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ARTICLE INFO ABSTRACT

Keywords: This study investigates the influence of iron on the optical properties of peralkaline soda aluminosilicate glasses

Iron (NASF), focusing on the interplay between glass structure and optical behavior. Fe doping significantly affects

3+
1:1' ) the glass network, altering both its structural connectivity and optical properties. Raman spectroscopy reveals
Rl lcate glasses that Fe modifies the glass structure by increasing non-bridging oxygens (NBOs), reducing network connectivity.
aman . . . . . .
. For the highest FeOy, concentration of 8.2 at.%, a more polymerized structural reorganization occurs due to iron
Photoluminescence

self-compensation. Optical analysis shows that Fe incorporation increases the optical absorption and shifts the
absorption edge to higher wavelengths. Tauc plot calculations reveal a decrease in the optical bandgap from 4.0
to 3.2 eV, while the Urbach energy indicates an increase of structural disorder. The photoluminescence (PL)
excitation and emission related to Fe>" energy levels is observed, with a broad red emission peak at 700 nm,
decreasing with Fe concentration in relation to higher defectivity and clustering. A detailed lifetime analysis
shows long lasting tails of the order of milliseconds, also decreasing with Fe content due to non-radiative re-
combinations and quenching.

1. Introduction

Optical glasses are fundamental pillars of optics and photonics
technologies. In the last 50 years significant efforts have been devoted to
their developments obtaining considerable progress towards applica-
tions, with a very long list of areas such as lighting [1,2], lasers [3],
optical fibers [4] and waveguides [5,6], optical amplifiers [7], optical
storage devices [8], optical switching [9] and optical limiting materials
[10], photochromic [11] and photosensitive glasses [12], magneto op-
tical glasses [13], as well as solar concentrators [14] and spectral con-
version films [15-21]. A detailed review of the state of the art and future
perspectives in all these areas was recently provided by W. Blanc et al.
[22]. A key-factor towards specific properties and applications is that

the electrical, optical, mechanical and physical properties of glasses can
be tailored by modifying the glass composition and by adding specific
dopants even in low concentrations. The addition of transition metals
can modify the absorption edge and the optical bandgap, resulting in
photoluminescence emission and shifting the material properties from
insulating to semiconducting [23-25].

This paper deals with iron-doped soda aluminosilicate glasses
(NASF), which are of particular interest in both fundamental research
and technological applications including optical materials, functional
coatings, and geological processes [26-28]. The presence of iron in the
glass network introduces complex interactions between its oxidation
state, structural role, and optical response, making it a key component in
tailoring the material performance [29-34].
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Iron in silicate glasses exists primarily in two oxidation states, FeZ*
and Fe3". Fe3" usually acts as a network former, contributing to the
connectivity of the silicate structure, whereas Fe2* behaves as a network
modifier, breaking silicate bonds and increasing the number of non-
bridging oxygens. The ratio Fe?*/Fe®* is highly dependent on glass
composition, melting conditions, and cooling rates. Understanding this
balance is essential for optimizing the optical properties of iron-
containing glasses.

In a previous paper, Ref. [31], we synthesized a set of NASF samples
with varying Fe content, describing their detailed preparation and
characterization and focusing on the correlation between iron oxidation
state and glass transition behavior. However, the microstructure and
medium-range order (MRO) play a fundamental role as well in defining
the optical performance of NASF glasses. These aspects will be the focus
of the present work. While short-range order (SRO) provides informa-
tion on local coordination environments, MRO determines how struc-
tural units organize beyond the first coordination shell, influencing light
absorption, scattering phenomena, and overall transparency. The pres-
ence of iron clusters (of isolated Fe®* ions, along with Fe3"-0?*_ Fe3*
and Fe3*-0%"— Fe?") or the occurrence of phase separation at the
nanoscale can introduce absorption bands in the visible and
near-infrared regions, affecting the coloration and luminescence prop-
erties of the glass [35,36]. This study aims to investigate the correlation
between the structural arrangement of NASF glasses at different length
scales and their optical properties.

