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Preface

Glass, as a man-made material, has been used since about 10,000 BC and has played a major
role in the advancement of civilizations. The entire human history has run together with the
development of new glass components in the arts, architecture, transportation, medicine
and communication.

Today, the rate of glass innovation is continuously accelerating, thanks to deeper under-
standing of glass physics and chemistry, modern analytic and control technologies and more
powerful calculation and simulation tools. Advancements in glass science and technology
are helping to solve some of our world’s most urgent challenges, such as more effective
healthcare, cleaner energy and water and efficient communication leading to the develop-
ment of innovative applications.

This book includes eleven chapters divided into two sections. In the first one, new findings
in the structure and crystallization of innovative glass compositions are reported. In the sec-
ond one, innovative technologies and applications are described from the use of glass in op-
tical devices and lasers to fibres in composites, micro-patterned components in sensors and
microdevices, beads in building walls and sealing in solid oxide fuel cells.

Prof. Vincenzo M. Sglavo
Department of Industrial Engineering
University of Trento

Italy
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Chapter 1

The Nature of the Defects in Phosphate-Based Glasses
Induced by Gamma Radiation

Quanlong He, Pengfei Wang, Min Lu and Bo Peng

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.74178

Abstract

Final optics assembly is one of the most important parts in high energy and large-scale
laser systems like US National Ignition Facility and SG III in China. Those final optics
assembly are facing some severe tests, like the laser-induced damage caused by 3w
(351 nm) laser irradiation. Meanwhile, the irradiation of gamma ray and X-rays, will
also cause the changes of optical properties in the investigated multi-component phos-
phate glasses that have potential use in novel color separation optics in high power laser
facilities. These changes of optical properties are associated with the defects induced by
gamma radiation. In details, some defects contribute to the absorption in the UV region,
which will deteriorate their UV performance. However, some of the induced defects can
be eliminated by thermal treatment due to the release and capture of the electrons in
conduction band. Besides, the doped Fe, Co, B, Ce and Sb will also affect the defect-state
in phosphate-based glasses. In details, gamma radiation resistances of the phosphate
glass can be greatly improved by CeO, and Sb,0, co-doping, and the introduction of
B,O, reduces the connectivity of phosphate chains and thus increases the concentration
of PO,-EC and PO,-EC defects.

Keywords: defects, phosphate-based glass, gamma radiation, radiation resistance,
absorption

1. Introduction

Fluoride-containing phosphate-based glass is considered to be a special case of optical laser
glasses that have potential use in color separation optics in high power laser facilities. Thus
glasses have received a great deal of interest due to their excellent properties, such as tunable
melt viscosity and glass forming ability, high transparency from the ultraviolet to the infrared

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN



4 Advances in Glass Science and Technology

region of the optical spectra, relatively lower refractive together with low non-linear refrac-
tive indices, etc., which endow them with applications as an attractive candidate for high-
performance UV optics and high power laser technology, such as lens system in excimer laser
systems, UV microlithography equipment and other special UV optics [1-4]. In this case, the
investigations on the glass’s micro-structure and micro-defects as well as the corresponding
optical and physical properties of various phosphate-based glasses have never stopped in the
improvement of their optical properties for developing high performance UV laser glasses.

Absorptive ions-doped phosphate-based laser glasses have exhibited great potential in the
area of optical filters in high-energy and large-scale laser facilities like SG III in China and US
National Ignition Facility (NIF) [5-8], in which the unconverted fundamental (1w) and second
harmonic frequency (2w) laser lights should be separated or filtered from the main third har-
monic frequency (3w) laser light as entered into fusion target chamber to avoid the error of laser
beam diagnostics for the inertial confinement fusion (ICF) experiments. Compared with silicate
glasses, the iron and Co doped 1w and 2w absorptive fluoride-containing phosphate-based glass
exhibits much lower absorption and higher pulse laser-induced damage thresholds (LIDTs) at
3w wavelength [8]. Unfortunately, several types defects will form in these phosphate glasses
during the glass preparation process and post processing that are harmful for their transmit-
tance and will significantly decrease their LIDTs particular at UV region. And, the nature of
the defects in these specific glasses is very complex and still not explicit, especially for the evo-
lutionary mechanism of the produced defects. Therefore, to explore the information about the
defects is critical for understanding of their evolutionary mechanism of the produced defects.

In this chapter, we will address the nature of the defects in phosphate-based glasses induced
by gamma radiation, by first discussing the properties of most common defects in phosphate-
based glasses. Then, we will report details about the effects of gamma radiation on the defects
in the phosphate-based glasses. Finally, we will discuss the self-repairing capability of defects
induced by gamma radiation during heat treatment process. Furthermore, this chapter will
also address the effect of defects in phosphate-based glasses.

2. Properties of various defects in phosphate-based glasses

There are two types of defects that are generated in phosphate-based glasses, intrinsic defects
that arise from glass matrix and the raw materials, and extrinsic defects which are caused by
impurities or dopants [9]. It is well established that the basic structural unit of phosphate glass
is the P-tetrahedra that made up phosphate chains in phosphate-based glass [10]. Modifier
cations, glass preparation process including thermal annealing conditions, glass melting, and
energetic radiations may influence the above mentioned phosphate chains, which subsequently
form several intrinsic defects, such as phosphate-related oxygen hole center (POHC) character-
ized by an unpaired electron shared between two orbitals of two non-bridging oxygens bound
to a phosphorus atom, oxygen-related hole center (OHC), and phosphate-related electron
centers (PEC) including PO,-EC, PO,-EC and PO,-EC defects etc. [11, 12] which are common
defects in various phosphate glass systems. On the other hand, some unavoidable trace impu-
rities such as iron, cobalt, and other intentionally or unintentionally doped transition metals



The Nature of the Defects in Phosphate-Based Glasses Induced by Gamma Radiation
http://dx.doi.org/10.5772/intechopen.74178

could produce numerous extrinsic defects [13], such as Fe*, Fe**, Co* which have large absorp-
tion in the UV-VIS range. In addition, it is well established that the absorption bands of holes
defects lie in the low energy region, and several bands connected with electrons defects are
positioned near the high energy region.

3. Defects induced by gamma radiation in phosphate-based glasses

High-power UV laser irradiation, with potential use of the series of fluoride containing phos-
phate-based glasses in megajoule class lasers as NIF and SG III will also suffer from the irra-
diation of the gamma rays and X-rays in the experimental chamber [14]. So, gamma radiation
is a general tool to investigate the nature of the defects in phosphate-based glasses.

Various defects are formed during the gamma radiation process, which determines obvious
absorption in the visible range, as shown by the gradually deepened maroon color as the total
gamma radiation dose increases as shown in Figure 1. The details can also be found in the
transmission spectra (Figure 2). Gamma radiation causes several defects in phosphate-based
glass that have large absorption in the region of UV-VIS spectrum range, as shown by the
decreased transmittance in Figure 2. By increasing the total radiation dose, the transmittance
decreases further, especially for the absorption bands at around 385 and 530 nm which is
related to the POHC defects and PO,-EC defects [15], respectively. This suggests that more
PO,-EC and POHC defects are generated during the irradiation process with increasing total
dose. Besides, it can be found that the UV absorption edges of these glass samples gradually
red-shifts with the increase of irradiation dose, which is ascribed to the increased defects
concentration of both Fe** and PO,-EC [13]. To better illustrate the absorption characteristics
of these defects, one of the absorption spectra was fitted and separated into multi Gaussian
peaks, as shown in Figure 3. It can be found that the positive charged hole center defects lie
in the low energy region i.e. POHC at 2.36 eV and OHC at 4.28 eV, while several negative
charged electron center defects are positioned near the high energy region such as PO,-EC at
5.94 eV and PO,-EC at 5.17 eV [16]. Besides, the band of the two positive charged hole cen-
ter defects at around 3.22 eV are also related to the PO,-EC, which corresponds to the large
absorption at 385 nm as shown in Figure 2.

Figure 1. Photographs of a series of phosphate-based glasses with different radiation doses (20k, 100k, 250k, 500k and
1000k rad (Si)).
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Figure 2. Transmission spectra of the series of phosphate-based glasses with different radiation doses (20k, 100k, 250k,
500k and 1000k rad (Si)).
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Figure 3. Separation of radiation induced absorption band for the phosphate-based glasses [14].
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Figure 4. The EPR spectra of the samples before and after gamma radiation.

Typical EPR spectra of phosphate-based glass before and after gamma radiation are shown in
Figure 4. All EPR spectra are dominated by the signals of intrinsic defects. The main signal is the
POHC defects with the g-value around 2.06 [17]. After gamma irradiation, this signal becomes
significant. Another signal located close to the POHC signal can also be found in the irradiated
samples, which is associated with the OHC defects caused by gamma radiation. It can be noticed
that the signals of PO,-EC and PO,-EC are enhanced if compared with that of the un-irradiated
samples. These results suggest that gamma irradiation causes much more defects in glass.

Gamma irradiation causes the increase of various defects in the phosphate-based glasses,
resulting in an obvious decline of the transmittance in the UV and visible range, indicating

that more color centers are generated in these glasses.

4. The influence of heat treatment on the defects in the fluoride-
containing phosphate-based glasses

Post heat treatment is an effective method to investigate the information of the defects and reveal
their evolutionary mechanism [9]. Post heat treatment can remove the defects caused by gamma
radiation in phosphate-based glasses. In order to illustrate the changes of the main defects con-
centration in these phosphate-based glasses upon the post heat treatment, Figures 5 and 6 present

7
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the relations between the absorption-peak’s area of the corresponding defects and the post
heat treatment temperatures. As one can see, the POHC concentration is significantly higher in
Co-doped than that in FP sample (made in air atmosphere). With the increase of radiation doses,
POHC defects concentration increased, while their concentration decreases with the increase of
post heat treatment temperature as shown in Figure 5a. In Figure 5b, it is obvious that the concen-
trations of OHC defects decrease with the increase of post heat treatment temperature. Besides,
the corresponding decrease tendency is obvious although at low heat treatment temperature. It
was also found that the OHC concentration level increases relatively slow in the FI and Co doped
samples when increase the total gamma radiation doses. The variations in the phosphate-based
glasses irradiated with different radiation dose and heat treated at different temperatures are
shown in Figure 5c¢. In details, the FP:Fe sample maintains the highest FD defect concentration
level, and the concentration levels could be described as an order of FP:Fe > FP (air) > FP > FP:Co.

ak's area (a.u.)
S &

hhwrptiﬂn-puak*s area (a.u.)

Absorption-pe

Figure 5. Line chart displaying the absorption-peak’s area of corresponding intrinsic defects (a: POHC, b: OHC, c: FD,

d: PO,-EC) in the FP, FP: Co, FP: Fe and FP (air) samples irradiated with different radiation dose and heat treated at
different temperatures [9].
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Figure 6. Line chart displaying the absorption-peak’s area of PEC defects (a (PO,-EC), b (PO,-EC)) in the FP, FP: Co, FP:
Fe and FP (air) samples irradiated with different radiation dose and heat treated at different temperatures [9].

In addition, the concentration levels of FD defects in Fe-doped sample is much higher than others,
indicating that Fe is likely contributing to the generation the FD defects in these phosphate-based
glass. Similarly, the FD defect is insensitive to the total gamma radiation doses, and its concen-
tration increases slowly at low temperature i.e. <190°C, but with further increase their post heat
treatment temperature, its concentration increases apparently. As seen in Figure 5d, the concen-
tration level of PO,-EC defect in these phosphate-based glasses is higher than other defects, and
their concentration is insensitive to the total gamma radiation dose and the post heat treatment
temperature, this is due to the PO,-EC defects is the main defect in these glass, and their structure
is like to the glass’s network. The same phenomenon can also be observed in Figure 6b. This
might be because PO,-EC and PO,-EC defects are mainly associated with the skeleton structure
of these phosphate-based glasses. Meanwhile, phosphate contents dominate the glass composi-
tion and therefore, PO,-EC will be the main defects in these phosphate-based glasses, thus its
concentration level is much higher than others. And their concentration is relatively stable in the
investigated phosphate-based glasses. Based on the above-mentioned results, we can infer that
OHC and POHC defects are mainly ascribed to gamma radiation in our experiments, and these

defects could be reduced in the considered phosphate-based glasses by post heat treatment near
their glass transition temperatures.

Thermal energy at room temperature may induce the release of trapped electrons in the
gamma radiated samples, and post heat treatment can accelerate this process. In details, part
of the trapped electrons in PO,-EC, PO,-EC and PO,-EC defects recombines with POHC defects
through the conduction band to form (Q® units under thermal energy. Meanwhile, some free elec-
trons are captured by OHC defects to form Q° units under air atmosphere, which result in the
decreased OHC defect. Heat treatment is effective way to remove the gamma radiation-caused
defects by recombination of HC with EC defects in the considered phosphate-based glasses.

9
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5. Factors that affect the defects in phosphate-based glasses

5.1. Influence of Ce and Sb doping on the defect-state in phosphate-based glass

As we all know, the induced transmittance decrease in optical glasses is mainly due to the
absorption by color centers in glass matrix [18]. The radiation resistance [19], i.e. the sup-
pression of the decreased transmittance in optical losses, of the optical components including
optical glasses, color-separation gratings and protective filters can be improved by doping
of cerium [20, 21]. Cerium ions have two valence states, Ce* and Ce* in these phosphate-
based optical glasses. Trivalent ions can be converted into tetravalent ions by capturing the
radiation-induced holes, thus inhibiting the generation of hole centers. And tetravalent ions
inhibit the formation of electrons centers resulting from trapped electrons, which prevents to
some extent the formation of color centers that have large absorption in the visible range [22].

Figure 7 shows the Ols XPS spectra of Ce doped samples. These bands located at the higher
and lower binding energy are ascribed to bridging oxygen (BO) and non-bridging oxygen
[23] (NBO), respectively. It can be found that NBO (the ratios of the peak’s area of NBO to the
sum peak’s area) in Ce-doped sample decrease from 58.7 to 54.6%, while BO increase, com-
pared with the Ce-free sample. This indicates that NBO bond can be destroyed by Ce-doping
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Figure 7. Measured O1s XPS spectra of G (a), G: Ce (b), G: Ce,Si (c) and G: Ce,Sb (d) glasses with Gaussian peak fittings [18].
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in these types of phosphate-based glasses. Nevertheless, as for these co-doped samples, the
ratio of NBO in the Ce and Sb co-doped sample increase from 55.1 to 57.6% and BO decrease
compared with that of Ce and Si co-doped sample. This suggests that the trend of breaking
NBO bond can be suppressed by doping of Si or Sb in these Ce-containing phosphate glasses.

Figure 8a shows that more color centers are generated in these phosphate-based glasses when
exposed to the gamma radiation. These color centers have large absorption in the UV and
visible region as shown by the transmittance decline. By increasing the total radiation doses,
the transmittance further decreases, especially at around 385 and 525 nm, which is ascribed to
POHC and PO,-EC defects [15]. Under gamma radiation with the total dose of 250k rad(Si),
the radiation resistance (transmittance ratio of the irradiated to that of the non-irradiated sam-
ple at certain wavelength) of cerium-doped glass is improved from 56.4 to 61.9% at 385 nm,
and from 57.39 to 73.9% at 525 nm. This radiation resistance can be further enhanced in co-
doped samples, especially for the Sb co-doped sample, i.e. their radiation resistance increases
to 92.4% at 525 nm. This is in accordance with the changes of glass color in Figure 8 (inset).
These results indicate that the radiation resistance of gamma radiation can be significantly
improved by doping Sb* in Ce-containing phosphate glasses. As we further increase the
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Figure 8. Measured transmission spectra and (inset) photograph of G (a), G: Ce (b), G: Ce,Si (c) and G: Ce,Sb (d) glasses
before and after gamma radiation (100k and 250k rad (Si), respectively) [18].
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content of cerium (to 0.66 wt% (0.75 mol%)) in the Ce, Sb co-doped sample, its radiation resis-
tance further increases to 82.5% at 385 nm and 99.3% at 525 nm, the corresponding transmis-
sion spectra being shown in Figure 9. In details, the absorption at around 385 and 525 nm are
0.95 and 0.035 cm™, respectively. This result is better than that reported by Heng X, et al. [24].

