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Abstract

Bismuth silicate with sillenite structure (Bi,,510,,) nanophase was prepared via melt—quenching technique in the Bi,O;—
Zn0-Si0, glass system. The effect of replacement ZnO by Bi,O; was studied. Their thermal behavior showed the change
of glass transition temperature (Tg) from 577 °C in the Bi,05-free glass to 438 °C in ZnO-free glass. In addition, the crys-
tallization temperatures were not only changed from two to one peak, but also decreased from 927 to 476 °C in the same
order. According to the heat treatment regimes, willemite, sillenite, tetragonal Bi,O;, cubic Bi,O5 and traces of ZnO were
crystallized with different ratios depending on the change in composition and temperature. Sillenite was enhanced with
increase heat treatment temperature and/or Bi,O5 additions. Heat treatment at 650 °C/10 h revealed the best regime, where
higher degree of crystallization was achieved. The microstructure at 700 ‘C/30 min showed nano-scale oriented parallel rod
crystals with hexagonal making at their end, whereas clusters of irregular nano-size crystals was appeared at 650 °C/10 h.
Transmission spectra of the glasses in UV—Vis—-midIR region were increased with Bi,O, addition reaching 74% in 100B.
Photoluminescence properties of both glasses and their corresponding glass—ceramics showed luminescence nature since
the blue and green colors were clearly appeared. Calculation of optical bandgap (E,,) revealed 3.2-2.19 eV with increasing
Bi,05; these values are located in the semiconducting range. The prepared samples can be utilized in electro-optical instru-
ments, also the high transmission in mid-IR nominate it for IR transmitting windows.
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1 Introduction

Bifunctional materials are ones that can perform two func-
tions in a system due to their unique properties. Among the
industries that utilize unique “smart” materials are energy,
medical, nanoelectronics, aerospace, defense, semiconduc-
tors, and others. These materials have the potential to greatly
improve new system performance by lowering size, weight,
cost, power consumption, and complexity while also increas-
ing efficiency, safety, and adaptability [1]. In comparison
to commercially available semiconductors, the devices that
use this smart material feature no instability, enlarged data
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processing velocity, lower electric power, and high integra-
tion density [2].

In this paper, glasses and its counterpart glass ceramics
have photoluminescence, and semiconducting character-
istics were prepared. The compositions of glass ceramics
were based on crystallization of both sillenite and willemite
phases in varying amounts. The selection criteria for these
phases were based on their interesting properties as will be
explained later.

Sillenite phase has the formula Bi;,MO,, where M =Si,
Ti, Ge, Mn or some other IV-valence ion, or a mixture of the
two ions. Lots of research has been done on both Ge and Ti-
sillenite, where Gd-doped Bi,,GeO, sillenite has been pre-
pared and showed antiferromagnetic interactions due to Gd
cluster [3]. In addition, monophase Bi,,TiO,, was crystallized
in the system Bi,0;-TiO,—Si0,~-Nd,O5 via melt-quenching
process, and control the crystalline and amorphous phase for-
mation was done [4]. Sillenite phase-stabilized multiphasic
magnetoelectric Bismuth Ferrite was also prepared by employ-
ing different synthesis techniques namely soft chemical route
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and rapid liquid phase sintering [5]. The principles density
functional theory calculations of Bi;,GeO,, Bi,,510,,, and
Bi;,TiO, sillenites compounds were also calculated to deter-
mine its bonding and electronic structure [6]. On the other
hands, academic researches on sillenites including band energy
calculations of both BSO and BGO [7], photocatalytic effect
of BTO [6, 8, 9], effect of pressure on BSO [10], and rela-
tive study of crystal structures of the three sillenites [11] were
achieved.

Among all kinds of sillenite, bismuth silicon oxide (BSO)
has attractive properties, especially photoconductive and elec-
tro-optical properties, so it has found application in a number
of technically vital optical devices [12]. Sillenite (Bi;,Si0,)
exhibit piezoelectric, electro-optic, elasto-optic, photorefrac-
tive [12] and photoconductive properties, and so have potential
applications in spatial light modulators, acoustic delay lines
and hologram recording equipment.