2. Experimental

Peralkaline soda-alumina silicate (NASF) glasses were synthesized as
described and characterized in Ref. [31]. Six glasses with varying FeOy
content (0-13.9 wt%) were synthesized by melting high-purity reagents
at 1600 °C, quenched on a copper plate, and air-cooled. Chemical
compositions were determined using electron microprobe analysis, and
densities were measured by a helium pycnometer. Iron oxidation states
and coordination environments were investigated using
room-temperature Mossbauer spectroscopy. Glass transition tempera-
tures (Tg) were determined via both differential scanning calorimetry
(DSC) and dilatometry, following controlled heating—cooling cycles. At
1600 °C, the oxygen fugacity corresponds approximately to 2.4 log units
above the quartz-fayalite-magnetite (QFM) buffer [37]. The base
composition (NAS 1) was loaded with varying FeOy, content (2.2-8.2 wt
%), replacing SiO5 while keeping Al,03 and NaO nearly constant. The
Fe3+/Fet0t ratio ranges from 0.60 to 0.75. Density increases
(2.408-2.603 g/cm3), while T, decreases (478.7-466.2 °C) with iron
content to increase at 477.9 °C when FeOy,; content reaches 13.9 wt%.
The atomic packing density (C,) remains nearly stable. See details in
Table 1.

For structural characterization, Raman spectroscopy was performed
in the spectral range from 200 to 1300 cm ™! by using a Thermo Scien-
tific DXR2 spectrometer. Unpolarized Raman spectra were excited by
means of a switchable solid-state laser (1¢x = 532 nm) and an edge filter
was used to cut off the Rayleigh line. The scattered radiation was

Table 1

Chemical composition (wt.%), Fe®*/Fey,, molar index, room-temperature den-
sity (p), atomic packing density (Cg), and glass transition temperatures (T,) from
dilatometry and DSC (10 °C/min), taken from Ref. [31].

NAS 1 NASF2 NASF3 NASF4 NASF5 NASF6
Si0, 76.6 73.8 72.0 71.0 68.2 66.3
Al,03 3.2 3.2 3.2 3.3 3.2 2.7
FeOror, - 2.2 4.4 6.4 8.2 13.9
Na,O 19.6 19.7 19.1 19.0 19.0 16.9
Fe*/Feqe - 0.60 0.68 0.65 0.75 0.77
p[gem™3] 2.408 2.453 2.468 2.503 2.524 2.603
C, 0.488 0.491 0.491 0.492 0.493 0.498
T, [°C] 478.7 472.1 472.1 470.1 466.2 477.9
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dispersed using a high-resolution grating (1800 grooves/mm) and
detected by a thermo-electrically cooled charge-coupled device,
achieving an average spectral resolution of 2.9 cm™ L.

Optical UV-Vis absorption on the powder material was collected
using an Agilent Cary 5000 UV-Vis-NIR spectrophotometer coupled
with an internal Diffuse Reflectance Accessory.

Photoluminescence (PL) excitation, emission and time-resolved
spectroscopy was obtained by a Horiba-Jobin Yvon Fluorolog-3-
2iHR320 instrument. For steady state PL measurements, a continuous
CW xenon lamp was used as excitation source, and the signal was ac-
quired in the visible region by an R928-PMT. For time-resolved PL
measurements, a pulsed microsecond xenon lamp was used, and the
signal was acquired in multi-channel-scaler (MCS) modality.

3. Results and discussion

The full Raman spectra of all NASF glasses, normalized to the in-
tensity of the band centered at about 500 cm ™!, are shown in Fig. 1. The
low-frequency spectra between 250 and 650 cm™! consists of charac-
teristic vibrational bands, and can be divided in three subsets. The first
part (250-500 cm ) is dominated by vibrations of 5- and 6-membered
rings, as well as chain-like rings. The second region (500-550 cm ™) is
primarily influenced by 4-membered rings (D; band), while the third
subset around 600 cm ™! corresponds to 3-membered rings (D5 band).