Figure 10 compares the EPR spectra of these Ce-doped and Ce-free samples before and after
gamma radiation with total dose of 250k rad(Si). The EPR spectra of these samples before
irradiation are dominated by the signals with the magnetic field in the range of 3100-3500 G
and around at 3355 G and are associated with PO,-EC and POHC defects [17], respectively,
especially for the Ce-free samples. It is obvious that PO,-EC’s signals decrease when CeO, was
doped into these glasses; this is ascribed to the decreasing NBO associated with the precur-
sors of PO,-EC defects in the considered phosphate-based glass. Co-doped with Si in these
samples, these signals become apparent. It can be found that these POHC defects signals are
significantly enhanced when exposing to gamma radiation, as shown the red line in Figure 10.
This is associated with the increase of POHC defects caused by gamma radiation. However,
this signal becomes weaker in co-doped samples, i.e. Ce, Sb co-doped glasses (their defects
signals significant decrease when compared with others). These results suggest that co-doping
with Si and Sb can efficiently decrease the POHC defects in these Ce-containing phosphate
glasses, especially for Sb ions.

It is well known that cerium ions in these phosphate-based glasses exists as Ce** that can be
converted to Ce* by capturing the electrons caused by gamma radiation, thus decreasing
the PO,-EC defects. Therefore, Ce-doping causes the concentration decrease of NBO bonds,

100
G: Ce, Sb-2
80-
S
7 ——un-irradiated sample
g 60
E ——100 k irradiated sample
= ——250 k irradiated sample
£ 40
w
=
©
~ 204
0

200 400 600 800 1000 1200 1400 1600
Wavelength [nm)]

Figure 9. Measured transmission spectra and (inset) photographs of G: Ce, Sb-2 (higher Ce doping concentration) glasses
before and after gamma radiation (100k, 250k rad (Si), respectively) [18].
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Figure 10. Measured EPR spectra of a (G), b (G: Ce), c (G: Ce,Si) and d (G: Ce,Sb) glasses before and after gamma
radiation (250k rad (5i)) [18].

resulting in more limited POHC and PO,-EC defects precursors. Besides, some Ce** ions are
converted to Ce*" by capturing the holes induced by gamma radiation and then suppress the
generation of POHC defects. Although doping by Sb ions in Ce-containing phosphate glasses
can increase the precursors concentration of POHC defects, Sb* can be easily photo-oxidized
to Sb* by capturing the gamma radiation induced holes when exposed to the gamma radia-
tion. Besides, to improve their stability, Sb*" can be converted to Sb** by further capturing
these induced holes. Therefore, the concentration of gamma radiation induced electrons and
holes decreases in the considered phosphate-based glasses.

5.2. Influence of H,BO, addition on the defect-state of phosphate-based glass

It is known that B,O, addition can decrease the melting point and the crystallization tempera-
ture of the host glass, further depressing the volatilization of phosphorus and fluorine, but
also improving their chemical durability and thermal stability [25, 26]. Therefore, the effects
of B,O, addition on the defects is critical for understanding the change of the property for the
considered phosphate-based glasses.

Figure 11 presents the Raman spectra of phosphate glass samples [25]. It can be found that
the peaks at around 1262 cm™ decrease with the increase of B,O, content, and the small peak
almost disappears when the H,BO,:SiO, ratio reaches 7.5:2. Meanwhile, the intensity of the
peaks located at about 666 cm™ increase, which is related to the increase of B,O, units [27].
The intensity of bands at around 590 cm™ decrease as the H,BO,:SiO, ratio became larger, this
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Figure 11. The Raman spectra of the series of phosphate-based glasses with different H,BO,: SiO, ratio (0:2, 1.5:2, 4.5:2
and 7.5:2, respectively) [25].

being associated with the increase of B,O, and corresponding decrease of SiO, concentration
in the final glasses. The existence of bands involving B.O,, together with the Rajbhandari’s
results [28] indicate that B,O, units do not form mechanically isolated network units but
rather they are bonded to each other to form a vitreous networks.

Figure 12 shows the Ols XPS spectra for different B,O, content. The peaks near the lower (at
around 529.5 eV) and higher (at around 531.5 eV) binding energy are assigned to NBO and BO,
respectively [23]. With the introduction of B,O,, the non-bridging oxygens decrease, whereas the
bridging oxygens increase. This is in agreement with the changes in Raman spectra in Figure 11.

It is interesting that the absorption of Fe’* increase with B,O, addition. And with further
increase of B,O, content, the absorption of Fe’ is nearly invariant. As we all know, iron is
one of the undesirable transition metal impurities that is very easily introduced through raw
materials. Herein, the concentration of iron ions in the phosphate-based glasses is almost the
same due to the same raw materials and preparation process. Besides, the introduction of
B,O, will cause the breakage of phosphate chains (Figure 13d) and contribute to form PO,-EC
defects. However, further increase the content of B,O, in the considered phosphate-based
glass, B,O, could enter the glass network structure (Figure 13e) and form B.O, units that will
enhance the connectivity of these long phosphate chains, and decrease the concentration of
PO,-EC defects.
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Figure 12. XPS spectra of the series of phosphate-based glasses with different H,BO,: SiO, ratio (a (0:2), b (1.5:2), ¢ (4.5:2)
and d (7.5:2)) [25].

Figure 13. Schematic representations the changes of phosphate glasses network (a (the structure of basic glass), b (the
structure with doped R* and R*), ¢ (the structure after gamma radiation), d (the structure with doped SiO, and B,0,)
and e (the structure with doped more B,0,)) caused by alkali (R"), alkaline earth metal cations (R*') and B,O, as well as
gamma irradiation (oxygen atoms (red), phosphorus atoms (pink), boron atoms (blue)) [25].



16 Advances in Glass Science and Technology

By increasing B,O,, the tendency of the transmittance to decrease in the UV-VIS region is
gradual until a critical HBO,:SiO, ratio (4.5:2), when exposed to gamma radiation with high
dose. By further increasing the content of B,O,, this trend becomes weak. These results suggest
that the formed B,O, can suppress the formation of PO,-EC and POHC defects. The results
provide evidence for enhanced gamma radiation resistances in the considered multicompo-
nent phosphate glasses. Therefore, B,O,-doped phosphate glasses could be used as a new
type of host materials for applications in space exploration and radioactive wastes treatments.

5.3. Influence of iron and cobalt on the defect-state of phosphate-based glass

Many types of doping ions together with unwanted impurities, as extrinsic defects, also
influence the UV absorption and damage property of the considered glass optics [29]. Iron
and cobalt-doped phosphate-based glasses show a various degree of red-shift (Figure 14)
as compared with un-doped glass, which is dominated by the charge-transfer transition
of Fe** and the absorption of cobalt, respectively [3, 13]. According to Ref. [30], the low
transmittance at around 215 and 250 nm is dominated by the charge-transfer absorption
of Fe? and Fe¥, respectively. And the two bands between 1.9 and 2.4 eV are related to the
cobalt ions [3].
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Figure 14. The UV/VIS transmission spectra of the series of fluoride-containing phosphate-based glass samples before
(solid line) and after (short dash line) thermal treatment in H, atmosphere [29].
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ESR measurements give direct evidence of the paramagnetic color centers in glasses. The ESR
intensity of Fe* (g-value around at 4.3) [31] shows an order of 3w, 2w and 1w glass, which is
in agreement with the changes of the UV absorption edge as shown in Figures 14 and 15. The
signals of PO,-EC, PO,-EC, POHC defects become apparent after doping with iron or cobalt
ions, indicating that cobalt and iron contribute to form these defects. No obvious cobalt signal
was found in 2w absorptive glasses. The absence of Co* signal might be associated with the
distortion of their complexes, which signal could only be detected at the practical laboratory
temperature (77 K) [32].

To our best knowledge, the heat treatment in reducing atmosphere leads to the shift of the Fe**
< Fe* equilibrium in the glasses toward the right side. Thus, it is reasonable to put forward
that Fe** are favorable to form POHC defects. On the other hand, the presence of Fe** and
Co? favors the formation of FD center defects, which have a large absorption cross section at
~5.50 eV. It is known that Co* is the main valence state [33, 34], in the weak basicity host glass,
like phosphate-based glass; therefore, these results indicate that Co* suppresses the forma-
tion of POHC defects in this types phosphate-based glasses.

Doping with iron and cobalt shows significant impact on the transmittance of these two absorp-
tive glasses, especially for the UV transmission edges, by influencing the concentration of other
defects. The results indicate that Fe** suppress the formation of FD defects, while promotes the
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formation of POHC defects. Besides, Co* inhibits the formation of POHC and PO,-EC defects,
and Fe*" promotes the formation of POHC defects.

6. Summary

In this chapter, we outlined some of the basic properties of the common defects in phosphate-
based glasses. Gamma radiation was employed to investigate the influence of dopants on the
nature of defects in phosphate-based glasses. And the evolutionary mechanism of defects
associated with the post heat treatment was also discussed.
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Abstract

A series of stable and transparent glasses with the composition 59B,0,-10Na,0—(30 - x)
CdO-xZnO-1CuO (0 £ x < 30) (where x =0, 7.5, 15, 22.5, and 30 mol%) were prepared by
conventional melt-quenching technique. These glasses were characterized using X-ray
diffraction (XRD), Fourier-transform infrared (FTIR) and Raman spectroscopes, differen-
tial scanning calorimetry (DSC), optical absorption, and electron paramagnetic resonance
(EPR). XRD and DSC analysis confirmed the glassy nature of the prepared samples. The
physical properties such as density (p), molar volume (V ), oxygen packing density
(OPD), and the molar volume of oxygen (V ) were calculated and discussed. FTIR and
Raman studies showed that the glass network consists of BO, and BO, units in various
borate groups. From DSC, it was found that the glass transition temperature (T ) varies
nonlinearly with the addition of ZnO content in place of CdO. Both EPR and optical
absorption results have confirmed that the Cu* ions are in octahedral coordination with
a strong tetrahedral distortion. The changes in various spectroscopic properties of Cu*
ions in the glasses such as spin-Hamiltonian parameters (¢ £ 2and 4/) and bonding coef-

ficients (o B,% and p*) were understood with the help of FTIR and Raman studies.

Keywords: glasses, DSC, Raman, FTIR, EPR

1. Introduction

Alkali borate systems are attractive materials from a fundamental point of view as well as
technological point of view [1]. From the literature, it has been observed that certain borate
glasses are of greater interest and relevance because of their suitability in the progress of
waveguides, electro-optic switches and modulators, magneto-optic materials, and solid-state
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laser materials [2]. B,O,~ZnO glass has a high transparent window in the region from 370 nm
to 2.2 um, and these glasses are attractive host materials to incorporate rare earth elements
for optoelectronics and optical fibers [3, 4]. The properties of B,O, glass can often be altered
by the addition of network modifiers. The most commonly used network modifiers are the
alkali (Li,0, Na,O, and K, O) and alkaline earth oxides (MgO, CaO, SrO, and BaO) [5, 6]. When
mixed with these glass modifiers, its internal structure is rearranged due to the formation
of non-bridging oxygen [7]. In particular, the addition of alkali oxide to pure B,O, causes a
progressive change of the boron atom coordination number (CN), from 3 (BO,) to 4 (BO,),
and results in the formation of various borate units (diborate, triborate, tetraborate groups,
etc.) [1].

From the literature, it was found that with the presence of ZnO or CdO in B,O, glass matrix,
UV transmission ability could be enhanced [8]. Therefore the authors have selected Na,O,
CdO, and ZnO as network modifiers. The addition of Cd and Zn oxides also results in the
large glass formation domain [9]. When zinc oxide is introduced to borate glasses, there are
two ways in which zinc ion can get incorporated into the glass. Zinc oxide may act as a net-
work modifier by disrupting the bonds connecting neighboring [BO,] and [BO,] groups. On
the other hand, zinc oxide can be incorporated into the glass as [ZnO,] structural units. Besides
Cu* ions have been chosen in the present study as an EPR probe due to its EPR spectrum
being sensitive enough to detect minute changes in the structure of the glasses [10]. Therefore
in this article, authors have been presented the structural changes of Cu* ions-doped B,O,~
Na,0-CdO-ZnO glass induced by addition of ZnO into B,O, glass matrix at 10 mol% Na,O
content. The various literature surveys show no evidences on structural study using FTIR,
Raman spectroscopy, EPR, and optical absorption. Therefore the authors have planned to
investigate the structural, optical, and physical changes in the Cu*" ions-doped B,0,-Na,0O-
CdO-ZnO glass system. The authors have also studied the spin-Hamiltonian parameters and
site symmetry around Cu* ions in these glasses using EPR and optical absorption studies.
The variations in the thermal properties and other physical properties in terms of structural
changes of glasses have been discussed [6].

2. Experimental

2.1. Glass preparation

Glasses with compositional formula 59B,0,-10Na,0—-(30 — x)CdO-xZnO-1CuO (where x =0,
7.5, 15, 22.5, and 30 mol%) were prepared using melt-quenching technique, and a series of
glasses along with their codes are given in Table 1. All the chemicals used were of 99% purity
from well-known companies (sd-fine, Merck, and Loba Chemie).

Appropriate amounts of H.BO,, Na,CO,, ZnO, and CdO were ground with a mortar and
pestle and thoroughly mixed. About 1 mol% CuO was added as a spin probe and was melted
in a platinum crucible at 1000°C for 30 min in an Autoset electric furnace; a similar technique
was employed by Devde et al. [6].
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Sample code Composition (mol%)

BNCZ1 59B,0,-10Na,0-30CdO

BNCZ2 59B,0,-10Na,0-22.5CdO-7.5ZnO
BNCZ3 59B,0,-10Na,0-15CdO-15ZnO
BNCZ4 59B,0,-10Na,0-7.5Cd0-22.5Zn0
BNCZ5 59B,0,-10Na,0-30ZnO

Table 1. Glass compositions of 59B,0,-10Na,0~(30 — x)CdO-xZnO-1CuO (0 < x < 30 mol%) glass system.

During the melting the crucible with homogeneous mixture was covered with a lid to avoid
the volatility of the powder compounds or contamination from the furnace. Melts were stirred
frequently to promote homogeneity, and the liquids were rapidly poured into a mold made
with a stainless steel which was maintained at 200°C and pressed with another stainless steel
plate maintained at the same temperature. The prepared glass samples were then transferred
to another furnace and annealed at 300°C for 6 h to relieve thermal stress and strains of the
glass samples. The prepared samples were examined, and it was found that the samples are
clear, bubble free, and transparent.

2.2. Physical properties

Archimedes” method using xylene as immersion liquid was employed for the measurement
of densities of the prepared glasses at room temperature. An average of three samples of each
glass code was used. Obtained density values were used to calculate the molar volume using
relation V_ =M/p, where M and p are the average molecular weight and density of the glasses,
respectively. Oxygen packing density (OPD) was calculated using the relation OPD = Zxn/V_,
where x, is the molar fraction of an oxide R O_ and n, is the number of oxygen atoms of this
oxide [6]. The molar volume of oxygen (V) is the volume of glass in which 1 mole of oxygen
is contained. These values were calculated using the relation V_ = (V_)(1/Zxn,).

Various spectroscopic techniques were employed for structure investigation of present glass
system.

2.3. XRD

X-ray diffraction patterns of the glass samples were recorded from Philips diffractometer
(PANalytical X-pert PRO model) with Cu K  (1.54 A) source at room temperature.

2.4. FTIR studies

The infrared transmission spectra of all glasses were recorded at room temperature in the
wave number range 400-1800 cm™ by a Shimadzu FTIR-8001 Fourier-transform computer-
ized infrared spectrometer. The IR transmission measurements were made using the KBr pel-
let technique.
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2.5. Raman studies

Raman spectra of all prepared glasses were recorded at room temperature in the range
200-1800 cm™ using a He-Ne excitation source (632.81 nm) coupled with Jobin Yvon Horiba
(LABRAM HR-800) micro Raman spectrometer equipped with a 50x objective lens to focus
the laser beam. The incident laser power was focused in a diameter of ~1-2 um, and a notch
filter was used to suppress Rayleigh light. Samples used for the measurement were of 1 mm
thickness and 1 cm in diameter. Raman shifts are measured with a precision of ~0.3 cm™,
and the spectral resolution is of the order 1 cm1; a similar characterization was studied by
Upender et al. [11].