Bi,,S10,, crystal is produced mainly by the Czochralski
technique from the molten phase, although recently it was also
prepared by the Bridgman method [13]. However, intrinsic
defects such as core, striations and inclusions appear during
crystal growth, degrading their optical quality and thus, require
a means for their elimination [13].

On the other hand, willemite has the chemical formula
Zn,Si0,. Scientists are interested in synthesizing it using
various methods due to its use in various sectors. Willemite
is classified as a useful phosphor because of its high lumi-
nous efficiency, great color purity, beside chemical and ther-
mal stability [14, 15]. It was described as a down conversion
luminous material [16] and a laser crystal [17]. It is also used
as a chemically stable, transparent dielectric host for a variety
of luminous dopants [18] and is a prominent component of
crystalline glazes in modern ceramics [19].

Consequently, combination between the properties of both
Bi,,S10,,, with sillenite structure and willemite phases seem
to be an aim worth trying, especially when prepared via tra-
ditional method as melt-quenching technique, where melt-
quenching technique is well known on the industrial and labo-
ratory scale, which makes it one of the best ways to prepare
different materials.

In this regards, this study aim to crystallize Bi,,Si0,, with
different amount in Bi,05.Zn0.Si0, glass system, via melt-
quenching technique for the first time, where its production in
glass ceramic using a simple and traditional method as a melt-
quenching technique is object require to tray. Characterization
of the prepared materials using DSC, XRD, TEM, optical as
transmission and energy bandgap beside photoluminescence
properties, were done.
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2 Experimental and methods
2.1 Materials’ preparation

Glasses in the system (100-x) Bi,,510,. x Zn,Si0,, where
x =0-100, were prepared via melt-quenching method
(Table 1). The samples were denoted 0B, 10B, 30B, 50B,
70B, 90B and 100B according to the amount of Bi;,Si0,,.
About 30 g of the powder of these compositions were pre-
pared from reagent grade SiO,, Bi,O; and ZnO. After mix-
ing for 15 min to facilitate the melting process and make
better glass homogeneity, the batches were melted in a
porcelain crucible in an electrical furnace at a temperature
range (950-1200 °C) for 0.5 h with occasional swirling to
make sure homogenization. The melts were poured onto a
stainless-steel plate at room temperature and pressed into
a plate 1-2 mm thick by another cold steel plate.

2.2 Materials characterization

The thermal behaviors (differential scanning calorimetric
analysis DSC) of the finely powdered quenched samples
were examined using TG-DSC SETARAM Instrumentation
Regulation, Labsys TM (Setaram, Caluire, France) under
inert gas (N, with purity 99.99%) with flow rate 60 cm?/
min. The powder (10-15 mg) was heated in Pt-holder with
another Pt-holder containing Al,O; as a reference material.
As will be shown later, the acquired data were used as a
guide to establish the requisite heat treatment temperatures
to induce the crystallization in the samples.

To determine the kinds and relative amounts of the crys-
talline phases, quenched samples were subjected to powder
X-ray diffraction using Bruker diffractometer (Germany D8
ADVANCE Cu target 1.54 A, 40 kv, 40 mA) with graphite
monochromatized Ni-filled Cu-Ka radiation. JCPDS X-ray
diffraction card files were used to obtain reference data for
interpreting the X-ray diffraction patterns.

To characterize the nanocrystals’ size, distribution
and morphology, high-resolution transmission electron

Table 1 Chemical composition of the prepared glasses in mole%

Sample code Bi,0, Sio, Zn0O

0B - 3333 66.66
10B 17.647 29.4116 52.9412
30B 42.8572 23.8094 33.3332
50B 60.0002 19.9997 19.9999
70B 72.4142 17.2412 10.3445
90B 77.1431 14.2854 8.5713
100B 85.7143 14.2856 -
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Table 2 XRD results of the prepared glass ceramics