As the FeOy, content increases, the R band (below 500 cm™}) start to
develop a noticeable shoulder from 4.4 wt% (NASF 3), indicating the
formation of larger rings [38], while the D; band appears increasingly
hybridized with the R, band of binary NayO-SiO; systems, shifting to-
ward higher frequencies and becoming more defined. This band (R.) is
associated with more ordered substructures, predominantly composed
of small rings that may form either chains or larger configurations made
up of interconnected small rings. These correspond to localized vibra-
tional modes, such as defect structures that are vibrationally isolated or
three-membered ring configurations. The disappearance of this band
with increasing iron mimics a sort of crowding effect with the formation
of more compact and dense units. The Dy band, typically around 600
em ™}, is not distinctly evident in this system. It appears as a shoulder in
NAS 1 but gradually diminishes and nearly disappears in NASF 6, which
contains 13.9 wt% FeOot.

The high-wavenumber (850-1250 cm™!) region of Raman spectra of
NASF glasses, likewise all silicate glasses, consists of a set of spectral
components corresponding to different silica tetrahedral units (T),
referred to as Q" species, where n represents the number of bridging
oxygens (BOs). These species, Q1 (1 BO), Q2 (2 BOs), Q3 (3 BOs), and Q4

—NASI1
NASF 2
NASF 3

—— NASF 4

= NASF 5
—— NASF 6

Intensity (Arb. Units)

400 600 800 1000 1200
Wavenumber (cm™)

Fig. 1. Full Raman spectra of peralkaline iron-bearing soda aluminosili-
cate glasses.
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(4 BOs), manifest as Gaussian-shaped bands centered at approximately
950, 990, 1090, and 1150 cm_l, respectively. The broad spectral feature
in this region results from the stretching vibrations of T-O bonds,
influenced by variations in intertetrahedral bond angles, force constants,
and T-O distances [39]. The distribution of these species in glasses is
dictated by their composition, particularly the role of network modifiers
(NM) and charge-balancing cations. In this system the Q' unit is not
predicted while the component at ~1070 cm™' Raman peak in the
spectra of silica, silicate, and aluminosilicate glasses as corresponding to
the stretching T vibrational mode of TO4 tetrahedra. In this mode, two
oxygen atoms move closer to the central Si atom, while the other two
oxygen atoms move away [40]. Therefore, the T* band is not related to
a specific element, but rather to the local environment of bridging ox-
ygens [41].

The spectra were deconvoluted to extract peak positions (cm™1),
areas (A), and full width at half maximum (FWHM), by constraining
position to varies within 20 cm™! respect to the initial peak position
assigned value. The procedure used is analogous to that of Ref. [42,43]
and results are reported in Fig. 2.

NAS 1, the iron-free glass, exhibits a moderately polymerized
network dominated by Q3 species (33.6 % area), indicative of an inter-
mediate polymerization state. Q4’II (26.5 %) and Q4’I (9.3 %) suggest a
substantial fraction of fully polymerized tetrahedra, while Q? (7.1 %)
reflects a limited presence of depolymerized units, which is in line with
the results in Ref. [31]. Upon iron incorporation, the glass structure
undergoes progressive depolymerization, with an increase in Q% and a
corresponding decrease in Q® and Q* species, signifying a breakdown of
highly polymerized structures. The Fe>" band intensifies with increasing
iron content, confirming its strong Raman activity.

The increase in Q? is attributed to the formation of additional non-
bridging oxygens (NBOs), reducing network connectivity. This feature
is primarily produced by the effect of Na™, however, the addition of six-
fold coordinated Fe?t and Fe®* (VIFe?" and V'Fe®") influences the glass
network through charge disruption of bridging oxygens (BOs),
competing with Na* for modifying the Al-Si framework.