2.6. DSC studies

Differential scanning calorimetry of the prepared glass powders was carried out at tempera-
tures up to 850°C at the rate of 10°C/min using a SETARAM instrument (Model LABSYS EVO
DSC; SETARAM Instrumentation, Caluire, France) to determine the thermal properties of the
glasses [6].

2.7. EPR studies

JEOL-JES FE 3X EPR spectrometer was employed for recording EPR spectra of the glass
samples in the X-band at room temperature with 100 kHz field modulation. Polycrystalline
diphenyl picryl hydrazyl (DPPH) was used as the standard “g” marker for the determination
of magnetic field; a similar technique was employed by G. Upender et al. for invention of

structure of WO,-GeO,-TeO, glasses [12].

2.8. UV-Visible absorption studies

UV-Visible absorption spectra of prepared borate-based glasses were recorded by using
LABINDIA Analytical UV-3092 spectrophotometer in the wavelength range 350-900 nm at
room temperature. The precision of wavelength measurement is about +1 nm [12].

3. Results and discussion

3.1. Basic glass properties

The physical parameters of the present glasses are presented in Table 2. It is observed that
the density (p) decreases from 3.334 to 2.815 g/cm?® with the addition of ZnO content from 0 to
30 mol% at the expense of CdO content. This could be due to the lower molecular weight of
ZnO (81.38 g/mol) in comparison with CdO (128.4 g/mol). This could also be due to the lower
density of ZnO (pp = 5.606 g/cm®) than that of CdO (p p=6.95 g/cm?).

The molar volume (V) increases from 25.972 to 26.224 cm®/mol with ZnO content up to
15 mol% then V_ starts decreasing from 26.224 to 25.995 and then to 25.749 with further
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Parameter x=0 x=75 x=15 x=225 x=30
*AMW (g/mol) 86.589 83.062 79.536 76.009 72.483
p (g/cc) (+0.005) 3.334 3.181 3.033 2.924 2.815

*V_ (cm®mol) 25.972 26.112 26.224 25.995 25.749
OPD (mol/l) 83.936 83.487 83.129 83.862 84.663
V, (cm*/mol) 11.914 11.978 12.029 11.924 11.812

*AMW: average molecular weight.
*Error in V,_is +0.005.

Table 2. Physical parameters of 59B,0,~-10Na,0—(30 — x)CdO-xZnO-1CuO (0 < x < 30 mol%) glass system.

addition of ZnO up to 30 mol% at the expense of CdO. This could be due to the difference
between cation radii of Cd? ion (1.03 A) and Zn? ion (0.83 A). The nonlinear variation in
V_ also suggests the dual role of ZnO content as in the present system ZnO up to 15 mol%,
it plays a modifier role, and beyond it plays a glass former role. It is also observed that the
oxygen packing density (OPD) decreases from 83.936 to 83.129 mol/l, while oxygen molar
volume (V) increases from 11.914 to 12.029 cm’/mol with ZnO content up to 15 mol%. But
OPD increases from 83.129 to 84.663, while V_decreases from 12.029 to 11.812 with ZnO addi-
tion up to 30 mol%. The nonlinear variation in OPD and V_ values with the increase in ZnO
content from 0 to 30 mol% could be due to the variation in density (p) and the dual role of ZnO
in the present glass system, while the number of oxygen atoms in the glass network remains
the same according to the ratio 1:1.

3.2. XRD

The obtained XRD patterns of BNCZ glass system are shown in Figure 1. It is clear that a
broad hump is repeatedly observed in all the samples and is the characteristic of glass, and
there is no evidence of crystallization. Hence it is confirmed that the prepared samples pos-
sess glassy nature.

3.3. FTIR studies

The IR transmission spectra of all the glasses were recorded in the wave number range 1600-
400 cm™ and are shown in Figure 2. The band positions and their assignments are given in
Table 3.

In the BNCZ glass system, significant bands are observed at about ~474, 694, 970-1040, 1250-
1260, and 1360-1375 cm™. These bands assigned to B,O, and about 80% of the boron atoms are
present in the boroxol rings, B,O,, that are interconnected by independent BO, groups. The
vibrational modes of the vitreous borate network are mainly active in three infrared regions.
The IR features located in the first region that ranges between 1200 and 1600 cm™ [13]. The
second region ranges between 800 and 1200 cm™, and the third region ranges between 600

and 800 cm™. From Figure 2 it is evidently seen that the structure of the glass network formed
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Figure 1. XRD patterns of 59B,0,-10Na,0~(30 - x)CdO-xZnO-1CuO (0 = x = 30 mol%) glass system.
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Figure 2. IR spectra of 59B,0,~10Na,0—(30 - x)CdO-xZnO-1CuO (0 = x = 30 mol%) glass system.

by boron ions is significantly changed with the incorporation of ZnO at the expense of CdO
content. The absence of IR band at ~806 cm™ indicates that the boroxol rings are not formed in
the present glass system, and hence the structure of the glasses consists of borate groups other
than the boroxol rings. The weak band observed at ~474 cm™ in all the glasses is attributed to
the vibration of metal cations in their oxygen sites (RO, groups where R = Cd, Zn) [16].
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Band positions Assignment

1360-1375 Symmetric stretching vibrations of B-O bonds of trigonal (BO,)* units in Meta, Pyro and ortho
borates

1260 Symmetric stretching vibrations of B-O of (BO,)* units in meta and Ortho Borates

1040 B-O stretching vibrations of BO, units in tri, tetra and penta borate groups

970 B-O asymmetric stretching of BO, units of diborate groups

690 Bending vibrations of B-O-B linkages in borate network

Table 3. Band positions and assignments of IR bands of 59B,0,-10Na,0—(30 - x)CdO-xZnO-1CuO (0 < x < 30 mol%)
glass system.

The bands observed around 694 cm™ could be attributed to the bending vibration of B-O-B
linkages of various borate groups [17]. The bands near 979 cm™ are assigned to B-O asym-
metric stretching of BO, units of diborate groups [18]. This band shifts to higher wave number
side, i.e., from 979 to 1040, while the intensity of this band significantly decreased with the
increase of ZnO content up to 30 mol%. The bands observed at around 1040 cm™ are due to
B-O stretching vibrations of BO, units in tri-, tetra-, and pentaborate groups [12, 19, 20]. The
bonds that appeared in the range of 1260 cm™ are assigned to B-O symmetric stretching vibra-
tions of (BO,)* units in metaborate and orthoborates [21]. The intensity of this band is unaf-
fected with the addition of ZnO content up to 30 mol%. The bands at around 1363-1375 cm™
could be attributed due to symmetric stretching vibrations of B-O bonds of trigonal (BO,)* units
in meta-, pyro-, and orthoborates [21, 22]. The broadness of these bands was found to be more
with the substitution of ZnO content up to 30 mol%. The B,O; is built up of BO, triangles, and
upon adding ZnQO, the coordination number of the boron changes from SP? tetrahedral BO, to
form SP? planar BO,, preserving the B-O bonding without the creation of non-bridging oxygen
ions. It means that the introduction of ZnO causes a significant formation of the BO, groups
with a lower coordination number. Therefore, the progressive increase in ZnO content makes
the IR bands observed at about 1040 and1373 cm™ more pronounced. This means that the BO,
groups and hence the bridging oxygen contents are increased with increasing of ZnO content
on the expenses of CdO content.

3.4. Raman studies

Figure 3 shows the Raman spectra of the present glass system in the spectral range 200-
1800 cm™ consisting of sharp, broad peaks and shoulders.

The Raman peak positions are summarized in Table 4.

The Raman spectrum of vitreous B,O, is dominated by a strong peak centered at ~804 cm™. The
~804 cm™ peak is assigned to the boroxol ring breathing vibration involving little motion of
boron [23-25]. The desired peak at ~ 804 cm™ was not appeared and therefore boroxol rings are
absent in the present glass system. Therefore, boroxol ring is absent in these glasses. The Raman
peak at around 447-470 cm™ is assigned to pentaborate and diborate groups [26]. The weak
Raman peak appearing at ~697 cm™ is due to metaborate/(BO,)* vibrations [27, 28]. The strong
peak at around ~770 cm™ is assigned to symmetric breathing vibrations of six-membered
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Figure 3. Raman spectra of 59B,0,~-10Na,0—(30 — x)CdO-xZnO-1CuO (0 = x = 30 mol%) glass system.

Sample code Raman peaks (cm™)

BNCZ1 470 697 770 948 1420
BNCZ2 464 697 770 943 1420
BNCZ3 464 697 770 942 1420
BNCZ4 457 697 770 935 1420
BNCZ5 447 697 770 932 1420

Table 4. Raman peak positions of 59B,0,-10Na,0~(30 - x)CdO-xZnO-1CuO (0 < x < 30 mol%) glass system, with error
+1em™.

rings with both BO, triangles and BO, tetrahedra (tri-, tetra-, or pentaborate groups) [29, 30].
The intensity of this peak is significantly increased with the addition of ZnO content up to
30 mol%. This observation suggests more number of BO, units instead of BO, units in six-
membered rings. No Raman peaks appeared at around ~ 834 cm™ in any of the glass, and it
indicates that there are no pyroborate groups (B,O,*) present in these glasses. The pentaborate
and tetraborate groups were assigned by the peaks observed in the range ~930-950 of Raman
spectrum. The broad band around 1420 cm™ was assigned to the B-O~ bonds attached to the
large number of borate groups [31, 32]. The decrease in intensity of the peak at ~1420 cm™
is due to increase of ZnO content up to 30 mol%. This shows that significant formation of
Zn*-B-O" bonds by reducing the number of non-bridging oxygen’s (NBO’s) similar finding
was recorded by Upentre et al. for the glass system (90—x)TeO2-10GeO2—xWO 3 (7.5 < x < 30)
doped with Cu* ions [33]. The observed slight decrease in intensity and shift in the peak ~470
toward lower wave number (447 cm™) indicates the decrease of penta- or diborate groups in
the glasses. The intensity of the peak at ~940 cm™ decreases while shifts to lower wave number
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from 948 to 943, 942, 935, and then 932 with increase in ZnO content. This may indicate the
presence of less number of pentaborate groups and bond lengths of B-O bonds of pentaborate
groups could be increased. The above results suggest the presence of more BO, units in the
glasses with the addition ZnO as Zn* establishes the linkages of NBOs with BO, units.

3.5. Differential scanning calorimetry (DSC)

The DSC thermograms of the present glasses are shown in Figure 4. Glass transition tempera-
ture (T,) is always visible, and this result is in agreement with the result of XRD data as both
the techniques confirm the glassy nature of the samples.

The values of glass transition temperature (T,) are given in Table 5.

From this table it is observed that T, decreases from 497 to 488°C with gradual increase in
ZnO content up to 15 mol% at the expense of CdO, and thereafter T, increases from 488
to 492 and then to 496°C with further addition of ZnO up to 30 mol%. This behavior sug-
gests that T  varies nonlinearly with the addition of ZnO content in place of CdO. It is well
known that a higher cation radius of Cd? (1.03 A) replaced with a lower cation radius of Zn?*
(0.83 A) decreases the overall cation polarizability (polarizability is proportional to the cation
size); as a result, Tg should decrease linearly with ZnO content. On the contrary to this, the
bond strength of Zn—O (151 kJ/mol) is more than that of Cd-O (101 kJ/mol) [33]; as a result,
T, should increase linearly. But none of the reasons are suitable in this case. Therefore, the
observed nonlinear variation in T, with ZnO content can be understood in the following way:
As it was observed clearly from FTIR and Raman that more numbers of BO, units are present
up to 15 mol% of ZnO, then with further addition of ZnO in place of CdO up to 30 mol%,

497
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Figure 4. DSC curves of 59B,0,-10Na,0-(30 - x)CdO-xZnO-1CuO (0 = x = 30 mol%) glass system. Heating rate was
10°C/min.
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Sample code Glass Transigirian temperature T, (°C)
BNCZ1 497
BNCZ2 494
BNCZ3 488
BNCZ4 492
BNCZ5 496

Table 5. Glass Transigirian temperature Tg (°C) for compositions of 59B,0,-10Na,0~(30 - x)CdO-xZnO-1CuO (0 < x <
30 mol%) glass system.

most of BO, units are converted to BO, units. The bond strength of BO, units (373 kJ/mol) is
smaller than BO, units (498 (kJ/mol%) [34]. Hence, Tg decreases up to 15 mol% of ZnO and
then starts increasing with further addition of ZnO up to 30 mol%. Besides this the higher
field strength of Zn* ions (0.53 cm™) than that of Cd* ions (0.38 cm™) in the glass network
also causes to increase the T, [34]. However, the ionicities of both Zn-O (51%) and Cd-O
(51%) are the same, and its role could be neglected. From Figure 4 it is clearly seen that except
in BNCZ1 the onset crystallization temperature (T) is not prominently observed with the
incorporation of ZnO content. This indicates that the increase of ZnO in place of CdO has
a tendency to prevent crystallization. Thus, the present glasses are more thermally stable
against crystallization.

3.6. EPR studies

The electron paramagnetic resonance spectra of Cu*-doped BNCZ series are shown in Figure 5.
It is essential to dope the glass samples with Cu* ions as this gives resonance signals; a similar
work is reported in earlier literature [35-37]. The copper ions with spin 1/2 gives a nuclear spin
I=3/2 for ®*Cu and ®Cu and therefore results in (2 + 1) hyperfine components, i.e., four parallel
and four perpendicular components.

The spectra recorded for prepared glass series exhibit three parallel components in the lower
field region and one parallel component which is overlapped with the perpendicular compo-
nent. The EPR spectra of copper ions in all the glass samples have been analyzed using an axial
spin-Hamiltonian in which the quadrupole and nuclear Zeeman interaction terms are ignored.

H =g, BHS;+ g1 (Hy Sy + HySy) + Ay Szl + AL (Sx I+ Syly) 1)

The symbols have their usual meaning.

The solution to the spin-Hamiltonian gives the expressions for the peak positions related to
the principal values of g and A tensor as follows [35-37].

For parallel hyperfine peaks,
hv =g BH,+ mA; + (15/4 —-m”) AL* 2g,BH, ?
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Figure 5. EPR spectra of 59B,0,-10Na,0~(30 - x)CdO-xZnO-1CuO (0 = x = 30 mol%) glass system at room temperature.

For perpendicular hyperfine peaks,
hv =g BH, + mAL + (15/4-m?) (AL* + A %) Ag,BH, )

The symbols have the usual meaning. Using Egs. (2) and (3), the spin-Hamiltonian param-
eters of all the glasses have been calculated and are tabulated as shown in Table 6 [12].

From Table 6, the #: 2. and 4 values are found to be dependent on the glass composition. It
is found that @ * &= & (where g_=2.0023 is free electron g-value). Therefore from the ¢ val-
ues and shape of the EPR spectra, it can be concluded that the ground state of the Cu? is
d,, , orbital ?B, state, the Cu® ions are located in tetragonally distorted octahedral sites
[35-37]. The changes in the spin-Hamiltonian parameters with varying ZnO content in the
place of CdO content are attributed to the change in electron cloud density around the Cu*
ions in the glass network. The change in electron cloud density can be understood in the fol-
lowing way: From FTIR and Raman structural analysis, it was observed that the structure of
the glasses changed with the incorporation of ZnO content from 0 to 30 mol%. The increas-
ing ZnO content from 0 to 30 mol% to B,O, glass network leads to change the coordination
number of certain boron atoms from 4 to 3. Thus it is understood that every glass composi-
tion of the glass system is composed of both triangular (BO,) and tetrahedral (BO,) units.
Therefore, some of the Cu* ions are surrounded by these groups containing NBOs which
may present varied electron cloud density around Cu* site in the form of CuO, and hence
the variations in the spin-Hamiltonian parameters as observed in the present glass system.
The variations in EPR parameters not only depend on the above said reasons but also depend
on the differences in the field strengths of various cations (B* (1.39 cm™), Na* (0.18 cm™),
Cd* (0.38 cm™@), and Zn* (0.53 cm™)) as well as the cation polarizabilities of Na* ions
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Glass code g & A1(x10* em)
BNCZ1 2.323 2.064 147
BNCZ2 2.322 2.068 147
BNCZ3 2.325 2.066 148
BNCZ4 2.327 2.069 146
BNCZ5 2.326 2.068 147

Table 6. Spin-Hamiltonian parameters (SHP) of 59B,0,-10Na,0—(30 - x)CdO-xZnO-1CuO (0 < x < 30 mol%) glass
system.