Sample code Heat treatment Phases

0B 650 °C/30 min Willemite + ZnO
10B -

30B Sillenite

50B Sillenite + T-Bi,05
70B Sillenite + T-Bi,0;
90B Sillenite + T-Bi,0;
100B Sillenite + T-Bi,0;
0B 650 °C/10 h Willemite + ZnO
10B Willemite + sillenite
30B Sillenite + C-Bi,0;
50B Sillenite + C-Bi,0;
70B Sillenite + T-Bi,0;
90B Sillenite + T-Bi,0;
100B Sillenite + T-Bi,0;
0B 700 °C/30 min Willemite + ZnO
10B Willemite

30B C-Bi,0;

50B Sillenite + T-Bi,0;
70B Sillenite + T-Bi,0;
90B Sillenite + T-Bi,0;
100B Sillenite

0B 800 °C/30 min Willemite + ZnO
10B Willemite + sillenite
30B Willemite + sillenite
50B Willemite + sillenite
70B Willemite + sillenite
90B -

100B Sillenite

microscope HRTEM (JEOL JEM-2100 at an accelerating
voltage of 200 kV, attached to CCD camera) is used.

The optical transmittance spectra of all the glasses were
recorded at room temperature using a model JASCO Corp-
V-570 spectrometer in the wavelength range 200-2400 nm
in the ultraviolet—visible—mid-IR parts of the spectrum.
The experimental data are expressed as optical percent
transmission as a function of wavelength in nanometers
(nm).The values of optical bandgap (E,,,) have been deter-
mined from the cutoff wavelength of these glasses.

Photoluminescence measurements of the prepared
glasses and their corresponding glass ceramics were
recorded at room temperature under the excitation
wavelength range of 200-450 nm in the spectral range
400-750 nm using a fluorescence spectrophotometer (type
JASCO, FP-6500, Japan) equipped with a xenon flash lamp
as the excitation light source. The scan speed is 0.15 with
a step length of 0.25 nm and a slit width of 0.2 nm.

0 20 zp,510 A0 60 20 100

Zno Mol % Si0 4
(a)
Glass
iy Yo -
hw® § =

10B 30B S0B 70B 90B 100B
(b)

Fig.1 a Phase diagram between Bi,O;, SiO, and ZnO, the line
between the green arcs is the chosen one for this study [11] and b
visual image for the prepared glasses

3 Results and discussion

Phase diagram between Bi,05, SiO, and ZnO [21] is illus-
trated in Fig. la. In this study, the focus was on the line
between sillenite (Bi;,S510,,) and willemite (Zn,Si0,).
Seven compositions were chosen on this line, and denoted as
0B, 10B, 30B, 50B, 70B, 90B and 100B, where the number
expressed the mole percent of sillenite (Table 1). Figure 1b
represents the visual images for the prepared glasses.

3.1 DSC analysis

DSC analyses for the as-prepared glasses are illustrated in
Fig. 2. Through DSC analysis, important data were achieved,
such as glass transition temperature (Tg) at which the vis-
cosity of the glass is slightly decreased; as a result, this
step is associated with an increase in heat capacity [22],
and crystallization temperature (Tc) which is related to an
irreversible phase change, thus this step is associated with
a decrease in heat capacity [22]. In this study, clear endo-
thermic effects (Tg) are appearing in the temperature range
438-577 °C; while two exothermic peaks are appeared in
the range 466—673 °C and 575-927 °C for glasses 0B—70B.
With increasing Bi,O3, the two exothermic peaks are
reduced and gathered in one exothermic peak, in the range
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Fig.2 DSC thermograms of as-prepared samples a 0B, b 10B, ¢ 30B,
d 50B, e 70B, f 90B and g 100B