At medium concentrations of FeOy. (NASF 2, NASF 3, and NASF 4),
VIFe2+ and VIFe®* act as network modifiers, as indicated by the increased
Q? and in part by Fe>* component, further promoting depolymerization
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by increasing NBOs. For example, in NASF 2, the Q? (9.4 %) and Fe>*
bands (8.6 %) are present at 970.7 cm_l, and similar trends are observed
for NASF 3 and NASF 4 with corresponding increases in Q* and Fe®*
areas (17.9 % and 21.0 %, respectively), reflecting greater
depolymerization.

At higher FeOy,. concentrations (NASF 5 and NASF 6), Fe3* (and
Fe?!) likely substitutes for Si** or AI** in tetrahedral coordination
("Fe?* and VFe3™), as demonstrated by Mossbauer data in Ref. [8]. In
NASF 5, for instance, the Fe3* band is prominent with a significant in-
tensity of 30.2 % at 978.8 cm ™!, while the Q2 (16.7 %) and T (25.3 %)
peaks remain noticeable, further suggesting a network-modifying role of
iron in these compositions. Worth of note, is that Q? area drops to 8.7 %
in NASF 6 (value comparable to the iron-free NAS 1 glass) and it suggests
a structural reorganization in favor of more BOs thus, a more polymer-
ized network.

Similarly, the Q® unit may encompass contributions from VFe3* (in a
fourfold coordination state), introducing an additional component at
approximately 970 cm ™",

As the iron content increases, the Q® area decreases, reflecting an
apparent decrease of the network connectivity and the formation of
(NBOs). However, the reduction in the Q® units becomes more pro-
nounced with increasing iron content, particularly in NASF 6, where
Fe3t partially replaces network-forming cations like AP and Si*,
leading to the formation of BOs instead of NBOs and contributing to the
network polymerization as suggested by Mossbauer data [31].

For instance, the peak at 970.7 cm ! in NASF 2 and 969.5 cm ™! in
NASF 3 supports this hypothesis, although these secondary effects are
overlooked in this analysis, as the high-wavenumber spectral profiles
remain largely consistent across samples.

The observed band-splitting of Q* species, occurring between 1080
and 1200 cm™}, is attributed to variations in the T-O-T bond angle,
influenced by coexisting Al-O-Si and Si-O-Si linkages. In Table 2, the
Q4’I and Q4’H bands for NAS 1, NASF 2, and NASF 3 (ranging between
1138 and 1170 cm™ 1) does not show consistent frequency shift, but their
areas decrease as the iron content increases, signaling a breakdown of
the highly polymerized network and an increase in depolymerization.
This decrease is more pronounced for Q*! than for Q*", especially in
higher iron concentrations (NASF 5 and NASF 6), reflecting the
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Fig. 2. Deconvolution of the stretching region in the Raman spectral window between 850 and 1300 cm™

1. where the cumulative fitting curves are depicted in

orange, while the individual Gaussian components are represented by the different lines. (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)
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Table 2
Deconvolution data. Band position (@ in cm™Y), error is < 4 cm™; % band area
(A), the relative error is <5 %) and the full width at half maximum (FWHM in

em™Y), error <7 em™ L.