(0.181 A%, Zn? ions (0.283 A%, Cd?> ions (1.087 A%), and B* ions (0.002 A% [6] that cause the
fluctuations in the ligand field around Cu* ions, and this in turn varies the spin-Hamilto-
nian parameters as observed.

3.7. Optical absorption studies

The UV-Visible absorption spectra of prepared glass series were displaced in Figure 6.

The observed absorption band around ~765 nm in BNCZ1 is assigned to the ’B, — *B, transi-
tion (AEXy) of Cu?* ion in octahedral coordination with a strong tetrahedral distortion, and the
EPR results were found to be in agreement with this assumption [36]. From Figure 6, it was
found that the absorption peak firstly blueshifted, i.e., from 764 to 760 and then to 756 nm
with the addition of ZnO up to 15 mol%, and then redshifted, i.e., from 756 to 760 to 763 nm
with the further addition of ZnO from 15 to 30 mol%. This result is consistent with the obser-
vations made in FTIR, Raman, and DSC. As pointed out by Raman and IR analysis, the major
structural changes in the present glass take place with the addition of divalent ZnO. This con-
sequence suggests that ZnO enters the glass system in the form of network modifier. Hence,
all the observations are clearly from tetragonal (BO,) to trigonal (BO,) units with the incorpo-
ration of ZnO content at the expense of CdO content.

The variation in peak position with ZnO doping in glass system BNCZ (30 mol%) indicates
the change in the ligand field around paramagnetic Cu?* ions. This could be due to higher field
strength of Zn* ions (0.53 cm™) than that of Cd* ions (0.38 cm™) [33]. The change in polariz-
ability of oxygen ions surrounding the Cu* may also change the peak position [6]. This can be
understood as follows. As ZnO content substitutes CdO content from 0 to 30 mol%, from IR
and Raman structural analysis, it was observed that ZnO has played the dual role. Thus, dur-
ing the modifier role of ZnO (up to 15 mol%), weak bonds Zn*-O-B were formed in the place
of B-O-B or Cd-O-B, whereas during the former role of ZnO (from 15 to 30 mol%), strong
Zn-0O-B bonds were formed. Thus the oxygen ions in Zn*~O-B bonds are less tightly bound
than in B-O-B or Cd-O-B bonds. Thus the oxygen ions can be treated as NBOs in which elec-
trons are loosely bound to the nucleus, and hence these NBOs are more polarized than the oxy-
gen ions in B-O-B or Cd-O-B. These NBOs are decreased during the conversion of BO, units
into BO, units when ZnO started playing the former role above 15 mol%. Similar observations
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Figure 6. Optical absorption spectra of 59B,0,~10Na,0—(30 - x)CdO-xZnO-1CuO.

were reported by other authors [37]. With the conversion of four coordination boron atoms
[BO,] into three coordination boron atoms [BO,], the excess of oxygen converts some of Zn*
ions into tetrahedra [ZnO,] where the structural modification in the glass network could be
reason for the variation of the ligand field strength of Cu® ions. This may be the reason why
the optical absorption maximum has showed the nonlinear variation with ZnO content.

3.7.1. Cu*-ligand bonding nature

The data of EPR and optical absorption can be correlated to understand the environment
around Cu? ions in the present glass network; in connection to this, the bonding parameters
were evaluated using EPR and optical data by the following equations [6].

g1 =2.0023(1-410°B1*/AEyy) @
g1 =2.0023(1-Ao*B/AEx,y,) )

where AE and AE are the energies corresponding to the transitions of *B, — *B, and
’B,, — °E,, respectively, and A is the spin-orbit coupling constant (= -828 cm™) and the bond-
ing coefficients o % and (3 (=1.00) characterize in-plane o bonding 16 between the d orbital
of Cu* and the p orbital of ligand, in-plane m bonding between the d orbital of Cu* and p
orbital of ligand and out-of-plane m bonding between the d orbital of Cu* and p orbital of
ligand in the glasses respectively [6]. Besides the values of AE _and AE are also calculated
and presented in Table 7. In the present glasses, the bonding parameters o? 3, and (3* were
evaluated using the following equations [38, 39] and are displayed in Table 7.
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Parameter x=0 x=75 x=15 x=225 x=30
A (nm) (1) 764 760 756 760 763
AE (em™) 13,089 13,158 13,228 13,158 13,106
AE, , (em™) 20,666 19,408 20,017 19,117 19,408
o? 0.798 0.799 0.804 0.802 0.803
p? 0.964 0.963 0.957 0.959 0.958
B2 0.793 0.794 0.801 0.803 0.797
I, (%) 414 41.2 39.8 394 40.6
T, (%) 37.33 37.15 36.22 36.59 36.41

Table 7. Bonding parameters of 59B,0,-10Na,0-(30 - x)CdO-xZnO-1CuO (0 < x < 30 mol%) glass system.

ol = | AYP |+ (gp-2) + 3/7(g.-2) + 0.04 ©)
Bi* = [(g/ge) — 11AEy/4ha’ %
B* = [(g/ge) — 11AE sy /Aat® ®)

Here P is dipolar hyperfine coupling parameter (=0.036 cm™). From Egs. (4) and (5), in order to
determine Cu?" bonding coefficients, besides the EPR parameters, the energy positions of the
absorption bands of Cu* which indicate the values of AE_and AE ,  are required. Since one
absorption band corresponding to *B,, — *B,, transition (AE , are presented in Table 7) was
observed, the position of the second band can be estimated by using the following equation
[39] and the values are presented in Table 7.

AEy;y.("B1g—"Eg) = 2K*A/2.0023 - g, 9

where K? is the orbital reduction factor (K*=0.77) and A is the spin-orbit coupling constant.

The normalized covalency of the Cu*-O in-plane bonding of o and @ symmetry is expressed
in terms of bonding coefficients a* and 3,* as follows:

I's=200(1-S) (1-a*)/(1-28)% (10)

Iz =200(1-B,%)% (11)

where S is the overlapping integral (S, = 0.076). The values of I' and I' are given in Table 6.
It is clear from Table 7 that both of these values are varied with addition of ZnO content
to B,O, network. This could be due to variation of structural changes within the glasses. In
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general if o have smaller values, then the greater the covalent nature of the bonding. The
calculated values of a? for prepared glass series (the range 0.798-0.803) suggest that the in-
plane ¢ bonding in the glasses is moderately covalent in nature, whereas the values of 32
(0.793-0.803) obtained for various glasses indicate that the in-plane 7 bonding is significantly
ionic in nature.

The changes in this parameter can be attributed to the changes in O-X bonds (where X = B,
Cd, and Zn) because it reflects the competition in the Cu**-O-X bonds, between the cupric ion
and its neighboring X cations for attracting the lone pairs of the intervening oxygen ions. In
the present system, the values of (3> were found to be close to unity, and it suggests that out-
of-plane m bonding is more ionic in nature and the magnitudes of all bonding parameters are
comparable to those found for Cu* in other glasses [6].

4. Conclusions

Transparent glasses with composition 59B,0,-10Na,0—(30 - x)CdO-xZnO-1CuO (where
x=0,7.5,15,22.5, and 30 mol%) were prepared by melt-quenching technique. It was observed
that the density (p) decreases, while OPD, molar volume (V_), and oxygen molar volume
(V,) are nonlinearly varying with the addition of ZnO content from 0 to 30 mol% at the
expense of CdO content. From FTIR studies, it is found that the glasses are composed of
[BO,] and [BO,] units in various borate groups. FTIR and Raman studies revealed that more
numbers of BO, units are present up to 15 mol% of ZnO, and then with further addition of
Zn0O in place of CdO up to 30 mol%, most of BO, units are converted to BO, units. The non-
linear variation in Tg is due to the dual role of ZnO. From EPR results, it was found that
A~k and the changes in spin-Hamiltonian parameters are primarily due to the ligand field
variations around Cu* ions. It is found that @£ for the present glass system. This sug-
gests that the Cu* ions in the present glasses are coordinated by six ligands (CuO, chromo-
phore) which form an octahedron elongated along the z-axis and also suggests that the
ground state of Cu* ions is the d , , orbital (*B, state). From the optical absorption studies,
it was found that broad absorption maximum is due to *B, — *B,_ transition of Cu* ion. The
change in polarizability of oxygen ions surrounding the Cu* could be the reason for the
variation of the peak position. The optical absorption results also suggested that there is
covalency for the in-plane o-bonding and that the in-plane n-bonding is significantly ionic
in nature in Cu*-O bonds.
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Abstract

In this study, a series of glasses of the system xCdO-10TeO,-(90-x)GeO, were fabricated,
varying the modifier oxide content from 10 to 80 wt%. According to XRD analysis, partial
crystallization occurred for the glass 60CdO.10TeQ,.30GeO, presenting the formation of
GeO, and CdTeO,; the 70CdO.10TeO,.20GeO, glass shows sharp diffraction peaks corre-
sponding to the Cd,Al,Ge,O,, garnet crystalline phase. Transmission electron microscopy
showed that the garnet crystals have sizes below 20 nm. At the highest concentration of
CdO (80 wt%), a transparent orange glass can be obtained, and this sample can be identi-
fied as an inverted glass where CdO participates as a network former. The optical band
gap of the glasses decreases as CdO content increases from 3.91 to 3.0 eV. In general,
all glasses show a typical broad emission when excited with UV light (325 nm); chro-
matic coordinates were calculated and pointed out the presence of emissions in the white,
green, and yellow regions. In summary, the obtained glasses are a promising material for
IR technologies, nonlinear optics, and design of solid state lighting devices.

Keywords: tellurite, germanates, nanocrystals, photoluminescence, inverted glasses

1. Introduction

As technology keeps evolving, particularly in the optics and telecommunication applica-
tions, materials with very special properties and capabilities like specific spectral operation
ranges, high refractive index, and low phonon energy are needed [1]. Herein, silicon oxide
(5i0,), germanium oxide (GeQ,), tellurium oxide (TeO,), vanadium pentoxide (V,0O,), cad-
mium sulfide (CdS), to name a few, have been used to fabricate special glasses with optical
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properties adequate to their final application. The main characteristic of the mentioned com-
pounds is that they are glass network formers, and alkali oxides (Na,O, CaO, K,O, and MgO)
and metallic oxides (like ZnO and Fe,O,) are network modifiers. Tellurium oxide is a special
case of a glass former; it has been proved that the structural unit that constitutes the network
is of octahedral coordination nature, which deviates from the classical structural model of
tetrahedral coordination. Zachariasen postulated through empirical observation that cations
surrounded by four oxygens in a tetrahedral geometry could form glass [2]. However, it has
been found by several authors that some glasses (including TeO,-based glasses) do not follow
this rule. Goldschmidt [3] pointed out the important role of the radius ratio for glass-forming
oxides, which is the ratio between the ionic radius of the cation and oxygen atoms, r./r, and
it has values of 0.2-0.4 for tetrahedral coordination. Afterwards, Zachariasen took these con-
cepts as a base to develop a model for glass formation, where tetrahedral units share oxygen
atoms at the corners constructing a continuous glass network. The SiO, glass is formed by
a tridimensional network of (5iO,)* connected through oxygen atoms at the corners, where
at least three corners participate in the irregular network, which does not have translational
periodicity. That network is “interrupted” where other cations from modifier compounds (X)
are added to glass, forming Si—O—X bonds terminating the connectivity. Some cations can
participate forming either as the glass network or as modifiers like Al, Be, Zr, Zn, Cd, and
Pb, and this change in behavior will depend on their concentration and their interaction with
other components in the glass [4].

For decades, continuous research of new glass systems has led to modify the rules of the clas-
sic glass model. Lead orthosilicate glass (PbSiO,) is a glass that does not follow Zachariasen’s
rules since Pb* has an octahedral coordination and a large ionic radius (r = 132 pm). In addi-
tion, it is possible to fabricate borate glasses with low concentration of B,O,, which forms
rutile-like octahedral units [5]. The term “inverted glasses” first appeared in the work of
Stevels [6] regarding a metasilicate glass formed by three isolated coupled SiO, units instead
of a continuous network. Thus, a glass that does not follow the classical model and whose
network is formed by polyhedra of modifier cations in their majority is called an inverted
glass. Some examples are tellurites in which Te ions with a six-fold coordination number
form distorted octahedra interconnected between oxygens at the corners [2]. As it is the case
of Ca0-Na,0-MgO-P,O, glasses with a concentration of MgO higher than 60% mol, Mg—O
coordination number changes from ~6 to ~5, which is lower than that of its crystalline form,
allowing MgO to change its role to that of a glass former [7].

Finally, applications of inverted glasses will depend on the chemical composition of each vit-
reous system, and there is a variety of them. For example, for vitreous systems with network
modifiers like CdO, ZnO, PbO, and MgO, among others, in high proportions, they are char-
acterized by their good optical properties, and these glasses are attractive for optical devices
and laser designs [7]. Furthermore, the introduction of rare earth oxides to germanate tellurite
glasses together with their transparency in the infrared region makes them interesting for
multiband amplifiers [8].

In this work, the effect of high contents of CdO on the crystallization and formation of
inverted glasses of the CdO-TeO,-GeO, system was studied. It was expected that as the
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modifier oxide increases, devitrification of the glasses will very likely occur. However, as
Cd? cations can coordinate in octahedral units, it is possible that its role as modifier can
change to that of an intermediate. Furthermore, the energy band gap of the glasses was
calculated from optical absorption spectra. For possible applications in solid state lighting,
photoluminescence under UV light excitation of amorphous and crystallized samples was
studied.

2. Experimental procedure

2.1. Glass fabrication

A series of eight glasses with a concentration of xCdO-10TeO,-(100-x)GeO,, with x values
from 80 to 10 wt%, was fabricated. This series of glasses is localized in the rich GeO, region of
the ternary system diagram as is depicted in Figure 1. All oxide powders were purchased by
Sigma Aldrich with a >98% purity and were used without further purification (see Table 1).
The appropriate amount of powders was mixed and homogenized with acetone and then
left overnight to dry at room temperature. Afterwards, the batches were melted at 1350°C
for 20 min in alumina crucibles, and then the melts were quenched in bronze molds. The
density of the glasses was determined using Archimedes’ principle estimating the differ-
ence between the body weight and the apparent immersed weight. All these measurements
were carried out at room temperatures, and distilled water was used as reference immersion
liquid.

G10
G20
G30
G40

GE0
G70
G80

0 20 40 60 80 100
CdO (wit%)

Figure 1. Nominal composition of the studied glass series displayed on the CdO-TeO,-GeO, ternary diagram.
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Label CdO (wt%) TeO, (wt%) GeO, (Wt%) Obtained glasses
G10 10 10 80

G20 20 10 70
G30 30 10 60
G40 40 10 50
G50 50 10 40
G60 60 10 30
G70 70 10 20
G80 80 10 10

Table 1. Nominal compositions of the glass series.