476-507 °C, as in 90B and 100B. It is noticed that both Tg
and Tc are decreased with increasing Bi,0; additions.
From Table 1, Bi,O; was increased, while both SiO, and
ZnO were decreased, from OB to 100B. The bond energy
of Si—O which is 452 kJ/mole is higher than Bi-O, which
records 343 kJ/mole [12]. The bond energy is directly related
to bond strength; consequently, the Si—O bond is stronger
than the Bi—O bond, which leads to a more compact and vis-
cous structure. Thus, as Bi,0; increased, as the weak Bi—O
bond increased and the energy needed to break it decreased,
consequently Tg temperature becomes inversely proportional
to the amount of Bi,O5 [23]. From another point of view,
Si0, is presented in the glass structure as SiO, unit, while
Bi,0; is presented as both BiO; and BiOg units. BiO,, unit is
shared through their edges so it is more or less distorted link
[24], while the tetrahedral SiO, were linked through oxygen
atoms of corners forming chains, sheets, or three-dimensional
networks [25, 26]. Consequently, increasing SiO, content led
to increase in Si—-O-Si bridges which improves glass stability,
whereas in samples with high bismuth content, the majority
of oxygen atoms form Bi—O-Bi and Si—O-Bi bonds, with
a smaller number from Si—O-Si bonds in SiO, chains [27].
On the other hands, increasing the percentage of Bi,Os,
at the expense of ZnO, led also to a decrease in the Tg and
Tc temperatures. This might be explained by the stronger
effect of Bi,O; to lowering the glass transition temperature,
as discussed before, i.e., weakening the glass network struc-
ture compared with ZnO, where the single bond strengths of
Zn-0 bonds in ZnO, groups are higher than that for Bi-O
bonds in BiO4 groups[28]. Thus, Bi-O-Bi cross-linkages
are broken easily to form non-bridging oxygen in the glass

@ Springer
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Fig.3 XRD patterns of as-prepared glass samples

matrix, leading to easier mobility of the ions and decrease
both Tg and Tc [29].

The exothermic peaks are related to crystallization tem-
perature Tc; the presence of two peaks may be means crys-
tallization of two phases in different temperature ranges;
while one exothermic peak mean one or more crystalline
phases in the same temperature range. The decrease in Tc
temperature with increasing Bi,O; was explained before;
whereby adding Bi,0;, the glassy phase’s stability towards
crystallization is reduced, resulting in a decrease in the crys-
tallization temperature.

3.2 X-ray diffraction

Glass samples are exposed to different heat treatment pro-
grams as 650 °C/30 min, 700 °C/30 min, 800 °C/30 min and
650 °C/10 h. The different programs are applied to study the
effect of heat treatment parameters on the sequence of crys-
tallization, phases developed and stability toward increasing
temperature. XRD patterns of the studied samples before and
after different heat treatment programs are shown in Figs. 3,
4 and 5. The developed phases are illustrated in Table 2.

X-ray of the as received glasses shows a clear hump
within 25-35 20 which conformed the amorphous phase
(Fig. 3). After heat treatment (Fig. 4), XRD diffractograms
demonstrated the formation of willemite (JCPDS 70-1235),
sillenite (JCPDS 37-0485 or 17-0804), tetragonal Bi,0;
(JCPDS 78-1793), cubic Bi,05 (06-0132) and ZnO (JCPDS
89-0510). Details of XRD for each sample, with different
heat treatment schedules, will be explained as follows.
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Fig.4 XRD patterns of
10B-100B glass samples
after different heat treatment
schedules
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Fig.5 XRD patterns of OB glass samples after different heat treat-
ment schedules

At 650 °C/30 min, the time seems not enough to crys-
tallize willemite in all glass compositions. In 10B, the
amount of Bi,O; is too low to react with SiO, to give sil-
lenite or precipitate as Bi,O5; consequently, amorphous
phase is the feature for 10B. By increasing the addition
of Bi,0;, crystallization of pure body-centered cubic
(JCPDS 37-0485) sillenite in 30B is achieved, where all
Bi,0; are reacted with the required SiO, amount to give
sillenite. Increasing the Bi,O5 in 50B—100B revealed more
development for sillenite beside relatively lower amount
from T-Bi,05. The crystallized sillenite here is the face-
centered cubic one (JCPDS 17-0804). Consequently, the
mechanism of crystallization may be as follows: at the
first, Bi,O; was reacted with a suitable amount of SiO,
to form body-centered cubic sillenite, which converted to
face-centered one with increasing Bi,05. More addition
of Bi,O; leads to precipitation of the excess amount of
Bi,0; as T-Bi,0;.