Sample Unit o (em™) A (%) FWHM (cm™ 1)
NAS 1 Q? 960.8 7.1 82.4
T 1056.0 23.6 88.8
Q® 1071.9 33.6 61.8
Q™ 1138.7 26.5 70.6
Q*! 1170.0 9.3 100.1
NASF 2 Q? 951.9 9.4 101.5
Fe®t 970.7 8.6 77.4
T 1050.8 27.9 100.1
Q® 1099.7 28.1 61.3
Q*n 1137.4 15.9 69.9
Q¥ 1170.3 10.0 106.3
NASF 3 2 949.2 12.7 104.6
Fe3t 969.5 17.9 81.2
T 1050.0 29.0 100.1
Q® 1090.5 17.8 59.6
Q*! 1132.6 16.8 76.3
Q*! 1170.3 5.9 100.1
NASF 4 Q? 949.1 16.9 108.9
Fe3t 971.0 21.0 81.6
T 1050.0 30.0 101.5
Q® 1092.6 16.1 60.0
Q*! 1137.9 11.2 71.2
Q*t 1170.0 4.8 101.6
NASF 5 Q? 928.9 16.7 82.4
Fe*t 978.8 30.2 82.4
T 1052.0 25.3 98.9
Q@ 11092.6 14.6 62.6
Q*! 1136.5 8.0 69.4
Q*! 1171.8 5.1 109.5
NASF 6 Q? 906.2 8.7 59.5
Fe3* 961.9 50.6 86.4
T 1049.8 26.4 100.9
Q® 1095.7 6.9 70.1
Q*! 1137.1 5.7 80.6
Q*! 1170.4 1.8 101.6

structural modification induced by iron, particularly Fe>" and Fe?* jons
which is not related to depolymerization for this compositional
threshold (occurring at about 8.2 wt% of FeOyqy).

The FWHM values of Q“’I and Fe>* bands increase with iron content,
indicating greater structural disorder. In NASF 5 and NASF 6, the FWHM
values for the Q4'I band (100.1 cm ™! and 101.6 cm’l, respectively) and
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the Fe>* band (82.4 cm™! and 86.4 cm ™, respectively) are significantly
larger compared to NAS 1 (82.4 cm_l) and NASF 2 (77.4 cm_l). This
suggests that the incorporation of iron leads to increased structural
disorder. Following, density increase from NAS 1 to NASF 6 reflects both
atomic weight and structural rearrangement, while the ~4 % rise in Cg
suggests a modest gain in network connectivity. Iron influences this
balance: tetrahedrally coordinated Fe enhances bond strength and ri-
gidity, whereas Fe?' as a modifier increases structural mobility and
rearrangement near Ty, leading to higher fragility [44,45].

This progressive Fe-enrichment trend corresponds to a decrease in
viscosity and an increase in fragility, which could impact the melting
behavior and mechanical properties of the glasses. In particular, the
increased FWHM values for NASF 5 and NASF 6 reflect this disorder,
potentially influencing the glasses’ fragility and mechanical strength
[46].

The diffuse reflectance of the samples is reported in Fig. 3 (left). The
addition of Fe is responsible for a strong increase in the absorbance, and
a shift of the absorption edge to the higher wavelengths, as revealed also
by the browning of the sample color. In agreement with previous ob-
servations, upon Fe incorporation, the glass structure undergoes pro-
gressive depolymerization, with the formation of additional non-
bridging oxygens (NBOs) that reduce network connectivity. Since
NBOs have higher energy than the bonded orbitals, their increase leads
to an increase of the valence band energy and a decrease of the
forbidden bandgap energy [47,48]. This results in a higher absorption of
UV photons and a shift to lower energies (higher wavelength) of the
absorption edge. Moreover, additional peaks can be observed in the Fe
containing samples, unlike the one without Fe. These peaks correspond
to transitions within the energy level diagram of Fe>! ions in a host
lattice, reported in Fig. 3 (right) [49]. The exact energy level positions
depend on the host lattice and from the local symmetry surrounding
Fe®' ions [50,51]. In particular, the scheme reports the transitions
responsible for the observed peaks in the spectra: °A;(S)—*E(D) at 3.28
eV (378 nm), °A1(S)~*T(D) at 2.96 eV (419 nm), °A1(S)~*ATE(G) at
2.75 eV (450 nm). The photoluminescence (PL) emission of photons at
about 1.78 eV (700 nm) is also shown, but it will be discussed later.