2.2. Material characterization

The fabricated glasses were characterized by several techniques to study their structural, ther-
mal, and photoluminescent properties. Differential thermal analysis (DTA) was performed in
a TA Instrument SDT2960; the samples were heated in an alumina crucible at a rate of 10°C/
min from ambient temperature to 1200°C. X-ray diffraction (XRD) was carried out by a Bruker
D8 ADVANCE diffractometer. Raman spectroscopy was performed using a 632 nm laser
in a Horiba Jobin-Yvon LABRAM HR800 spectrometer. Fourier transform infrared (FTIR)
was measured in a Perkin-Elmer model spectrum two spectrometer in the range of 4000 to
500 cm™. X-ray photoelectron spectroscopy (XPS) of selected samples was also performed
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in a Perkin Elmer PHI 5100 spectrometer with a dual Al/Mg anode, Al ka X-ray of 1436 eV
excitation radiation was used for the samples characterization, and charge displacement of
the samples was corrected using C 1 s peak position at 284.8 eV. Sample G70, which showed
a great devitrification, was characterized by transmission electron microscopy to observe the
size of the crystalline phase formed in the glass matrix. Photoluminescence of the glasses was
monitored in a Horiba Jobin-Yvon FluoroLog-3 spectrofluorometer using different excitation
wavelengths in the UV region.

3. Results and discussion

The obtained glasses were of yellowish transparent color (Table 1) and for concentrations of
CdO of 60 and 70 wt% presented devitrification, at 80 wt% CdO, an orange transparent glass
was obtained, and it can be considered an inverted glass. Formation of glass at greater pro-
portions of the modifier oxide was not expected according to Zachariasen’s rules. Instead, the
formation of a crystalline phase rich in Cd was the most plausible outcome. However, it was
possible to obtain a partially devitrified glass, a transparent glass, and a crystalline sample. It
can be seen that at 60 wt% CdO, devitrification at the top of the sample is visible, and a white
crystalline phase was formed.

3.1. Density and thermal properties

Density, glass transition (T ), crystallization (T ), and melting (T, ) temperature values for each
glass are shown in Table 2. In general, density increases with CdO content, except for samples
C20 and C30 where an anomaly is observed (Figure 2a). At 30 wt% CdQO, the glass density
reaches a minimum value and then increases steadily up to 80 wt%. This behavior is consis-
tent with the “germanate anomaly” in alkali germanate glasses where at a certain concentra-
tion of alkali oxides, the increment in nonbonding oxides (NBO) affects the glass density
[9, 10]. At higher concentrations of CdO, an increase in density occurs probably because of the
large Cd ion; such behavior has been previously reported in glasses, crystals, and solutions

Glass E (eV) CdO (wt%)
C10 3.90 10
C20 3.93 20
C30 3.88 30
C40 3.84 40
C50 3.77 50
C60 3.74 60
C70 3.61 70
C80 3.01 80

Table 2. Optical energy band gap, E,, of the glasses.
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Figure 2. (a) The density of the glasses as a function of CdO concentration and (b) DTA curves of the analyzed glasses.

[11, 12]. DTA curves of the fabricated glasses are presented in Figure 2b; the exothermal peaks
are associated to T,orT, and there is one endothermic peak for glass C80, which corresponds
to a melting point. The samples below 50 wt% GeO, have the highest values of T  and T and
decrease for the glasses with a higher concentration of CdO; sample C80 is the only one, in the
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CdO nominal concentration (% wt.)

1200

Temperature (°C)

range of analysis, that presents a melting temperature at 1125°C.
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3.2. Structural characterization
3.2.1. XRD

Diffraction patterns of all samples are shown in Figure 3, and they are separated into three
parts. Samples that showed a broad band without diffraction peaks indicating their amorphous
nature are exhibited in Figure 3a, which were the glasses richest in GeO, up to 50 wt%, and C80
sample presented with the highest concentration of CdO. Thus, we obtained an inverted glass
where CdO changes its role from modifier to glass network former together with GeO, and
TeO,; only a few systems have shown this behavior [7, 13]. Sample G30 (Figure 3b) presented
a diffraction peak at 20 = 23.3° related to the orthorhombic phase Al.Ge,O,,. On the other
hand, C60 (Figure 3b) presented several defined diffraction peaks overlapped with the glassy
matrix broad band, and it corresponds with a cadmium aluminum germanate (Cd,Al,Ge,O,,),
which has a garnet crystalline structure. Aluminum incorporation into the glass has its origin
from the high-alumina crucible corrosion during the melting process at 1350°C. Furthermore,

10 20 30 40 50 60 T &0r

LI B i L B B LB B B

c) 420) cao

+Cd,ALGe,0,
(FDF#04-006-8135)

Intensity (arb. units)

Intensity (arb. units)

Intensity (arb. units)

26(°)

Figure 3. Diffraction patterns of (a) samples that show the characteristic broad diffraction band of amorphous materials,
(b) C30 and C60 glasses with phase crystallization, and (c) sample C70 evidencing a complete devitrification and
formation of Cd,Al,Ge,O,,.
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sample C70 evidenced well-defined sharp diffraction peaks assigned to the Cd,Al,Ge,O,, gar-
net. It is interesting that both crystalline phases found in the glasses have aluminum in their
chemical composition, and phases with only the glasses original constituents (like CdTeO, or
CdGeO,) were not detected.

3.3. Raman spectra

Evolution of the glass structure was explored using Raman spectroscopy, and the spectra are
presented in Figure 4. Samples C60 and C70 were fabricated a second time to confirm if it was
possible to obtain glasses with those compositions, and two yellowish transparent glasses
were obtained. The bands related to Ge—O—Ge bonds, GeO, and GeO, structural units, and
Te—O—Te bonds appear in the 400-600 cm™ region [10, 14]. As the concentration of GeO,
reduces, this broad band changes its intensity until it vanishes for samples C70 and C80. The
band within the range of 600 to 900 cm™ exhibits changes in intensity as GeO, decreases in
content. In the same region, bands for both Ge—O—Ge and Te—O—Te bonds can be found.
The maximum shift toward lower wavenumber values from 740 to 760 cm™ is associated with
Te—O" bonds in TeO, , ,/TeO, groups for the C70 and C80 samples [14-16]. As for glasses C10
to C60, a shift toward 792 em™ occurs, and in this region, absorption bands related to NBOS
from GeO, groups are found. Thus, GeO, groups can be distinguished in two types, Q* (1
NBO) and Q* (2 NBOs) units, and the absorption bands related to them appear at ~790 and
~870 cm™, respectively [10]. Henderson [9] studied the evolution of Q® and QQ* units as a func-
tion of the increment in the concentration of alkali oxides; results show that the absorption

0.8
—C10
Ge-0-Ge  1€0,,/Te0, ——C20
Cd-Te Ge0, rings C30
162 em” Q._6%0,  ___cap
064 \% 4 S-membered  3-membered ! species cso

Intensity (arb. units)

0.0 v
200 400 800 800 1000 1200

Wavenumber (cm™)

Figure 4. Raman spectra of the glasses; two main broad bands dominate the spectra features and are related to GeO, and

TeO,, ,/TeO, structural units present in the glass network.
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band of (Q° units is more intense at higher contents of the modifiers, and a less intense band of
(Q? units is also detected. Thus, Cd* ions are introducing a larger amount of NBO oxides, as
a consequence of its high coordination number, and then at concentrations of 70 and 80 wt%,
the network is “inverted” as CdO becomes the glass former.

A third small band at lower wavenumber values (162 cm™) only appears for samples C70 and
C80, and it is related to Cd—Te bonds [17, 18]. However, no crystalline formation of CdTe was
identified by XRD. Then, we can only infer that in those rich CdO samples part of Cd* ions
are still participating as modifiers and are also coordinated with Te in TeO
to the lone pair of electrons of Te atoms.

/TeO, groups due

3+1'

3.4. Infrared spectra

FTIR spectra of the glasses under study (Figure 5) show a very broad band in the range of
600-900 cm™ in which Ge—O—Ge and Te—O—Te bond vibrations are found. As it was observed
from Raman spectra, CdO induces a change in coordination of germanium ions from four to
six, and absorption bands of GeO, and GeO, units appear around ~880 and ~715 cm™, respec-
tively [1, 10, 19, 20]. CdO induces a change in coordination number of Ge from four to six,
GeO, groups disappear at higher concentrations of the modifier (C70, C80), and only a small
and smooth band of GeO, remains [1, 21]. Te—O—Te bonds in TeO, network absorption band
appears around 780 cm™, and NBOs in Te—O" or Te=0O from TeO, , ,/TeO, units are located
at 820 cm™ [21]. For glasses C70 and C80, a very small band at 763 cm™ is still visible, and it

100
£ g0
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&
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E C20
qu C30
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C50
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Wavenumber (cm™)
Figure 5. FTIR spectra of all CdO-TeO,-GeO, glasses showing two broad bands at 700-900 and 500-650 cm™. The

former is composed of the bands related to GeO,, GeO,, and Te—O—Te bonds in TeO, and TeO,, /TeO, groups; the latter
corresponds to Ge—O—Ge of Ge ions in six-fold and four-fold coordination.
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corresponds to TeO, groups, this band does not appear for lower CdO concentrations [1]. It
is difficult to determine the band’s positions ought to the overlapping of both Te—O—Te and
Ge—0O—Ge bonds absorption bands. Thus, a position shift probably occurs as the concentra-
tion of GeO, and CdO changes. At this respect, absorption bands of Cd-O bonds in CdO are
reported to appear at 620 cm™ which is visible only for samples C79 and C80 [22]. In the low
wavenumber region, around 500-600 cm™, there is an absorption band of symmetric stretch-
ing vibrations of Ge—O—Ge at 566 cm™ [23]. From this analysis, we can confirm that Cd—O
bonds constitute the glass structure of the inverted glasses and there are some remaining
GeO, and TeO, groups.

3.5. XPS

At this point, we have established that CdO has a very important role in the structural change
of the glass network. High-resolution XPS analysis was performed on C10, the lowest in CdO
concentration, and C60, C70, and C80, Cd 3d, Te 3d, Ge 3d, and Al 2p photoelectron lines
spectra are presented in Figure 6. In the case of Cd 3d spin-orbit doublet (Figure 6a), peak
positions are presented in 405.3, 405.4, 405.1, 405.15 and 412.1, 412.05, 411.9, 412 eV, respec-
tively, for sample C10, C60, C70, and C80. Those values can be referred to Cd* ions as it was
reported by Moholkar [24], confirming that the above 60 wt% of CdO changes its role to that
of a glass former. Figure 6b presents Te 3d,, and Te 3d,, doublet in which each photoelec-
tron lines are composed of two well-defined peaks, evidencing that Te ions are chemically
bonded in two distinct species. It is noticeable that the peak positions do not shift in binding
energy for all analyzed compositions, and they are at 572.5, 575.8 and 583, 586.3 eV for Cd
3d,, and 3d,, respectively. Previous XPS analysis on tellurite glasses showed that Te 3d,,
position is in the range of 575.6-576.9 eV and is associated to Te* [25-27]; the peak inten-
sity varies with CdO concentration. It is the least intense at 60 wt% and then increases for
samples richest in CdO. The peaks at 572.5 and 583 eV (Cd 3d,, and 3d, ,) are related to CdTe
[27], and for glasses, C70 and C80, a band related to CdTe was found in Raman analysis.
A shift toward lower energy values of the core level peak indicates that Cd*" undergoes an
increment in its charge distribution sphere, and this is a very polarizable cation. It is worth
to notice that the peaks related to CdTe are more intense for the sample C10 (only 10 wt%
of CdO) than those for rich CdO glasses. Thus, Cd* ions do not participate as a traditional
modifier oxide, only interacting with oxygen in Ge—O~ and Te—O~ terminal bonds. It could
be possible that cadmium ions are attracted to the lone pair of electrons of Te in TeO, , , and
TeO, groups, forming O—Te—Cd complexes in which Cd ions are interrupting the network
connectivity. Further analysis is needed to perform to understand how Cd* ions are inter-
acting and changing the glass network and affecting the optical properties of the glasses in

this system.

Ge 3d core-level peak spectra of the analyzed glasses are displayed in Figure 6¢c. A shift toward
lower binding energy values (from 32.15 to 30.9 eV) as CdO concentration increases can be
distinguished, and it is associated with Ge coordination change from four to six [28]. Al 2p
photoelectron line is shown in Figure 6d for C60, C70, and C80 glasses only, and no aluminum
incorporation was detected for sample C10. Aluminum was not detected in Raman or FTIR
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spectroscopies; Al 2p peak position is 73.9 eV for C60 and C70 samples and corresponds to
Al—Obonds in Al O, [29]. For C80 glass, the peak shifts toward 72.6 eV, which is related to AI",
and this indicates that aluminum is probably not participating in glass network formation.
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Figure 6. High-resolution XPS spectra of samples C10, C60, C70, and C80 of Ge 3d and Al 2p peaks; and Cd 3d and Te
3d spin-orbit doublets.
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3.6. UV-Vis

Optical absorption of the glasses is shown in Figure 7 and energy band gap by Tauc’s method
by plotting (hva)" vs. (hv - E) was estimated; hv is the photon energy, a is the absorption
coefficient, and n = 1/2 is the amorphous materials. The determined values for E_ are listed
in Table 3. As it is seen, CdO has a significant effect on the energy band gap of the glasses
that decreases as the content of the modifier oxide increases, from 3.90 to 3.01 eV for 10 and
80 wt% of CdO, respectively. This behavior can be related to CdO semiconductor properties
that modify the dielectric constant of the host material; previous investigations show that Cd
ions can exhibit such significant decrease in Eg values [30, 31].

3.7. Photoluminescence

Glass photoluminescence (PL) was monitored using a 370 nm UV excitation light; this wave-
length was selected according to the emission of commercial chips used as UV pumps in
LEDs, which is in the range of 360-375 nm. PL emission spectra of the glasses show a broad
band emission covering the visible spectral range (400-700 m) and are presented in Figure 8.
The effect of CdO concentration on the glass structure and, therefore, in the light emission
of the glasses is evident; the spectral features show variations through all concentrations.
Luminescence in glasses has its origin in “defects” from a chemical standpoint because a glass
structure lacks periodicity and symmetry operations. Emission spectra of CdO-TeO,-GeO,
glasses are very complex as a consequence of the several components and related defects that
constitute their glass structure.

1.0 4 ’ 12
/ ‘0
F:1
. 0B &
2]
= | 4
=§ 024
L 084 f !
m Mzu a0 32 34 36 38 40
-, i Y 4 3 } )
5 1 Energy (eV)
= E_{aV)
0.4 -
E ——C10 390
E c20 393
1 €30 3.88
< ——C40 384
0.2~ C50 arr
CE0 374
| —CT0 361
CBO 380
20
300 350 400 450 500 550 600 650 700

Wavelength (nm)

Figure 7. UV-Vis absorption spectra of the glasses; the inset shows (hva)" vs. (hv — E ) of some samples and their
corresponding tangent line to the point of inflection of the curve to the hv at the point of intersection.
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Glass E, (V) CdO (% wt.)
C10 3.90 10
C20 3.93 20
C30 3.88 30
C40 3.84 40
C50 3.77 50
C60 3.74 60
C70 3.61 70
C80 3.01 80

Table 3. Estimated energy band gap, E,, of the CdO-TeO,-GeO, glasses.

In general, all sample spectra show a band maximum that gradually shifts from 555 to 585 nm
as CdO content increases. At lower wavelengths, C10 and C40 show a distinct shoulder
around 449 nm, and for sample C20, shifts to 455 nm and its intensity decrease. C50 and C60
do not show a shoulder, only a broad band at 571 and 576, respectively, indicating that the
glass structure did change and the defect causing that feature disappeared. Sample C70 has
a band shoulder at 476 nm, as it was mentioned above, and at this composition, the structure
starts to invert from a GeO, to a CdO network. Sample C30 shows a small emission band at
415 nm, and C80 presents a structured band with two maxima at 422 and 434 nm, and it is
more intense than the main broad band in other glasses.

