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amounts of Y** ions were prepared through the convenient melting method. The crystallization
temperatures and size of the CaF, nanocrystals were obtained from DTA curves and XRD

patterns, respectively. As a consequence, the optimum amount of Y,0; dopant (0.5wt%) and the

suitable composition for basic glass were determined from the viewpoints of better crystallization
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behavior and higher transparency. The FTIR spectra approved the presence of oxyfluoride

glass-ceramic structure in samples. The optical parameters (Fermi energy level, Urbach energy,

Band Gap Energy
Urbach Tailing
Y203 Dopant
Oxyfluoride Glass

respectively.

direct and indirect band gaps) were calculated using UV-Vis spectra. The decreasing trend of
Fermi energy level for glass-ceramic samples crystallized at higher temperatures is related to
better semiconducting behavior. Urbach energy and optical band gap of the glass-ceramic samples
were reduced due to the increment of the structural order and the emergence of dangling bonds,

1. INTRODUCTION

Recently, transparent oxyfluoride glass-ceramics have
been extensively investigated due to their potential
applications in photonic devices such as optical fiber
amplifiers, lasers, planar optical waveguide, and so on
[1-5]. Oxyfluoride glass-ceramics are attractive
materials due to their higher mechanical, chemical, and
thermal stability than fluoride glasses and lower
phonon energy than oxide glasses [6-7]. Wang and
Ohwaki (1993) [8] presented the first oxyfluoride
glass-ceramic containing Pb,Cd;F, crystalline phase
doped with Er’* and Yb’" ions. They found out that the
red emission from Er’" ions is dominant for the glass-
ceramics, but not for glasses. They ascribed this
difference to the higher energy transfer or cross-
relaxation rate between Er*" and Yb*" ions in the glass-
ceramic samples [8]. After this pioneering work,
different nanocrystals of fluorides such as LaF;, PbF,,
CdF,, and MF, (M= Ca, Ba, and Sr) are precipitated in
the oxyfluoride glass-ceramics [9-10]. However, their
applications are limited due to the harmful effects of
CdF, and PbF, on the environment [11]. Dejneka [12]
introduced a new kind of oxyfluoride glass-ceramics
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based on LaF; crystals. In contrary to the fact that the
efficiency of induced luminescence of this kind of
glass-ceramics is comparable to Schott IQI-301
products, the high-cost LaF; is an obstacle for their
practical applications [11]. Fu et al [13] reported the
oxyfluoride glass-ceramics containing CaF,
nanocrystals for the first time, which received great
attention these days. Among the different fluoride
nanocrystals precipitated in these glass-ceramics, CaF,
is more preferable due to the high transparency to
wavelengths from 0.13 to 9.5um. Moreover, CaF,
nanocrystals have high refractive index compatibility
with the aluminosilicate glass matrix. Besides, the
lower cost and toxicity of CaF, resulted in more
interest of researchers in oxyfluoride glass-ceramics
containing CaF, crystals for improving their optical
applications [14-15].

A considerable number of studies have been carried out
on the effects of rare-earth ions on the optical
properties of oxyfluoride glass and glass-ceramics, like
luminescence properties, upconversion behavior and
other optical properties. Among the different rare-earth
ions, Y*" ions are important because of their
surrounding ligand field of 4f-electrons, which
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influence the optical properties, like semiconducting
behavior [16]. Although the effects of Y** ions on the
optical semiconducting behavior of other glass-ceramic
systems [17-18] have been studied, there is not any
report of using these ions in oxyfluoride glass-
ceramics. Thus, the optical semiconducting properties
of oxyfluoride glass-ceramics were studied in the
present work after choosing a suitable amount of Y,03
dopant.

2. EXPERIMENTAL PROCEDURE

The composition of the basic glasses (weight ratio) is
presented in Table 1. CaO is also added to the three
main constituents, i.e., SiO,, Al,O3, and CaF,.
Replacing some amounts of CaF, by CaO prevents the
loss of F ions [11].