Increasing the heat treatment temperature to 700 °C for
30 min shows crystallization of pure willemite in 10B, pure
C-Bi,0; in 30B, and then equal amounts from sillenite and
T-Bi,0O5 in 50B. Sillenite was increased and T-Bi,O5 was
decreased with increasing Bi,O5 in 70B and 90B. Only sil-
lenite phase was developed in 100B. It is noticed that the
peaks’ intensity decreased with increasing Bi,O; referring
to partial melting was occurred. The C-Bi,0; phase is easier
in formation than T-Bi,05; furthermore, it converted into
T-Bi,0; with increasing Bi,0; ratio. The transformation
from cubic to tetragonal Bi,O; phase can be attributed to
the reformation of the disordered truncated octahedral BiOs
and tetrahedral BiO, units, which are the building blocks of
the cubic structure [30].
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Increasing the temperature of heat treatment to 800 °C
for 30 min revealed the crystallization of willemite as major
phase and sillenite as minor one in 10B. With increasing
Bi,0;, sillenite was increased to be the major phase and wil-
lemite became the minor one in 30B-70B. Pure sillenite is
appeared in 100B. The decrease in peaks’ intensity than pre-
vious heat treatment revealed more partial melting in these
samples. Abnormal result was noted, where sample 90B was
more remelted than 100B; this may be due to that Bi,O; can
act as both glass modifier or former according to its amount,
and at lower quantity, it acts as modifier and form BiOg unit.
With increasing its quantity, BiOg is decreased while BiO;
unit increased, hence Bi,0; mainly acted as glass former, so
more compact structure was observed in 100B [31].

Heat treatment at 650 °C/10 h with heating rate 1 °C/
min was applied to study the effect of increasing time with
slow rate in the crystallization process; in general, it revealed
well-crystalline phases which is mirrored by high peak
intensity and lower background noise. Well-developed wil-
lemite and traces from sillenite in 10B are presented. Both
sillenite and C-Bi,Oj are crystallized in 30B and 50B, while
C-Bi,0; is converted to T-Bi,O; one by increasing Bi,O; in
70B, 90B and 100B beside the major crystallized sillenite
phase.

According to XRD results, heat treatment at 650 °C/10 h
with heating rate 1 °C/min revealed the most intense and
sharp XRD Braggs peaks, which reflect more degree of crys-
tallization of the desired phases, without partial remelting,
so it will be considered in the followed characterizations.

The X-ray chart of the bismuth-free sample (0OB) is sep-
arated from the rest samples because it showed a special
behavior (as given in Fig. 5). As clarified willemite and ZnO
were crystallized at different heat treatment schedule, these
phases are expected where ZnO reacted with SiO, to give
willemite, and the excess is precipitated as ZnO.

Figure 6a and b represents 3-dimensional structure of
both sillenite and willemite in the same order. Figure 6a
depicts the local structure around Bi (BiO; irregular poly-
hedron) and around Si ion (SiO, tetrahedron); these results
are matched with the literature [6]. Figure 6b represents
3-dimensional structure of willemite (Zn,SiO,) indicating
four- and six-membered rings of ZnO, and SiO, tetrahe-
dra. The present simulated 3d structure is matched with that
reported in the previous study [32].

3.3 Transmission electron microscope (TEM)

HRTEM was used to study the microstructure of the obtained
nano-glass ceramics heat-treated at both 700 °C/30 min and
650 °C/10 h. TEM images and the corresponding selected
area electron diffraction (SAED) patterns are presented
in Figs. 7 and 8 in the same order. After heat treatment at
700 °C/30 min (Fig. 7), the microstructure of 10B represents
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Fig.6 Crystal structure of a sillenite and b willemite

one crystalline phase with a rhombohedral structure hav-
ing different directions corresponding to willemite phase;
the crystals are dense and translucent with crystallite
size ~8 nm. The translucent character of the crystals can be

(b)

revealed to the crystallization process where the crystalliza-
tion is going in two dimensions only (2D). Therefore, the
crystallites appear as sheets, i.e., have not the 3rd dimension
and, consequently, appeared translucent. SAED revealed a
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Fig.7 TEM for the prepared
samples after heat treatment at
700 °C/30 min

1008
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Fig.8 TEM for the prepared
samples after heat treatment at
650 °C/10 h
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uniform pattern corresponding to pure crystalline phase with
d-spacing=4, 3.3,2.2 and 1.8 A corresponding to hkl 121,
220, and 223, respectively, of willemite. 30B revealed pure
crystalline phase with crystallite size ~5 nm corresponding
to C-Bi,0; and interplanar spacing d value is about 2.8 nm
corresponding to (222) crystal plane of C-Bi,0;.