The equivalent a can be calculated from diffuse reflectance spectra
by using the Kubelka-Munk Eq. (1) for samples with high scattering and
low transmission like powder samples.

K (1-Ry)?

T 2R, M

F(Ra) =5 =

where F(R,,) is the Kubelka-Munk function, which is equivalent to @, R
is the reflectance of an infinitely thick specimen, while K and S are the

478 nm
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| A
P I “E(D)
S ol *T,(D)
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Fig. 3. Diffuse reflectance (%) of the soda aluminosilicate glass powders with different Fe contents (left) and schematic energy-level diagram of Fe>** in a host

lattice (right).
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Kubelka-Munk absorption and scattering coefficients.

A deeper understanding of the effect of Fe doping on the optical
properties of the glass was obtained by Tauc plot calculation of the
optical energy gap and by evaluating the Urbach energy of the material,
as shown in Fig. 4. The energy gap Ej is the energy separation between
the top of the valence band and the bottom of the conduction band. The
Tauc method for calculating E; is based on the assumption that the
energy-dependent absorption coefficient «, or equivalently F(R.) for
powders, can be expressed by the following equation [52]:

(a-hv)'" = B(hv — Ey) )
where h is the Planck constant, v is the photon’s frequency, Eq is the band
gap energy, and B is a constant. The y factor depends on the nature of the
electron transition and is equal to 1/2, 2, 3/2 and 3 for the direct
allowed, indirect allowed, direct forbidden and indirect forbidden
transition, respectively [53]. In this work, the value of n is considered to
be 2 to calculate the indirect allowed transition which usually takes
place in glasses. By extrapolating the linear part of the curve (higher hy
region) to the x-axis (dashed line), it is possible to obtain Eg as the
intercept on the x-axis, as shown in Fig. 4 (a).

It should be noted that this approach should be applied only if ma-
terials do not absorb light below the bandgap energy. When a consid-
erable absorbance occurs at energies below Eg, the obtained results may
be significantly underestimated. This usually happens for defected,
doped or surface modified materials where intra-band states reflect in
the absorption spectrum as an Urbach tail, i.e., an additional broad
absorption band, which should be considered to determine the correct
bandgap energy, as reported by Makula et al. in Ref. [54]. In such cases,
those authors demonstrated that a direct application of the Tauc method
results in an inaccurate underestimation of Eg, although it appears
frequently in several publications. A simple way to account for it is
adding a linear fit below the fundamental absorption and considering
the intersection of the two fitting lines. This approach is also reported in
Fig. 4 (a). The values of E, obtained by the two approaches (as the
intercept with the axis and corrected for the Urbach tail) are reported in
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Fig. 4 (c), showing that for our samples the highest difference occurs in
NASF 6, which has the highest Fe concentration.

As a further analysis, a quantification of the Urbach tail can be ob-
tained by calculating the Urbach energy Ey, which is related to the
defect or disorder degree in the system [55,56]. The Urbach energy
quantifies the steepness of the onset of absorption near the band edge,
and hence the broadness of the density of states: a sharper onset of ab-
sorption represents a lower Urbach Energy. Ey can be obtained by the
following equation:

4

—E, 1
g) = Ina=h+C
U Ey

(hl/
a=ay exp

where aq is a constant which is called tailing parameter and C is a
constant. With a few simple passages, it is possible to show that In «a is
proportional to hv. The value of Ey can be obtained by the slope of the
curve in the linear region corresponding to the higher photon energies,
as shown in Fig. 4 (b). The obtained Ey values are reported in Fig. 4 (c).
With the increase of Fe content, Ey decreases first and then increases. On
the other hand, the decrease of Eg is mainly due to the fact that addition
of Fe reduces the average bond energies of the whole glass system [57].