TABLE 1. Compositions of glasses containing different
amounts of Y,0; (weight ratio)

Composition
SlOz Ale3 CaO Can Y203 ASzO3 Sb203
Sample Code
GY0.5 37.26 28.11 7.73 26.89 0.5 0.2 0.2
GY1 37.26 28.11 7.73 2689 1 0.2 0.2
GY1.5 37.26 28.11 7.73 26.89 1.5 0.2 0.2

Leached SiO, with high purity, Al,O; (Merck 101077),
CaF, (Dae Jung 2508145) and CaCO; (Merck 102069)
were used as the starting materials of main
components. As,O; (Merck 1001190100) and Sb,0,
(Acros 213471000) were also supplied as refining
agents to produce bubble-free samples. Different
amounts of Y,0; (Merck 112412), i.e., 0.5, 1, and 1.5
(weight ratio), were added to introduce the Y** ions.
50g of three batches were mixed and melted in alumina
crucibles at 1450°C for 1 hour in an electric furnace.
Crucibles were covered by alumina plates and quite
high heating rate for the melting process (15°C/min)
was applied to control the fluoride loss. Then, the
preheated stainless steel molds were used to shape the
molten glasses at 500°C. Finally, the glassy discs with
0.5cm thickness were prepared. Annealing at 500°C for
30 min was carried out for releasing the internal
stresses of samples. The crystallization temperatures
were determined according to the differential thermal
analysis (DTG-60AH Shimadzu) results (heating rate
of 10°C.min™"). Glass-ceramic samples were prepared
through the crystallization of glasses at different
temperatures  starting from crystallization peak
temperature to 850°C. The precipitated crystalline
phase in glass-ceramics was identified by X-ray
diffraction (XRD, Siemens D-500) patterns.

The optical transmittance measurements were carried
out in the UV-Vis spectrum range using a UV-Vis

Shimadzu 1700 spectrophotometer instrument at
ambient temperature. The absorption and extinction
coefficient, Fermi energy level, direct and indirect
optical band gaps, and Urbach energy of the samples
were determined according to the results obtained from
transmittance spectra.

3. RESULTS AND DISCUSSION

3.1. Determination of optimum amount of Y,03
dopant

The XRD patterns of the basic glasses and the
attributed glass-ceramic samples are shown in Fig. 1.
The glassy samples do not show any peak due to the
amorphous structure. In other word, no unwanted
crystallization occurred during the processing
procedure. According to previous results [19], (DTA
curves of glasses containing different amounts of Y,0;)
two distinguishable exothermic peaks are observed,
which are attributed to the crystallization of CaF, and
anorthite, respectively.

Therefore, the glasses containing different amounts of
Y,0;3 were heat-treated at the first peak temperature
(Tpy) of samples for 2 hours. The XRD patterns
approved the precipitation of CaF, in these samples
(GCY0.5-690, GCY1-700, and GCY1.5-719). Hence,
glasses were heat-treated at different temperatures
ranging from Tp; to 850°C with the steps of 25°C to
prepare  suitable glass-ceramic samples.  Since
temperatures higher than 850°C did not result in
transparent samples, no glass-ceramic was prepared at
higher temperatures. The crystallization conditions and
code of samples are tabulated in Table 2.

As shown in Fig. 2, all of the peaks in XRD results of
crystallized samples are assigned to CaF, nanocrystals
(ICDD: 00-35-0816). Moreover, Scherer’s equation
(Eq. 1) was used to calculate the crystal size of CaF,
crystals embedded in the glassy matrix.

0.9A
BcosfOp

)

Where D is crystal size, A is the wavelength of X-ray
(Cu Ka: 1.541 A), 05 is the diffraction angle, and B is
the width of the diffraction peak at the half maximum.
The peaks get sharper with increasing the
crystallization temperature, which indicates the gradual
formation of CaF, nanocrystals in the glass-ceramics.

Higher Y,0; has resulted in larger crystals in glass-
ceramics prepared at the same temperature (Table 2).
This outcome is related to the mechanism suggested by
Russel [20] for the crystallization of CaF,. Russel
pointed to an interface, which is formed near the
crystals and enriched of glass formers. This interface
hinders the diffusion and prevents the more
crystallization of CaF,. Since Y,0; leads to a higher
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viscosity, diffusion gets difficult through the interface
and consequently, CaF, crystals get smaller. As a
result, the higher amount of Y,0; increases the
crystallization temperature and smaller CaF,
crystals.Considering both crystallization temperature
and CaF, crystals size due to the moderate properties of

= CaF, = CaF;

GYO0.5 glass, it has been chosen as the favorable
composition. On the other hand, glass-ceramic samples
prepared from GYO0.5 glass were chosen for further
optical studies with a mean crystal size under 30nm and
suitable transparency.
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Figure 1. XRD patterns of glasses and glass-ceramics containing (a) 0.5, (b) 1, and (c) 1.5 weight ratio of Y,0;