50B revealed two crystalline shapes; one is dense and
translucent with size ~ 5 nm corresponding to sillenite and
the other is rounded with crystallite size ~2 nm correspond
to T-Bi,03; SAED revealed uniform pattern and clear-cut
crystalline lattice structure whose interplanar spacing val-
ues are matched with the crystallized phases detected by
XRD. 70B revealed more sillenite crystals (~5 nm) with
clear-cut crystalline lattice structure. 90B gives more devel-
opment for both sillenite as major phase and T-Bi,03; sil-
lenite is appeared as well-round crystal with size ~40 nm
and T-Bi,0; is appeared as elongated fiber crystals with
width _23 nm. 100B depicted uniform SAED correspond-
ing to the single crystalline phase of sillenite with crystal-
lite size ~20 nm. In general, all TEM micrographs contain
predominantly translucent thin sheet shaped morphology,
i.e., layered microstructure, of nano-crystallites.

TEM image of glass ceramic after heat treatment at
650 °C/10 h with heating rate 1 °C/min is shown in Fig. 8.
10B revealed homogenous and dense crystallization of wil-
lemite with crystal size ~5 nm and uniform SAED pattern
with interplanar spacing value matched with d-spacing of
willemite. Both 30B and 50B revealed SAED and HRTEM
of polycrystalline phases with interplanar d-spacing matched
with sillenite and C-Bi,O5; both phases are composed of
rounded crystals of ~3 nm size. TEM for 70B—100B revealed
very tiny crystals with crystal size ~5-30 nm. SAED and
HRTEM images show polycrystalline phases with interpla-
nar d-spacing matching with sillenite and T-Bi,05;.

3.4 Optical properties

The optical transmission spectra curves in UV-visible—mid-
IR region from 200 to 2500 nm for the as-prepared glasses
are shown in Fig. 9. It is observed that optical absorption
edge is not sharply defined, which indicates the amorphous
nature of the samples [8]. It is also observed that the cut-
off wavelength (k... decreases as the content of SiO,
increases in the glass system. According to many previous
studies [33-37], the detected ultraviolet—near visible peaks
in Fig. 9 can be attributed to the presence of heavy massive
bismuth ions, which allow the 'S, — P, transition of Bi**
ions.

In general, bismuth glasses are characterized by their
transparency in the IR region from 0.8 to 2.5 pm [22].
The prepared samples are characterized by two transmis-
sion regions, one in the UV-Vis—mid-IR range where the
transmission increased sharply with increasing wavelength

@ Springer
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Fig.9 UV-Vis—mid-IR transmission curves for different glasses

till ~900 nm reaching 36-38% for 10B-70B; however, for
90B and 100B it increased sharply to reach 46 and 72%,
in the same order. After that, almost steady state from 900
to 2500 nm was appeared. Consequently, these glasses are
promising materials for photonic applications, IR transmis-
sion windows and communication purposes [38].

In an amorphous system, the optical bandgap energy
(Eqp) 1s strongly connected to the energy gap between the
valence and conduction bands [39]. The glass forming ani-
ons have the most influence on the conduction band. The
absorption coefficient near the absorption curve’s edge was
used to calculate the optical bandgap energy of the prepared
glasses (Fig. 10). The absorption coefficient was calculated
using the formula:

a=2.303A/t[18]

where A is the absorbance and t is the sample thickness
in centimeters. The following equation describes the rela-
tionship between a and the photon energy of the incident
radiation, hv. [24]:

ahv=B (hv-E,,)"

where B is the constant, E, is the optical bandgap energy
and r is an index equal to 2, 3, 1/2 or 3/2, according to the
indirect allowed or forbidden and direct allowed or forbid-
den transitions, respectively [40]. Here, r=2 where the most
transition in all amorphous solids is an indirect allowed tran-
sition [40]. The E, values are determined by the extrapo-
lation of the linear region of the plot of (ahv)? vs hv. The
obtained values of EO]Dt are in the range 3.24-2.19 eV, i.e.,
within the semiconductor range; it decreases with increasing
Bi,0; content.