Normalized intensity (arb. units)

f 4= 370 nm

400 450 500 550 600 650 700
Wavelength (nm)

Figure 8. PL emission spectra of the glasses monitored using an excitation wavelength of 370 nm.
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It has been thoroughly studied that in GeO, glasses, the Ge** emission center (defect) pres-
ents two emission bands at 300 and 395 nm under UV light (254 and 330 nm), which is from
the S, —» T and T, — T, transitions [32]. However, those bands related to GeO, glass do not
appear in the range of analysis, and it seems that, for samples C30 and C80, emission spectra
extend beyond the monitored range toward UV region. Tikhomirov et al. [33] reported that
the intrinsic luminescence of Na,0-ZnO-TeO, glasses is associated to bi-coordinated Te and
Te—Te bond defects, showing a broad emission with a maximum at 670 nm using a 478 nm
excitation light. Thus, defects associated to TeO, in the glasses under study are also to be con-
sidered. Another aspect of the emission in these glasses can be related to the change in CdO
role from a modifier to a glass former. In the literature, cadmium oxide in its crystalline form
presents oxygen vacancies and interstitial Cd*, and these defects increase when the oxide is
doped with other metallic ions [24]. On the other hand, Cd ions modify the field strength of
Te and Ge due to its polarizability effect and the Cd d'° configuration [24]. Therefore, further
photoluminescence emission and excitation characterization together with decay times are
needed to understand the origin of CdO-TeO,-GeO, glass emission.

To explore possible applications of the fabricated glasses, chromatic coordinates (Table 4)
were calculated and are depicted in the CIE 1931 chromaticity diagram in Figure 9. Global
emission of the glasses covers a wide range of colors from sample C10 to C70 that are in the
yellow and orange region and C80 that has a white light emission with chromatic coordinates
of x=0.3299 and y = 0.3158, closer to the ideal x = 0.33 and y = 0.33. According to these results,
CdO-TeO,-GeO, glasses could be doped with rare earth ions and be potentially used as phos-
phors for solid state lighting devices.

3.8. Cd,Al,Ge,O,, garnet characterization

It is worth to mention that garnets are complex crystal structures with an A,B,(XO,), for-
mula, where A is a divalent cation with dodecahedral coordination, B is a trivalent cation of
octahedral coordination, and X is a tetravalent cation (Si*, Ge*) in tetrahedral coordination.

Sample X y

C10 0.3444 0.3961
C20 0.3678 0.4235
C30 0.3755 0.4221
C40 0.3373 0.3851
C50 0.4440 0.4979
C60 0.4993 0.4953
C70 0.3414 0.4089
C80 0.3299 0.3158

Table 4. Estimated chromatic coordinates of the glasses as a function of CdO content.
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Figure 9. Chromatic coordinates of the glass emission on the CIE 1931 chromaticity diagram where the emission color of
the glasses varies along the white, yellow, and yellowish-orange region.

Silicate garnets are found in nature and have a variety of colors depending on the diva-
lent and trivalent cations that constitute the crystal. There are also nonsilicate garnets like
the yttrium aluminum garnet (YAG), Y,ALO,,, and Ce* doped YAG has a red emission
under blue light excitation and is used for lasers [34]. Thus, garnet crystals have potential
to be used as phosphors because of their photoluminescence properties as it was previously
reported for Ce* and Mn* doped silicate and germanate glasses [25]. In a previous Section
3.2.1 in Figure 3, the diffraction pattern of C70 glass exhibited the crystalline nature of the
sample, and we confirmed the formation of a Cd,Al,Ge,O,, garnet. In this section, trans-
mission electron microscopy (TEM) and PL characterization of this crystalline sample are
presented.

3.9.TEM

TEM micrographs at different magnifications where phase separation with a droplet distribu-
tion in the glass matrix are displayed in Figure 10a and b. Those droplets are nanocrystals,
and at higher magnification, a periodic arrangement is visible in Figure 10c. The measured
interplanar distance is 2.75 A that corresponds to the (420) plane in Cd,AlL,Ge,O,,. As a com-
parison, the Laue diffraction pattern of the nanocrystals overlapped with XRD diffraction
pattern is presented in Figure 10d, showing the matching of the most intense diffraction
peaks related to (420), (422), and (444) Miller indexes of the Cd,Al,Ge,O,, garnet. Thus, sam-
ple C70 is a nanostructured material composed by the garnet nanocrystals embedded in a
glassy matrix.
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10 1/nm

Figure 10. (a and b) Micrographs of sample C80 showing phase separation with a droplet distribution of the nanocrystals,
(c) HR-TEM micrograph of the nanocrystals and measuring of the interplanar distance, (d) Laue diffraction pattern
comparison with XRD diffraction pattern of sample C70.

3.10. Photoluminescence

Lui et al. [35] have previously reported the synthesis of Cd A ,Ge,O,, doped with Dy’ ions
and its afterglow properties. In their work, emission of the doped garnet under a 254 nm
excitation light shows a broad band overlapped with the *F,, — °H,,, and *F,, - °H .,
sion transitions of Dy*" at 485 and 580 nm, respectively. Then, as comparison, our sample was
excited with the same wavelength, the same wavelength to excite our crystallized sample
was used, and the resulting spectrum is displayed in Figure 11a. The spectrum consists of a
very broad band in the visible spectral range (400-750 nm) with a maximum at 526 nm. In the
previous report, the emission band maximum of the Dy doped garnet is located at ~430 nm.
The authors proposed two possible origins of the intrinsic garnet emission: the formation of
Cd* vacancies during processing and the presence of (GeO,)* tetrahedral groups [35, 36].
However, (GeO,)* group emission is around 310 nm as it was reported for the Ca4ZrGe,O,,
garnet [37]. Moreover, the GeO, emission is in the UV range and it was discussed previously.
It is reported that germanate compounds like SrGeO,:Eu*, NaLa,(GeO,),O,, and rare earth
doped garnets like {Ca(Tb)},Ga,Ge,O,, and Sr,[Y(Tb)],Ge,O,, are of interest to be employed
as red-light phosphors for near-ultraviolet-white light emitting diodes and field-emission
displays (NUV-WLEDs and FEDs) [38-40]. Chromaticity coordinates of the intrinsic lumi-
nescence of cadmium aluminum germanate were estimated (x = 0.3267, y = 0.4795) and are
presented in the CIE 1931 color space in Figure 11b, as it can be seen that the emission color

is in the yellowish-green region.

emis-
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Figure 11. (a) Emission spectra of the C70 crystallized sample monitored using a 254 nm laser. (b) Chromatic coordinates
of C70 light emission on the CIELAB 1931 color space, which are in the yellowish-green region.

4. Summary

A series of yellowish transparent glasses of the CdO-TeO,-GeO, system were obtained even at
high CdO content. Thus, CdO changes its role from modifier to network former. Incorporation
of aluminum through crucible corrosion leads to the formation of the Cd,A ,Ge,O,, garnet at 60
and 70 wt% of CdO. The glasses were structurally characterized by XRD, Raman, and XPS spec-
troscopies demonstrating that their structure is complex and undergoes several changes as the
CdO content increases, and this behavior affects the energy band gap values. Luminescence
of the glasses demonstrates several structural changes that the samples undergo with con-
centration variation, showing a very broad structured emission band in the range of visible
light monitored with a 370 nm excitation wavelength. The defects that cause the emission of
the glasses are yet to be understood and studied. Chromatic coordinates show that emission
color of the glasses varies in the range of yellow to orange. The glass with CdO 80 wt% global
emission lies in the white light region of the CIE 1931 chromaticity diagram with x =0.3299 and
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y =0.3158 values. Thus, these series of glasses are good candidates for optoelectronic devices
or as rare earth ion hosts. The Cd Al Ge,O,, garnet is nanostructured as it was determined by
TEM analysis, and PL measurements shows a broad emission centered at 526 nm with calcu-
lated chromatic coordinates of x = 0.3267, y = 0.4795, which lies in the yellowish-green region of
the CIE 1931 chromatic diagram. Previous reports in the literature show that garnet structures
doped with rare earth ions, especially germanates, are of interest for their applications as phos-
phors in optoelectronic devices. Further research is needed to fully understand the structure
and hence the optical properties of glasses of the CdO-TeO,-GeO, system.
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Abstract

The Bi,O3-S5iO, glasses were prepared by the melt cooling method. The non-isothermal
crystallization kinetics and phase transformation kinetics of the BS glasses were analyzed
by the Kissinger and Augis-Bennett equations by means of differential scanning calorim-
etry (DSC) and X-ray diffraction (XRD). The results show that three main crystal phases,
namely Bi;55i050, BixSiOs, and BiySizO;; are generated sequentially in the heat treatment
process. The corresponding activation energy is 150.6, 474.9, and 340.3 kJ/mol. The aver-
age crystallization index is 2.5, 2.1, and 2.2. The crystal phases generated by volume
nucleation grow in a one-dimensional pattern, and the metastable Bi,SiOs can be
transformed into BisSizO,,, which is in a more stable phase.

Keywords: differential scanning calorimetry, glass-ceramics, non-isothermal, kinetics

1. Crystallization kinetics of Bi,03-SiO, binary system

1.1. The structure of bismuth glass and Bi,03-5i0O, system glass-forming characteristics
and structure

Pure Bi,O; cannot form glass, but a small amount of glass formers such as B,O;, P,Os, and
SiO, can be used to obtain a melt that condenses into a glassy state [1].

Bismuth ions, similar to lead ions, can enter the network structure of the glass (Bi atom has a
similar atomic weight, ionic radius, and electronic configuration as lead atom, both having 2S-
electrons on the outer layer). As a glass former, the influence of bismuth on the linear expan-
sion coefficient is not so great if compared to barium and strontium. The glass-forming region
of this system is relatively large [1], where the Bi;O5/B,O; ratio can reach 2/1 or more. There-
fore, when the content of Bi,O; is high enough, it may play a role as a glass former.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN
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The literature [2] studied the formation area of B,O3-T1,0O-Bi,O3, B,O3-PbO-Bi,O3, B,O3-CdO-
Bi, O3 system glass. Glass was melted in a metal crucible, melting amount 2—4 g. This kind of
glass is melted in kerosene furnace at 800-900°C for 10-30 min. The resulting glass B,O;
content is not high. This proves that the other components act as glass-forming bodies, includ-
ing Bi,Os, PbO, CdO, and TL,O. Figure 1 shows the glass structure of Bi;O3-B,O3 system at
Bi,O3 60 mol%. When the concentration of Bi;Os is 75 mol%, the structure is shown in Figure 2.
It is noteworthy that a more complex structure appears when adding lead oxide to bismuth
borate glass, as shown in Figure 3. This is because the bismuth ions undergo a severe polari-
zation and deform under the action of an external electric field, thus promoting the formation
of asymmetric radicals.

Figure 4 shows the phase diagram of the Bi,O3-SiO, system [3-5]. By analyzing it, we could
found that the Bi,O5-5iO, system has the properties of forming glass at the molar ratio Bi,O3:
SiO, = 1:1. According to the report by Fei et al. [6, 7], the Bi,O3-S5iO, system glass can be
prepared by the conventional glass preparation process at a molar ratio of Bi;O5:510, = 1:1.

Similar to PbO, Bi,Oj3 in the glass structure can significantly reduce the viscosity, increase the
density, and can also act as a flux. Bi is a heavy metal element but its field strength is very
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Figure 1. Glass structure of Bi;O3-B,Oj3 system at Bi;O3 60 mol%.

Figure 2. Glass structure of Bi,O3-B,Oj3 system at Bi,O3 75 mol%.
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Figure 4. Equilibrium phase diagrams of the Bi,O3-SiO, system.

small, the bond strength of the Bi-O bond is much stronger than that of the Si-O bond.
Therefore, Bi cannot form glass alone but the Bi,O3-SiO, system glass may have a broad
glass-forming region. That is to say the amount of Bi,O3 added in this system can be large.
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When the mole fraction of Bi;O; is greater than 50%, it is necessary to partially form the glass
after water quenching.

Figure 5 shows the XRD patterns of Bi,O3-5i0, base glasses with a molar ratio of 1:1. The
preparation process was as follows: Bi,O3 and SiO, with a molar ratio of 1:1 were ground for
3 h with absolute ethanol as grinding medium and dried for 1 h. Then, the batch was poured
into 200 ml corundum crucible, placed in the box-type electric furnace for melting at 1100°C.
Since Bi,Oj is volatile, the corundum crucible was capped.

After casting, annealing was carried out at 400°C for 1 h. The annealed glass samples were
reddish brown. A part of the samples were ground down to 200 mesh powder.

XRD analysis was carried out. The test conditions were CoK,, radiation, tube voltage 40 kV and
current 4 mA, step 0.02°, scanning speed 6°/min, scanning range 10-80°. Figure 5 shows the
typical steamed bun peak. Due to the strong glass forming ability of SiO,, the Bi,O3-SiO,
system glass is easy to be obtained when the molar ratio of Bi,O5/SiO is less than 1.

1.2. Separation of Bi,O5-SiO, binary system glass

Phase separation, that is, liquid-liquid immiscibility, is a common phenomenon in glass-
forming systems [1, 2, 8, 9].

It has been proven that the size of the cationic potential of the network has a decisive effect on
phase separation of the oxide glass: when the cation potential Z/r > 1.4 (ion potential refers to
the ionic charge number Z and ionic radius r ratio), the system produces liquid-liquid immis-
cible region above the liquidus temperature. When the value of Z/r is between 1.0 and 1.4, the
liquidus is S-type, and there is a metastable immiscible region below the liquidus; when the
value of Z/r < 1.0, the phase separation will not happen [2, 8, 9].

intensity

Figure 5. XRD patterns of the Bi,05-SiO, system glass.
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The cation potential of Bi is Z/r = 3/1.03 > 1.4, which makes it clear that the liquid-liquid
immiscible region is generated in the Bi;Os-5iO; system above the liquidus temperature. Bi is
in the seventh main group, and it can expand the phase separation area. Therefore, it is argued
that phase separation occurs during the melting of the Bi;O3-S5i0, system glass, resulting in a
silicon-rich phase and a bismuth-rich phase. The phase separation in the glass leads to the
appearance of new phases, providing favorable nucleation sites and phase separation results
in a larger atomic mobility of one of the two liquid phases, which facilitates uniform nucle-
ation. It can be seen that the separation in the Bi,O3-S5i0O, system favors the precipitation of
crystals in the system.

1.3. Non-isothermal crystallization of Bi,O3-SiO, (Bi,03:Si0; = 1:1) system glass

Figure 6 shows the DSC curves of Bi,O3-5iO, system glass at different heating rates. There are
three distinct crystallization exothermic peaks. At the same time, the temperature of the
crystallization peak tends to be stable at heating rate of 10°C/min. In this chapter, a 10 K/min
heating rate curve was chosen to determine the heat treatment system of Bi;O3-5i0, system
glass.

From the curves with the heating rate of 10°C/min in Figure 6, the three obvious crystallization
exothermic peaks were at 564, 659, and 793°C. The heat treatment of the Bi,O5-SiO, system
glass is shown in Table 1. Among them, p0 is the basic glass control group, and p1, p2, and p3
correspond to three crystallization peaks from low to high, respectively. Based on the basic
glass processing conditions, better crystals can be formed and the type of precipitated crystals
can be determined by XRD phase analysis.

The XRD analysis was performed on the samples maintained at different temperatures
according to the above heat treatment system. The results are shown in Figure 7. Through the

\_
20°C/min are em:
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Figure 6. DSC curves of different heating rates of the Bi,O5-SiO, system (Bi,O5:SiO, = 1:1).
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Heat treatment system Sample no

Po pl P2 p3
Nucleation temperature/°C — 530 630 659
Nucleation time/h 0 1 1 1
Crystal growth temperature/°C — 564 659 793
Crystal growth time/h 0 3 3 3

Table 1. Heat treatment of the Bi,05-SiO, system.
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Figure 7. XRD patterns of the samples for different holding time.

comparison with the standard PDF card, it can be seen that the main crystal phase of the pl
sample corresponding to the first crystallization peak on the DSC curve is Bi;55iO5, and the
minor phase is SiO,; the main crystal phase of the p2 sample corresponding to the second
crystallization peak is Bi,SiOs, the secondary crystal phase is Bi;35i050; the main crystal phase
of the p3 sample corresponding to the third crystallization peak is Bi4SizO1,. The results show
that the base glass is amorphous, and a diffuse diffraction peak appears in the spectrum. The
peak position corresponds to the characteristic peaks of the other three main crystal phases,
indicating that there is a short-range ordered structure in the glass, which is considered to be
the basis for the separation of the glass [2, 8].