3.2. FTIR spectroscopy

FTIR spectroscopy was carried out to study the
structure of samples. Fig. 2 presents the FTIR spectra
of GY0.5 and the glass-ceramics. Since SiO, is one of
the main components of the basic glass composition,
bands related to the presence of SiO, tetrahedra in the
glass network. Therefore, peaks placed at the ~460,
~700, and ~1170cm™ are attributed to the rocking
vibrations, symmetric stretching vibrations, and
asymmetric stretching vibrations of Si-O-Si bonds
[21-22]. Si*" ions are replaced by Al*" ions, which act
as network formers and results in Al-O-Si bonds.
Therefore, the absorptions at ~1060 and ~560cm™ are
related to the asymmetric stretching vibration mode of
Si-O-Al [23]. Ca-F bonds should have resulted in a
peak at 443.30cm™ [24], which is overlapped with the

rocking vibration mode of Si-O-Si. Thus, it is
somehow difficult to distinguish this peak.

Furthermore, the peaks relating to Ca-F bond gets
intensified by the increase of crystallization
temperature, which is caused by more crystallization
of CaF, crystals in glass-ceramics. In oxyfluoride
glasses, F~ ions associated with aluminum atoms in
AlOQ, tetrahedra [25]. Therefore, Al-F bonds create a
peak at about 1350 and 1750 cm™ in FTIR spectra
[26]. On the other hand, Ca®" ions attempt to
compensate the negative charge induced in both
[AlO4] and [AIO;F] tetrahedral and create a band at
~990cm™ related to Si-O-Ca bonds due to the
replacing oxygen by F [21]. The peak observed at
3500cm ' may be emerged due to the O—H stretching
of the surface water. According to Fig. 2, the higher
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crystallization temperature has resulted in more
intensified peaks. Since FTIR is a vibrational
technique, the overall spectrum of crystalline material
will have much sharper bands than the spectrum of
amorphous material.

TABLE 2. Crystallization condition and crystal size of

lass-ceramic samples
Crystallization Crystal Size

Sample Code Temperature (°C) (nm)
GCY0.5-690 690 10.53
GCY0.5-700 700 15.60
GCY0.5-725 725 17.07
GCY0.5-750 750 20.39
GCY0.5-775 775 33.56
GCY0.5-800 800 41.75
GCY0.5-825 825 49.09
GCY0.5-850 850 49.74
GCY'1-700 700 14.65
GCY1-725 725 15.99
GCY1-750 750 18.29
GCY1-775 775 28.71
GCY'1-800 800 35.21
GCY'1-825 825 47.00
GCY'1-850 850 48.77
GCY1.5-719 719 12.58
GCY1.5-750 750 14.73
GCY1.5-775 775 18.83
GCY1.5-800 800 32.49
GCY1.5-825 825 47.23
GCY1.5-850 850 48.18

3.3. Evaluation of optical constants

3.3.1. Determination of fermi energy level
UV-Vis absorption spectra of oxyfluoride glass and
glass-ceramics are presented in Fig. 3. In contrary to
the basic glass, the absorption edge becomes more
intensive for glass-ceramics, which means absorption
edge increases with crystallization [27] and shifts to
longer wavelength. It may be caused by the reduced
number of non-bridging fluorine (NBF) in the residual
glassy phase when the CaF, crystalline phase
precipitates [28].

According to the Strong absorption of UV absorption
bonds, extinction coefficient (K) obeys from the
Fermi-Dirac distribution function, thus, the Fermi
energy level can be calculated by applying the
following equation (2):

KQ) = +ﬂ: @
el

Where is E; the Fermi energy, E is the variable photon
energy, kg is the Boltzmann constant and T is the
ambient temperature (297K) [29-31]. Fig. 4 depicts K
vs. hv plots for different glass samples. The calculated
values for the Fermi energy of samples are presented
in Table 3, which are achieved from least-square
fittings of (Eq. 2). The reduction of Fermi energy level
with higher crystallization temperatures indicates a
change to better semiconducting properties in glass-
ceramic samples.
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Figure 2. FTIR spectra of glass GY0.5 and corresponding
glass-ceramics
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Figure 3. UV- Vis spectra of glass GY0.5 and corresponding
glass-ceramics
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Figure 4. Extinction coefficient vs. energy plots of glasses
heat-treated at different temperatures