A deeper explanation of these behaviors can be obtained considering
the role of Fe within these glasses. The investigated compositions are
characterized by an increase of the network modifiers V'Fe?* and VFe3*
ions (as shown by Mossbauer data in Ref. [31]) that disrupt the poly-
merized structure of the glass. This effect is consistent up to a concen-
tration of 6.4 wt% of FeOyo, while from 8.4 wt% a self-compensation
process of the charges through a re-enrichment of tetrahedral units oc-
curs. Indeed, NASF 5 and 6 show tetrahedral units in both Fe?>* and Fe3*.
This increasing iron load creates additional defects between the con-
duction and the valence bands that are probably caused by the modifiers
VIpe2+ and V'IFe*. These defects result in the formation of more dangling
bonds and non-bridging oxygens (NBO), ultimately narrowing the
bandgap by reducing the energy separation between the valence band
maximum and the conduction band minimum [47], as confirmed by the
red-shift of the cut-off wavelength in the absorption spectrum shown in
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Fig. 4. (a) Tauc plot for optical bandgap E, calculation. (b) Urbach energy Ey calculation. (c) Plot of bandgap and Urbach energy as a function of FeOyq. (d)

Comparison of Eg for different glass systems [a] = [58], [b] = [59], [c] = [60], [d] = [61], [e] = [62], [f]l = [63], [g] = [48].
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Fig. 3. Moreover, the coordination defects induced by Fe (dangling
bonds) and the increasing free oxygen will reduce the width of the
forbidden band, which will help to develop the application of Fe-doped
NASF glasses in semiconductor materials. Also, Ey represents an indi-
cation of structural disorder. Generally speaking, the bigger Ey reflects
lower structural stability. The initial decrease in Ey value demonstrates
that the presence of Q® and Q* units promotes the continuity of the silica
network, thereby ensuring structural stability by Fe addition to NAS 1
glass. As the effect of network-modifying ions introduction (V'Fe?* and
VIpe3+), the number of NBOs rises, leading to greater depolymerization
of the silica network which reflects in higher disorder. Moreover, the
increase of FeOy, is also related to glass densification, as attested by the
atomic packing density. This densification leads to a reduction in the
optical bandgap and a rise in the Ey value, attributed to changes in the
bonding state within the FeOy-loaded NASF glass system, where an
increasing atomic packing fraction and density correspond to a growing
molar volume from NAS to NASF 6 [31].

Fig. 4 (d) presents the comparison of Eg values for different Fe-doped
glass systems. Due to comparison purposes with other literature papers,
the value of Eg that is reported was the one calculated by standard Tauc
analysis [48,58-63]. As a general comment, according to the literature,
the Eg of the different glass systems decrease after Fe doping in a range
which depends on the glass composition and doping content.

The PL excitation and emission spectra of the samples are reported in
Fig. 5. It is worth observing a significant PL intensity for the reference
NAS 1 undoped glass, with a broad emission made of a main peak
centered around 525 nm and a secondary lobe around 675 nm. Lumi-
nescence from Al,O3 containing glasses under UV excitation was already
reported in the literature [64-66]. Similar bands around 500-550 nm
and 650-700 nm were observed. The green band has been attributed to
alanol and silanol-related centers, such as AI-OH and Si—-OH chemical
bonds. The red band was instead attributed to non-bridging oxygen hole
centers (NBOHCs). A detailed discussion of the PL properties of these
luminescent centers is reported in Ref. [65].

After the introduction of Fe in the matrix, a significant drop of in-
tensity is observed, and the fingerprint of Fe>* optical transitions clearly
emerges in the PLE of Fig. 5 (left), as previously discussed in the diffuse
reflectance spectra, in particular 6Al(S)—>4E(D) at 3.28 eV (378 nm),
6A1(S)—~"T2(D) at 2.96 eV (419 nm), ®A;(S)—*ATE(G) at 2.75 eV (450
nm). This observation is further corroborated by the PL emission spectra
in Fig. 5 (right), showing a broad emission peaked around 700 nm,
corresponding to the 4T1(G) - 6A1(S) transition at 1.78 eV. The PL in-
tensity decreases with increasing iron content, in relation to the increase
of defectivity of the matrix, as observed previously, which introduces
additional energy levels within the bandgap and therefore non-radiative
recombination paths. Moreover, it was reported in the literature that
Fe3t clustering occurs in silicate glasses even at low concentrations [36],
which results in a significant quenching of the emission.