Zhereb et al. divided the liquid state range of the equilibrium diagram of the Bi,O5-SiO,
system into three temperature zones: low-temperature region A, medium-temperature zone
B, and high-temperature zone C [3, 5, 10, 11]. Zhereb et al. [5, 12-14] argue that the main
crystal phase precipitated in the low-temperature zone A is Bi;»5iO,, the main crystal phase
precipitated in the medium-temperature zone B is Bi,SiOs, and the main crystal phase precip-
itated in the low temperature zone C is BisSizO1,. The abovementioned experimental results
are consistent with the conclusions given by Zhereb et al.
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1.4. Estimation of thermodynamic properties of Bi,O3-5iO, melt

At present, no report has been found which focuses on the thermodynamic properties of Bi,SiOs
and Bi;5SiOy. Therefore, it is necessary to estimate the required unknown data for the analysis.

L ¢

The heat capacity of the solid compound can be approximated as the weighted sum of the solid
atomic heat capacity.

C = Znic,' (1)

where n; is the number of i atoms in the compound molecule; and ¢; is the atomic heat
capacity of the i atom. The atomic heat capacities of Bi, Si and O are shown in Table 2.

According to Eq. (1) and Table 2, we can calculate that:
¢p( BizSiOs) = 2 x ¢, (Bi) + ¢,(Si) + 5 x ¢,(O)
=(2x36+64+5x4.0)calg ' K
=336calg ' K'=140.64] g ' K
Cp( BiuSiOzo) =12 x Cp (Bl) +o (Sl) + 20 x Cp (O)

=(12x3.6+64+20x4.0) calg ' K

=129.6calg ' K =5425]g ' K
From the abovementioned calculation, we know that the ¢, of solid Bi,SiOs is 33.6 cal g_1 K!
(140.64T g 'Ky,

Generally, the specific heat of the liquid material is 0.4-0.5 cal g K™!, and the material with
high specific heat can be taken as large. For example, the specific heat of water can be
approximately 1 cal g~ ' K. Therefore, the liquid Bi,SiOs and Bi;,SiO, c are taken as 1 cal g K,
thatis, 4.186J g ' K.

2. AHpy

Beijing Institute of Nonferrous Metals Research and Beijing University of Science and Technol-
ogy Department of Physics and Chemistry jointly proposed to use binary phase diagram
calculation system to get the thermodynamic properties [15, 16]. Biostatic equilibrium phase
diagram of Bi,O3-5i0, system can be seen in Figure 4. It can be seen that the metastable phase

Atom Bi Si (0]

G 3.6 6.4 4.0

Table 2. Atomic heat capacity (cal-g~! - K™).
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diagram is more complex, including a peritectic reaction and a eutectic reaction. The reaction
of precipitating crystals from the liquidus is:

A (L) +B(L) = C(S) @)

The coefficients of A and B are denoted as p and q. At the beginning of the reaction, the liquid
phase composition can be expressed as (s + (g, at this time (¢ = 0. At the end of the reaction,

Ca =Ca-Ple, Gg =0, Ce = Lo xa = CalCa + Cp), X3 = Cp /(Ca + Tp); Xy = (Ca-P CoV[Ca-(p-1) Ccl-
Then, we can get, x. = Cp /[q Ca-(p-1) Cgl, So xe/xg = 1/[q-(p + g-1) xa].

Then, through further calculations, the following equation can be obtained:

dx. _(p+gq)° dx

ar g dT
R g 3)
p/(p+q)” axg

where R is the gas constant.

The following equation can be obtained by calculated from Eq. (3):

(~1.5)

AHy5(BipSiOs) = 526

(~8.314 x 845%) x =69.716 k] g

ANIIES,

L (£1402)

= 26. -1
PTEr 6.995k] g

6
AHjs(Bi12Si020) = 75 (—8.314 x 900%)

So, AHps (BipSiOs) = 69.716 k] gl AHpys (BipSiOy0) = 26.995 k] gl

1.5. Crystallization thermodynamics of Bi,SiOs and Bi;,5iO5 in Bi,05-5i0, system

The thermodynamic theory shows that under isothermal pressure:
AG=AH - TAS 4)
when AG =0, AH-TAS =0,

AS = AH/T, ®)

where Ty is the equilibrium temperature of the phase change.
If there is a phase change under unbalanced condition of any temperature T,
AH —TAS #0 (6)

If AH and AS do not change with temperature, the following equation can be obtained by
taking Eq. (5) into Eq. (6):
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AH To—T AT
AG =AH - TS~ = AH = AH=~. 7
G To To To @

From Eq. (7), it can be seen that only when AG < 0 (AHAT/T < 0), the phase change will
occur spontaneously. When the phase change is a crystallization exothermic process, AH < 0
(AT > 0), To-T < 0. This indicates that the system must be subcooled during the crystallization
process.

In this chapter, the enthalpy and entropy change of the crystallization process are calculated at
the equilibrium temperature of the system. The enthalpy change and entropy change of the
crystallization process are calculated by the irreversible process [17]. Where T is the actual
phase transition temperature, T is the equilibrium temperature of the phase change

AH  AS R
(1) “(s)
AH(D| AS(I) AH(s)| AS(s)
AH(T)) _ AS(To) N
T ~ Ty(s)
According to this process,
AS = AS(l) + AS(s) + AS(Ty) 8)
AH = AH(Il) + AH(s) + AH(T)) )
AS(l) = JTO CPT(Z)dT (10)
T

AS(s) = JT C”;S Jar (11)

To
AS(To) = _AfTiI:(TO) (12)

To
AH(l) = J cp(DdT (13)

T

T
AH(s) = J cp(s)dT (14)

To
AH(To) = —ApsH(To) (15)

Ty for Bi,SiOs is obtained from the phase diagram at 845°C, 1118.15 K. Substituting the T, ¢,
AHgs of Bi,SiOs into Egs. (8)—(15) are calculated as follows:
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Toe (1 T AacH(T,
AS(BinSiOs) = AS(1) + AS(s) + AS(To) = J L()dﬂj () yp_ AslTo) g
r T 7o T To
3
AS(BiySiOs) = (140.64 — 4.186) x (InT — In1118.15) — %
AS(Bi;Si05) = 136.454InT — 1020.18 (17)

AH(Bi,SiOs) = AH(1) + AH(s) + AH(To)
= 1" co(dT + [ cy(s)dT — AgisH(To)

AH(BiSiOs) = (140.64 — 4.186) x (T — 1118.15) — 69.716 x 10°
AH(Bi,SiOs) = 136.454 T — 222292.04

The above calculated AS and AH are taken into Eq. (7), AT = 145 K, AG = —7.478 kJ < 0. This
indicates that the process of precipitating Bi;SiOs from the base glass can be carried out
spontaneously when the temperature T = T,-AT = 973.15 K.

The same method is used to calculate Bi;»SiO,y, and T for Bi;,SiO,y was obtained from the
phase diagram at 900°C, that is, 1173.15 K:

AS(BiuSiOzoBileiOZO) = AS(I) + AS(S) + AS(T()) . JTQ Cp(l) AT + JT CP(S) AT AfusH(TO)
e T o, T To
(18)
26.995 x 103
AS(Big2SiOs) = (542.50 — 4.186) x (InT — In1173.15) — ﬁ AS(Bi12SiOn)

= 538.314InT — 3804.506 AH(Bi12SiO2) = AH(1) + AH(s) + AH(To)  (19)

To T
- J cp(1)dT + J ¢y(5)dT — ApsH(To)
T To

AH(Bi1,5i00) = (538.314 — 4.186) x (T — 1173.15) — 26.995 x 10°
AH(Bi;,SiOy) = 1538.314 T — 658518.069

The above calculated AS and AH are taken into Eq. (7), AT =300 K, AG = —29.579 k] < 0. This
indicates that the process of precipitating Bi;»SiO, from the base glass can be carried out
spontaneously when the temperature T = T,-AT = 873.15 K.

It should be noted that, in the abovementioned analysis, c and AH values are all estimated. Ty
is obtained from the phase diagram, but the phase diagram of the system has not been fully
analyzed, The liquidus in the figure cannot be completely determined, so T, and the actual
value may also have some error. The calculated value in this chapter can only be used to
qualitatively determine how spontaneous the crystallization process is at a certain tempera-
ture, not for the precise calculation of crystallization temperature.
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1.6. Bi,03-5i0; (Bi,03.5i0; = 1:1) system glass non-isothermal crystallization kinetics

1.6.1. Crystallization kinetics

Crystallization activation energy E and crystal growth index n are two important parameters
to research the crystallization kinetics of glass. The process where glass gradually transforms
into the crystal state needs a certain activation energy to overcome the structural
rearrangement barrier. The higher is the potential barrier, the greater is the activation energy.
Therefore, to a certain extent, the crystallization activation energy reflects the degree of crys-
tallization ability. The crystal growth index n can reflect the nucleation and growth mechanism
during the crystallization process.

1.6.2. Crystallization activation energy

In non-isothermal transition, the exothermic peak temperature T, of the glass on the DSC
curve is affected by the heating rate 3. When the heating rate is slow, the transition time is
sufficient and the process can be carried out at lower temperature, so T, is lower, and the
instantaneous transition rate is small, and the crystallization peak is gentle; when the heating
rate is faster, the exothermic peak temperature T, is correspondingly increased, the instanta-
neous transition rate is large, and the crystallization peak is sharper [18]. In this chapter, the
DSC curves of the samples at the heating rates 5, 10, 15, and 20°C/min were measured. The
Kissinger and Ozawa methods were used to calculate the crystallization activation.

(1) Kissinger method to calculate the crystallization activation energy

The kinetics of glass crystallization by DSC method is based on the Johnson-Mehl-Avrami
(JMA) equation. Assuming that the reaction mechanism function is f(x) = (1-x)", the
corresponding equation is:

dx

= K(1—x)" (20)

where n is the reaction order, that is, the crystal growth index, x the phase transition fraction,
and K the crystallization rate constant.

The reaction rate constant K follows the Arrhenius relation [19]:

K =K, "% 1)
where K is the effective frequency factor, E the crystallization activation energy, R the gas
constant, and T the absolute temperature.

By the JMA equation, the glass non-isothermal crystallization kinetics can be expressed by the
Kissinger Equation [18-20]:

2
In [%1 = RI;, +1In [% — InKp (22)
p

where T, is the crystallization temperature of the DSC curve and (3 is the heating rate.
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The DSC curves of the Bi,O3-5i0, system glass at different heating rates are shown in Table 3.

According to the Kissinger equation, In(T, $) and 1/T}, is plotted and linearly fitted to obtain
the slope E/R. Figure 8 shows the In(T,,/{3)-1/T relationship for the Bi,O3-5iO, system glass.
From Figure 8, the activation energies of the three crystals precipitated in the Bi,O3-5iO,

system glass are: E,; =150.6 kJ/mol, Ep,=474.9 kJ/mol, and Ep3=340.3 kJ/mol.

(2) Ozawa method to calculate the crystallization activation energy

The Ozawa equation for non-isothermal crystallization of glass can be expressed as:
(23)

—E
lnﬁ:R—Tp'FC

where E is the crystallization activation energy, T, the DSC curve crystallization exothermic
peak temperature, and C is a constant related to the reaction mechanism function.

A graph of Ing versus 1/T,, is made (Figure 9), and a straight line with slope of E/R can be

obtained. Then we can calculate the crystal activation energy E.

Heating rate (°C/min) 5 10 15 20
Crystalline peak temperature (°C) 547.2 564.0 586.8 593.4
653.7 659.0 669.3 672.3
793.0 812.3 818.1

785.2

Table 3. The DSC crystallization peak temperature of Bi,O3-SiO, system at different heating rates.
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Figure 8. In(T,*/B)-1/T,, diagram of Bi,03-SiO; glass-ceramics.
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Figure 9. InS-1/T, diagram of Bi,03-5i0, glass-ceramics.

From Figure 9, the activation energies of the three crystals precipitated in the glass of Bi,Os-
SiO, system are: E,; = 76.0 k]/mol, Ep, = 254.5 k]/mol, and E3 = 186.8 k]/mol.

Although the Kissinger method and the Ozawa method generate different activation energy
values, the trend is the same. It can be seen that the crystallization ability of Bi 2510y
corresponding to the first crystallization peak (in the low temperature region A) is the stron-
gest, the crystallization ability of the second crystal-forming peak (in the middle-temperature
region B) is the weakest, and the crystallization ability of the third crystal-forming peak (in the
high-temperature region C) is between the first two peaks.

1.6.3. Crystal growth index

Under the condition that the crystallization activation energy has been determined by the Kissin-
ger method, the crystal growth index n can be obtained by the Augis-Bennett Equation [21, 22]:

25 RT,
n= ﬁ X T (24)

where AT is the temperature at which the DSC is exothermic at half maximum.

According to the theory of solid phase transition, when n = 4, the way of crystal growth is
volumetric nucleation and growth is in three-dimensional space; when n = 3, the way of crystal
growth is volumetric nucleation and growth is in two-dimensional space; when n = 2, the way
of crystal growth is volumetric nucleation and growth is in one-dimensional direction; when
n =1, the way of crystal growth is surface nucleation, crystals grow in one-dimensional

direction on the surface [21, 22].

Table 4 shows the crystal growth indices of the three crystals precipitated in the glass of Bi;Os;-
SiO, system at different heating rates. The average growth indices of the three crystals precip-
itated by the Bi,03-5i0, system were Ny = 2.5, Nz =2.1, Nz = 2.2.
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Sample No Heating rate/(K-min ) Average crystal growth index
5 10 15 20

pl 3.1 29 2.1 19 2.5

p2 3.0 22 1.6 1.5 21

p3 24 2.1 22 22 22

Table 4. Crystallization index of BS glass-ceramics under different heating rates.

The crystal growth index n can be expressed as

n=a+bc (25)

where a corresponds to the nucleation rate, and when a = 0, the nucleation rate is zero; when
a > 1, the nucleation rate increases; when a < 0, the nucleation rate decreases. b reflects the
crystallization mechanism, b = 0.5, indicating that the crystallization by the diffusion mecha-
nism control; b = 1, the crystallization by the interface control. C represents the grain growth
dimension and ¢ = 1, 2, and 3 represent one-dimensional, two-dimensional and three-
dimensional growth, respectively.

As we can see, C =1, b = 0.5, a > 1; therefore, the value of a is the smallest when the
crystallization temperature is in the middle temperature region B, and the value of n is shown
in Table 4. When the crystallization temperature is in the low-temperature zone A, the value of
a is the largest. This is consistent with the crystallization ability of the three crystal phases. In
the process of melting of Bi,O3-SiO, system glass, the phase separation occurs, which leads to
the emergence of new phase boundary, which in turn provides favorable nucleation sites for
nucleation. Therefore, the crystallization process is mainly controlled by diffusion.

The abovementioned analysis shows that the way of Bi;O3-5i0, glass system crystallization is
volumetric nucleation and growth is in one-dimensional space. The crystallization process is
mainly affected by diffusion, and the nucleation rate is the highest when the crystallization
temperature is in the low-temperature zone A and the lowest when the crystallization temper-
ature is in the medium-temperature zone B.

2. Summary

1. Bi;O;3-SiO, system glass and metastable crystal BiSiOs were prepared by high-
temperature melt cooling method. During the heat treatment, three main crystal phases
were produced in this order: Bi;,5i0,, Bi,SiOs, and BiySizOq,. There are three distinct
crystallization exotherms in the DSC curve.