The optical bandgap (E,,) is mainly depending on to
the network structure’s compactness. As the number of
bridging atoms increases, the glass network becomes more
compact, and the optical bandgap values enhanced [23]. As
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Fig. 10 Optical bandgap energy for as-prepared samples
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Fig. 11 Photoluminescence measurements for as-prepared samples
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Fig. 12 Photoluminescence measurements for glass ceramic after
heat treatment at 650 °C/10 h

previously noted, the addition of both ZnO and SiO, to this
glass composition resulted in stronger oxygen bonding than
in the case of Bi,0;, resulting in a tighter texture in sample
10B than in samples 100B with the lowest SiO, content and
zero ZnO. As a result, substituting Bi,0; for SiO, in this
glass composition reduces the optical bandgap (E,). From
another perspective, the drop in phonon-assisted indirect
transitions reflects the decrease in optical bandgap energy
[1]. In general, all optical bandgap (E_,,) values are in the
semiconductor area.

opt

3.5 Photoluminescence measurements

The photoluminescence (PL) spectra and CIE diagram of the
glasses and their corresponding glass ceramics at excitation
wavelengths 224 and 257 nm, respectively, at room tem-
perature are shown in Figs. 11, 12 and 13. PL for different
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Fig. 14 Simplified energy level diagram for Bi**, Bi>* and Bi* [24]

glasses revealed four emission peaks, two intense and sharp
at 410 (violet), 466 (blue) and two broads at 552 (green)
and 621 nm (orange); the combination between these colors
gives pale purple as depict from CIE diagram. The PL of
heat-treated samples at 650 °C/10 h at A, =257 nm revealed
significant enhancement of emission intensity at 467 (blue)
and 510 nm (green). The submission of these two colors
gives cyan color as depicted from CIE diagram.

Bismuth is a non-toxic post-transition metal with a wide
variety of valence states, which, along with its proclivity for
cluster formation, makes it a versatile but difficult dopant for
possible luminescence applications. Since the outer orbit-
als responsible for luminescence are not insulated and are
heavily impacted by their surroundings, their energies are
host dependent [32]. Bismuth-based compounds have a wide
range of luminescence, ranging from UV to infrared emis-
sions. The energy level diagram for Bi**, Bi** and Bi* [19]
is presented in Fig. 14. The outer orbital responsible for
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luminescence is unshielded and heavily impacted by the sur-
rounding environment, resulting in a host-dependent energy,
comparable to the f—d transitions of Ce** and Eu** ions,
which change depending on the host. This allows Bi** ions
to emit light over a wide variety of wavelengths, which adds
to its appeal as a luminescent center.

4 Conclusions

1- Nano-crystalline sillenite glass ceramic was prepared by
melting quenching technique in the system ZnO-SiO,—
Bi,0; by adding Bi,0; on the expense of ZnO and SiO,.
Addition of Bi** leads to decrease both Tg and Tc tem-
perature.

2- The XRD revealed that the sillenite phase was enhanced
with both temperature and the amount of Bi,O; added.

3- TEM and SAED images perform the formation of both
rhombohedral structure of willemite (~ 8 nm) and dense
and translucent hexagonal shape of sillenite (~5 nm)

4- The transmission in UV-Vis—mid-IR reaches 74% in
100B, which nominate it for IR transmission windows.
The optical bandgap (E,,) values are in the ranges 3.24—
2.19 eV for all glasses, i.e., in semiconducting range. PL
emissions spectra revealed pale purple color and cyan
for the glass and glass ceramic samples, respectively.

5- Therefore, the prepared glasses are considered promis-
ing materials for photonic applications, communication
purposes and as a semiconductor.
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