Fig. 6 reports time resolved PL decay curves and lifetime analysis for
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the different samples. In Fig. 6 (a) the PL decay of NAS 1 is reported for
530 nm and 680 nm emission, showing a predominant fast recombina-
tion, of the order of microseconds, followed by a longer tail, in particular
for the red emission component, which agrees with the literature data
and behavior reported for -OH and NBO centers [65]. A completely
different shape can be observed in Fig. 6 (b) for the Fe doped samples,
which can be described by the contribution of several exponential de-
cays. By increasing of the Fe content the lifetime significantly decreases,
in agreement with the increase of disorder in the matrix, clustering of
Fe3* and the addition of non-radiative recombination paths.

Lifetime elaboration was performed by using a triple exponential
decay, as shown in the example reported in Fig. 6 (c) for NASF 4 glass.
Due to the strong correlations between the fitting parameters, a triple
exponential is unusual for lifetime decay fitting, but in our samples this
approach is justified to account for the three different contributions
which are responsible for the red emission. The first component is due to
fast recombinations, even shorter than the pulsed excitation lamp.
Therefore, the lifetime of this component was fixed for all the samples at
1 ps after testing different possibilities. Fixing the fast component life-
time significantly reduces correlations and guarantees more reliability
in the other two components. The second and third components, whose
lifetimes are reported in Fig. 6 (d), are related to the matrix, possibly
NBO centers, and to the Fe>* emission. It is worth observing that the
lifetime obtained for the matrix is almost the same for all the samples,
around 150-200 ps, while the emission from Fe>* follows a significant
decrease from 1.7 ms to 0.22 ms, as a consequence of the previously
discussed quenching mechanisms.

Worth note, this study highlights how correlation between optical,
compositional and structural properties, is relevant both for geological
processes (i.e. volcanic eruptions), geomaterials and industrial process-
ing. Understanding these effects is crucial for better interpreting the
physics behind the iron-bearing glass systems.

4. Conclusions

The influence of iron on the structural and optical properties of
peralkaline soda aluminosilicate glasses (NASF) has been investigated. It
was shown that Fe doping significantly affects the glass network,
altering both its structural connectivity and optical properties. Iron
incorporation progressively depolymerizes the network. At moderate
FeOy concentrations, Fe?™ and Fe™ act as network modifiers,
increasing the number of non-bridging oxygens (NBOs). At high iron
concentrations, they replace Si** and AI" in tetrahedral coordination,
promoting network repolymerization. Increasing iron induces structural
disorder and the formation of clustering, increasing optical absorption
and reducing the bandgap, as attested by Tauc plot and Urbach energy
calculations. The presence of Fe>' jons is revealed also by photo-
luminescence absorption and emission, showing the characteristic op-
tical transitions. PL intensity and lifetime decrease with iron content,
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Fig. 5. PL excitation spectra (left) and emission spectra (right) for the different samples with increasing Fe content.
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Fig. 6. Time resolved PL emission and lifetime elaboration data for the different samples with increasing Fe content. (a) Normalized PL decay of NAS 1 under 280 nm
excitation and 530 nm, 680 nm emission. (b) Normalized PL decay of Fe doped samples under 280 nm excitation and 680 nm emission. (c) Example of the fitting
procedure for NASF 4 sample. (d) Exponential decay lifetimes T2 and T3 obtained from the long tail fitting.

confirming an increase in non-radiative recombination pathways and
quenching mechanisms related to defects and iron clustering.
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