TABLE 3. Optical properties of oxyfluoride glasses heat-
treated at different temperatures

Energy (eV)
Sample t  Eingirer Edgirer  Ey
GY0.5 3.59 3.57 3.00 0.27
GCY0.5-700 3.57 3.25 2.61 0.23
GCY0.5-725 3.53 3.32 228 0.22
GCY0.5-750 3.40 2.90 213 0.18

3.3.2. The direct and indirect optical band gap
The absorption coefficient exhibits a sharp increase
for amorphous materials just before the band gap. The
relation between the absorption coefficient and the
incident photon energy is given by the following
equation:

(hv— EPtyn
a=pr & 3)

Where, B is a constant related to the extent of the band
tailing, n is the index, which can have different values
as much as 2, 3, 1/2, and 1/3 corresponding to indirect

allowed, indirect forbidden, direct allowed, and direct
forbidden transitions, respectively [32]. Therefore, the
intercept of the obtained line divided by slope, is equal
to the energy band gap of optical transitions through
the plot (¢hv)'"™ vs. Photon energy (Tauc’s plots).
Fig. 5 illustrates the Tauc’s plots of samples and
Table 3 shows the direct and indirect allowed optical
band gaps of the samples calculated from these plots.
Optical band gap decreases in glass-ceramics
crystallized at higher temperatures. The crystallization
and formation of crystals in the glassy matrix cause
the creation of energy levels in the forbidden gap that
could reduce the band gap of samples. This reduction
is due to the decrease in average bond energy and fall
in conduction band’s level [29]. On the other hand, the
reduction in band gap energy could be interpreted by
assuming the production of surface dangling bonds
around crystallites during the process of crystallization
[33]. It has been suggested that dangling bonds are
produced around the surface of crystallites when
crystallization occurs in amorphous materials.
Thereby, the number of surface dangling bonds
increase by increasing the crystallization temperature.
Increment of dangling bonds leads to the formation of
more localized states in the band structure and
consequently, the reduction of the optical energy gap
[34].
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Figure 5. Tauc’ plots for (a) indirect and (b) direct band gap
of glasses heat-treated at different temperatures
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3.3.3. Urbach energy

The optical absorption in amorphous semiconductors
near the absorption edge is usually characterized by
three types of optical transitions corresponding to
transitions between tail and tail states, tail and
extended states, and extended and extended states. The
first two types correspond to hv<E,*™ and the third one
corresponds to hvE, ™. Thus, the plot of the
absorption coefficient versus photon energy (o vs. hv)
has three different regions. In the second region, the
absorptions are related to transitions from the
localized tail states above the valence band edge to
extended states in the conduction band and/or from
extended states in the valence band to localized tail
states below the conduction band. The spectral
dependence of the absorption coefficient usually
follows the so-called Urbach rule (Eq. 4).

a= Bexp(g) 4)

Therefore, Urbach energy (Ey) has been calculated
using Eq. 4 and least square fitting of Ln(a) against hv
curves in the tailing part of localized states (Fig. 6)
[35-38]. Table 3 represents the Urbach energy values
of the samples, which decreases in the case of
crystallization at higher temperatures. Since the
Urbach energy of glassy semiconductors implicitly
defines the degree of disorder, the crystallization and
resulted order of this process decrease the Urbach
energy in value.
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Figure 6. Determination of Urbach energy of glasses heat-
treated at different temperatures

4. CONCLUSIONS

1. Oxyfluoride glasses doped with different amounts
of Y,0; were prepared using convenient melting
process. Considering DTA patterns,
crystallization temperatures of samples were
determined and glass-ceramic samples containing
CaF,:Y*" nanocrystals were obtained.

2. The suitable composition for the basic glass was
chosen according to the effect of Y,0; dopant on
the crystallization temperature and crystal size of
Can.

3. Higher crystallization temperatures resulted in
glass-ceramic samples with more semiconducting
properties. To put it another way, the Fermi
energy level was decreased from 4.29 to 3.07¢V.

4. Creation of energy level in the band gap and the
presence of dangling bonds are 2 possible reasons
for the reduction of band gap energies.

5. Higher crystallization temperature decreased
Urbach band tailing from 0.27 to 0.18eV due to
the higher crystallinity.
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