (VO ) ) VO; NlGa
photoexcitation v X
and optical decay . .y
[ - OI” ’] + hvblue + (Z[VOINlGa]X + hVUV) (2)
(VO ’ VGa
V), Nigal*

0.50 mol% NiO + 10Ni + 9V, + 8V, - ] + 8[Vy, Nigg 1%

2 PN v s 1IN + .y
V5, Vea) Vo, Vea) Vo, Nigg

photoexcitation

. X
and optical decay V, . .y
[ . OIII I] + thlue + (10[V0: NlGa]X + thV) (3)
(VO ’ VGa

In equations (1) and (2), the oxygen defectiveness is supposed fixed, whereas equation (3) accounts for
additional V sites which are induced by the large number of Ni sites which overcomes the quantity of
native Vg in undoped material. The number of Vg, sites is adjusted so as to formally express Ga substitution
by Ni doping.

Analogously, but with some relevant differences, equations (4)-(6) analyze some of the possible local
effects of Ti*" incorporation substituting for Ga® ions in NCs. In particular, based on PL data, equations (4)
to (6) account for a higher propensity of Ti** with respect to Ni** to prevent the formation of [Vo,Vss]
complexes which act as acceptor sites in blue luminescence (a possible mechanism, for instance, may be a
preferential Ti** placement not far from Vg, sites, so as to hinder complexes with oxygen vacancies):

X
. 2Vo
o)
0.05 mol% TiO, 2 [(Vo, vy ] +Ti—- [(Vo, vy ] Tiaa]
photoexcitation v x v X
and optical decay
and optical decay <[(V0 0, ] + hvmue> + ( il ] + thV> ()
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Equations (5) and (6) also account for additional Vg, sites which are induced by the large number of Ti sites.

S2. X-ray diffraction data of doped and undoped samples after heating up to 960 °C

The thermal evolution of y-Ga,0; nanocrystals in alkali-germanosilicate glasses proceeds from the
crystallization temperature T, through the diffusion of lithium from the glass to the nanocrystals with the
formation of a nanophase close to LiGasOg, which then undergoes decomposition at T.ngo — activated by a
high temperature order-disorder transformation of the LiGasOg phase [Datta, R. K. J. Am. Ceram. Soc. 1971,
54, 262.] — finally forming B-Ga,0; NCs [Ref. 46]. The size of the LiGa;Og NCs before final transformation at
Tendo is larger than the initial size of y-Ga,0O; NCs grown in the glass matrix, and it provides a higher
sensitivity to disorder effects thanks to much narrower and more defined reflections in the XRD pattern.

In Figures S1 and S2 we report the XRD patterns of glassceramics with molar composition 7.5Li,0-2.5Na,0—
20Ga,03;-25Ge0,-45Si0, doped with different NiO or TiO, content, as exposed in the paper, after
treatment with the same heating rate as in DSC measurements from room temperature up to 960 °C. The
patterns are compared with the patterns of LiGasOg (PDF 01-076-0199) and of defective
Lios1[Lio.462Ga0.54][Gas.4840g] (PDF 01-086-0649).

undoped

0.05 NiO

0.1 Ni©

0.5 NiO

PDF 01-076-0199 Ga5 Li 08
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Fig. S1. XRD patterns of glass with molar composition 7.5Li,0-2.5Na,0-20Ga,05-25Ge0,—-45Si0, with
different NiO. The patterns are shifted for clarity. Samples were treated with the same heating rate as in

DSC measurements from room temperature up to 960 °C.
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The decrease of Bragg’s reflection intensities at about 15.3, 24.2, and 26.6° at increasing NiO content
indicates that LiGa;Og with deviation from stoichiometry fits better the XRD pattern of NiO doped glass
than stoichiometric LiGasOg. This fact supports the idea that heavy doping induces a larger defectiveness.
This effect is less pronounced for TiO,-doped glasses (see XRD patterns below) probably because a fraction
of TiO, stays in the glass.
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Fig. S2. XRD patterns of glass with molar composition 7.5Li,0-2.5Na,0-20Ga,05-25Ge0,-45Si0, with
different TiO,. The patterns are shifted for clarity. Samples were treated with the same heating rate as in
DSC measurements from room temperature up to 960 °C.

S3. Experiment supporting the role of changes of Vo content on the light emission modifications

The results we describe in the paper show that NiO and TiO, addition in nanostructured glass with
composition 7.5Li,0-2.5Na,0-20Ga,03-45Ge0,-25Si0, (mol%) modifies spectral distribution and integrated
intensity of nanocrystal (NCs) light emission. We also show that the analysis of various kinds of data
indicates that the modified properties are ascribable to the effect of Ni** and Ti*" incorporation in NCs on
oxygen and Ga vacancies. These sites are in fact responsible, according to previous studies, for different
photoluminescence (PL) components in the UV, blue, and green regions, depending on their relative
population and formation of related complexes acting either as light emitting single centres or pairs of
donor and acceptor sites. We report below the results of an additional experiment which provides an
additional and independent indication that the responsible optical active centres are strictly related to the
oxygen stoichiometry. Specifically, the experiment shows that applying reducing conditions during the
melting procedure of undoped material — without addition of NiO or TiO, — causes modifications of the PL
spectrum of the final nanostructured material analogous to the spectral changes observed by doping.

A set of samples were prepared with composition 7.5Li,0-2.5Na,0-20Ga,03-45Ge0,-25Si0, (mol%),
without NiO or TiO, addition, with the same method described in the paper, except for the conditions
during the melting procedure. A fraction of the material was obtained in unperturbed melting conditions,
similarly to doped materials. Another fraction was obtained modifying the melting conditions with
activated carbon, adding a tablet of 250 mg onto the melt at intervals of 10 min, for a total of 1 g of active
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carbon. The resulting glasses were then treated at the crystallization temperature for each batch. We
report in Fig. S3 PL spectra of the obtained samples. The dependence of the distribution of PL intensity on
the reducing conditions during melting confirms the interpretation of the effects of NiO or TiO, doping as
the result of Ni** and Ti*" on the NC oxygen stoichiometry. Oxygen deficient samples show more intense
contribution in the UV region and depleted blue component. In this case, the occurrence of a green
independent component is well detectable, especially exciting at 350 nm.
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Fig. S3. PL spectra of nanostructured undoped glassceramics obtained by heating at crystallization

temperature 7.5Li;0-2.5Na,0-20Ga,03-45Ge0,-25Si0, (mol%) glasses prepared in unperturbed melting

conditions (green curve, excited at 250 nm) and with addition of carbon as reducing agent (violet curve,
excited at 250 nm; dashed violet curve, excited at 350 nm).