2. The crystallization kinetics of Bi;,SiO,y and Bi,SiOs were calculated and analyzed. The
results show that the crystallization process can be carried out spontaneously at 873 and
973 K, respectively.
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The Kissinger equation was used to calculate the crystallization activation energy of the
base glass and the results are E,; = 150.6 k]/mol, E, = 474.9 k]/mol, and E; = 340.3 k]/mol.
The Ozawa equation was used to calculate the crystallization activation energy of the base
glass and the results are E,; = 76.0 kJ/mol, E; = 254.5 kJ/mol, and E3 = 186.8 k]/mol. The
calculation results of the two methods show that the crystal phase Bi;»5i0, in the low-
temperature zone A has the strongest crystallization ability and the crystal phase Bi,SiOs
in the medium-temperature zone B has the weakest crystallization ability. The average
crystallization index of three kinds of crystals was calculated by Augis-Bennett equation
and the results are ny,; = 2.5, Ny, = 2.1, and npz = 2.2, respectively. The crystallization
process is mainly affected by diffusion.
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Abstract

Optical glass is the base material for the fabrication of spherical lenses, aspheres, prisms,
beam splitters, optical fibers, axicons, or other optical components. The photonic indus-
try relies on such components and so on optical glass. Photonics is a key enabling tech-
nology for many market segments and applications. The requirements for optical glass
are the highest transmission and tight tolerances of not only the optical properties such
as refraction and dispersion but also the mechanical properties such as sufficient size
and low stress content. In order to achieve the above mentioned specification, a sophis-
ticated melting technology, hot forming processes, annealing procedure, and measure-
ment devices are required. This chapter discusses the most relevant information of these
processes.

Keywords: optical glass, photonic, index of refraction, abbe number, refractometer,
homogeneity

1. Introduction

Photonics is a key enabling technology for many market segments and applications. This
becomes visible by looking on current trends like [1-3]:

* Augmented and virtual reality for consumer and even more relevant for industrial
applications.

* Assisting systems in automotive as rear/side view cameras, LED/laser lighting, lidar, night
vision support, head-up displays, etc.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN



80 Advances in Glass Science and Technology

¢ Industry 4.0 with connected individual productions and substitution of humans in me-
chanical and electric production lines by robots requires exact three-dimensional imaging,
object recognition, bar code scanning, quality inspection, distance control, and absolute
optical measurements.

* Continuous development of displays with higher resolutions or trends like “internet of
things” needs lithographic production lines with accurate positioning that relies on inter-
ferometric measurement and recording devices with precisely imaging objectives.

* Enlarged usage of laser technology for cutting, engraving, or welding.
* Use of cameras for security and defense applications or in drones.

* Three-dimensional printing requires also three-dimensional imaging.

Due to these trends, the overall optics and photonics market will grow significantly above 600
billion USD until 2020 (see Figure 1). Taking their relevance on further products and services
into account, its impact is even bigger.

All these photonic products have in common that they rely on optical glass. Optical glass is
the raw material for the fabrication of spherical lenses, aspheres, prisms, beam splitters, opti-
cal fibers, axicons, or other optical components (see Figure 2).

Optical engineers use components out of various optical glasses to optimize their designs
concerning resolution, aberrations, stray light, etc. Such applications take advantage of the
essential combination of material features of optical glass like high light transmission, large
variety but also precise light deflection (index of refraction and dispersion), high uniformity
of light deflection, and sufficient environmental resistance.

Today, most of the optical glasses are melted in continuous tank technology. In order to melt
optical glass, it is essential to keep the process parameter like composition and temperatures
within tight tolerances and further control the optical features like refractive index and Abbe

Photonics ma r‘u.rtplll:e

fram components to end bled services

Warldwide photonics products market
in U5-5 bn.

.'"r.'-'ﬂh.'.._'l witlud

photonic-enabled
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phntum:.-amhltd'
praducts

photonic
pmd'uﬂs

care components
and materiaky

Figure 1. Development of the global market size of photonic products (left). The impact on the global economy is due to
products and services that rely on photonic products significantly bigger as indicated by the right diagram [4].
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Figure 2. Fabricated optical components out of raw strips and blocks of optical glass (left) [5]. Profile of a digital single-
lens reflex camera (Leica S) showing several components made of optical glass (right) [6].

number in adequate loops. Right after the casting, an annealing lehr cools down the glass to
avoid cracks due to mechanical stress caused by temperature gradient between inner and
outer parts of the glass. This process is called coarse annealing. The composition of the glass
defines the first three digits of the refractive index, but even simple optical designs require
more precise refraction values. The velocity of the annealing process has an influence on the
internal structure of the glass matrix and so on the optical properties. Therefore, an additional
fine annealing procedure defines the final optical features. This is necessary because applica-
tions like interferometric measurements are sensitive to variations in the sixth digit of the
index of refraction. While the melting of the optical glass takes in the order of magnitude of
1 day, the fine annealing procedure could take from several days (small dimensions) up to
several months (large dimensions). Cold processing steps like sawing, cutting, grinding, lap-
ping, and polishing convert the fine annealed raw glass into the required optical components
to enable the optical functionalities as described above.

This chapter provides a brief overview about the variety of optical glasses and their produc-
tion procedure including melting, coarse, and fine annealing. Further, the author introduces
the definition of the Abbe number. This value describes the dispersion and defines together
with the refractive index the optical position. The Abbe diagram depicts the optical position
of various optical glasses. This diagram explains the naming conventions of optical glasses.
Finally, the measurement techniques in an industrial environment for the main properties of
optical glasses are explained.

2. What is optical glass?

Glass has many unique properties. For each application mentioned in this book, the supply-
ing industry breeds special glass types with adapted features to serve the requirements of
their application. The most obvious feature of optical glass for a human eye is the high trans-
parency as indicated in Figure 3. Compared to window glass, the optical path in optical glass
is more than 30 times longer for achieving the same transmission, which is a huge difference.
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Figure 3. Comparison of the light transmission through window glass and optical glass [4].

In order to achieve such high grades of transmission, the requirements on the purity of the
ingredients, the haze level, the number of bubbles, and the inclusions are significantly stron-
ger than for window glass. Figure 4 shows the internal transmittance over the visible spec-
trum and the near-infrared regime.
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Figure 4. Spectral development of the internal transmittance and refractive index of an optical glass (e.g.,, SCHOTT
N-BK7®). (Data taken from [7]).
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In contrast to the transmission, the optical position of an optical glass is not obvious for
a human eye. Hereby, the refractive index at a specific wavelength and the Abbe number
describing the dispersion define the optical position.

The graphic in Figure 4 shows the decrease of the refractive index starting from the ultraviolet
over the visible spectrum to the near-infrared regime. Dispersion is the name of this spectral
refractive index development. The Abbe number v, as defined in the upper box of Figure 4 is
a measure for the dispersion. The value n, at the d-line (587.5618 nm) is typically the reference
for the refractive index. These two values 1, and v, define the optical position and exhibit the
main distinctive features of optical glass types.

This dispersion is one of the main reasons why we need optical glasses and high sophisticated
lens systems for the photonic products at all. If a single lens focuses a blue light ray (e.g., the
F-line at 486.1327 nm) and a red light ray (e.g., the C-line at 656.2725 nm), both rays experi-
ence different deflections due to the varying refractive index. Therefore, the focus position of
both colors differs. If an optical designer combines a flint and a crown glass lens in a proper
way, the designer achieves that the focus of the blue and the red ray overlaps. This doublet is
an achromatic system. Unfortunately, the focus position of other colors still varies. Therefore,
a further chromatic correction and other aberrations require a complex multi-lens design as
depicted in Figures 5 and 2 (right) [8]. Such lens system design relies on a broad portfolio of
optical glass that spread widely in their optical position.

Figure 6 shows a n - v, diagram, also called Abbe diagram. This diagram maps the differ-
ent optical glass types by using the refractive index and Abbe number as coordinates. The
left part of the diagram corresponding to high Abbe numbers contains the crown glasses
indicated with the letter “K” in the end. The right part of the diagram corresponding to low
Abbe numbers contains the flint glasses as indicated with the letter “F” in the end. Besides
the rough differentiation between crowns and flints, the map shows further areas of similar
chemical composition, e.g., the region of barium flints with the label “BAF” or the area of
lanthanum crowns with the label “LAK” [9]. According to their position in the diagram, the
glasses get their labels, e.g., F2 is located in the “F” regime. The number at the very end of
the glass-type label is without any further information and counts of the developments in the
relevant area (seldom followed by a letter indicating a new version). The prefix “N-" indicates
that no lead and arsenic are contained in the glass [8]. Then, the prefix “P-” types are special

Figure 5. Exploded view on a lens system consisting of 10 different lenses made of different optical glass types. This
depicts the complexity of such setups [5].
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Figure 6. The n, - v, diagram, also called Abbe diagram, displaying the optical position of the various glass types [11].

glasses that are environment friendly as well but additionally show a low transformation tem-
perature to enable precise molding process [10]. Finally, the suffix “HT” or “HTultra” defines
special versions of the glass type with high or even ultrahigh transmittance. All explanations
are valid for the optical glass manufacturer SCHOTT as a reference but are in general transfer-
able to other manufactures as well.

3. Production of optical glass

In earlier days, optical glass manufacturer filled pots with the ingredients of the optical glass
composition, melted the raw material, reduced the bubble content by refining processes, mixed
the liquid composition, casted the glass, and filled up the pot again [12]. The state-of-the-art
method is to melt glass in a continuous process in a tank production. Figure 7 shows a sketch of
such a tank. Compared to other glass industries mentioned in this book, the optical glass pro-
duction is rather tiny. Seldom, the overall volume inside such tank exceeds more than 5 tons.
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Figure 7. Sketch of a melting tank for optical glasses including the spatial temperature profile. The overall time
consumption from the raw material melting to the casting takes several hours (with courtesy of SCHOTT).

A glass manufacturer feeds continuously the ingredients into the melting chamber. Gas burn-
ers and electrodes heat up and finally melt the ingredients. The picture in Figure 8 shows
some still solid raw material on the liquid surface in the melting chamber.

The melted material contains some bubbles due to residual air inside the raw material and due
to chemical reactions between the ingredients. Just driven by convection, the liquefied material
flows into the neighboring refining chamber. The increased temperature in the refining chamber
leads to growing gas bubbles and so to a larger buoyancy. Additionally, the higher temperature,
the reduced viscosity of the melt supports this upthrust, and the gas bubbles vanish. Afterward,
the melted material flows into the mixing chamber. A mechanical stirrer homogenizes the melt
by rotational motion. The decreased temperature in the mixing chamber and feeder increases the

Figure 8. View inside the melting chamber with some still solid raw material on the surface of the melted material (with
courtesy of SCHOTT).
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viscosity of the melt in order to enable a proper hot forming during the casting. Typically, glass
manufacturer produces an endless strip (width ~160 mm, height ~40 mm); sometimes the glass
manufacturer uses molds to produce one block after another (length ~200 mm, width ~200 mm,
height ~200 mm). Figure 9 shows the hot forming process of a strip production. The glass is not
yet frozen and still glowing red due to black body radiation.

As glass has a rather low heat conductivity (~ 1 W/(m x K)), a fast cooling process results in a
high value of stress. The outer part is already frozen, but the inner part of a strip is still liquid.
So, the volume change during the freezing of the inner part cannot be compensated by the
already solid outer part. If this stress exceeds a certain threshold, some cracks or breakage
occurs. With increasing thickness of a strip, this risk of damage rises. Therefore, a controlled
cooling process is necessary for optical glass. An annealing lehr of several meter lengths after
the casting minimizes the risk of damage. At the hot end of the annealing lehr has a similar
temperature as the feeder and at the other end a few hundred degrees. Figure 10 shows a
view through such an annealing lehr with an endless strip of optical glass inside.

After the coarse annealing in the lehr, the glass manufacturer breaks or saws the glass strip
into manageable length depending on the final application. Actually, the annealing rate has a
significant impact on the optical position of the glass. Controlling the chemical composition
tightly is mandatory to hit the target values of the refractive index and the Abbe number. The
order of magnitude of the accuracy required is 10 to 107 in the refractive index depending
on the application. By keeping the chemical composition constant, the glass manufacturer can
control the refractive index within an accuracy of 107 to 10 The annealing velocity influences
the internal glass structure and so the optical features. The fine adjustment of the refractive
index takes place in the so-called fine annealing. Therefore, ovens heat up each piece of glass
again. At a target temperature around the glass-type specific transformation temperature, the
stress inside the glass relaxes. By cooling the glass with a constant rate, the glass manufacturer
can control the refractive index with the required precision of 10 and 10°. Figure 11 shows
the influence of the annealing rate on the optical position. The red cross in the center of the dia-
gram corresponds to the target value that is mentioned, e.g., in a catalog or a data sheet [5, 9].
The figure also contains the preferred tolerance steps for refractive index and Abbe number
from ISO 12123 that specifies raw optical glass (bluish boxes) [14].

Figure 9. Hot forming process to produce an endless strip of width 160 mm and height 40 mm. The still liquid glass is
glowing due to the black body radiation [13].
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Figure 10. View through an annealing lehr of roughly 12 m length that cools down the endless strip slowly to avoid
stress and cracks. This procedure takes several hours (with courtesy of SCHOTT).
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Figure 11. Close-up of v, — n, diagram that indicates the required precision and the impact of the annealing rate on the
optical position. Data shows SCHOTT N-BK7® based on data taken from [15].

The green square depicts a piece of glass, which was annealed with a cooling rate of 0.4 K/h.
Obviously, the optical position is not within the accepted maximum tolerance range (dark
blue box). This piece of glass could be annealed again (reversible process) with a higher
annealing rate along the annealing line inside the tolerance range [12]. So, the refractive index
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and Abbe number are fine-tuned by the annealing process. In this example, an annealing
with 2 K/h would adapt the optical position to the target value. The printed annealing line
is constant for a specific glass type but differs significantly from one glass type to another.
Unfortunately, there are boundaries to the annealing rate. Below a glass-type specific anneal-
ing rate, the piece of glass tends to crystallize, which would lead to significant haze. Above a
certain threshold, which depends on the glass type and the smallest dimension, stress bire-
fringence gets significant. In general, glass is an isotropic media so there is no preferred direc-
tion inside the glass system. Nevertheless, if the glass is annealed with a high cooling rate, the
inner and the outer parts of a glass blank experience a different temperature gradient (low
heat conductivity ~1 W/(m x K)). This leads to mechanical stress. This mechanical stress leads
to a preferred direction and so to a refractive index that depends on the polarization orienta-
tion of the transmitted light. This effect is called stress-induced birefringence or in short stress
birefringence. Besides the mechanical stress, the spatially different temperature rates also
influence the regional refractive index (see Figure 11). The homogeneity is the feature that
summarizes the result of stress birefringence and regional refractive index variation. An inter-
ferometer measures the grade of the homogeneity. Therefore, a plane wave travels through
the plane-parallel polished glass blank and overlaps afterward with an undisturbed plane
wave. The space-resolved intensity distribution depicts the two-dimensional wave front dis-
tortion in false color illustration caused by the glass blank (see, e.g., Figure 12).

The maximum difference of the wave front distortion divided by the blank thickness (peak-to-
valley value PV = 0.47 x 10°) defines the homogeneity grade. The tightest homogeneity toler-
ance in ISO 12123 is a peak-to-valley value below 107, which is roughly four times smaller
than the width of the green square in Figure 11. Especially for larger dimensions, this requires
a very sophisticated technology of tight controlling of the chemistry and the hot forming
process to avoid bubbles, inclusion, or striae. Further, experienced knowledge of the fine
annealing procedure to reduce stress birefringence and regional refractive index variation to
a minimum is necessary.

Typically, a V-block refractometer measures the optical position of the optical glass in order to
monitor an accurate production [17]. Figure 13 schematically illustrates the underlying principle.

The glass manufacturer prepares out of the produced and annealed glass a cuboidal sample
with dimensions of about 20 x 20 x 5 mm?®. This sample fits in a V-shaped glass block with a
precisely known refractive index », . An immersion oil between the V-block and the sample
decreases the surface quality requirements to the scale of 1 mm in flatness. The glass manufac-
turer measures the deflection angle o from optical axis of a light ray that propagates through
the setup as depicted in Figure 13. The refractive index of the sample n__ for the color of the
light ray (wavelength 1) results to [18]

n2 =pn2 —-n .r-sin(Q)'\/n

sample V-block ai

Vobtock ™ T+ SIN*(O) @
with the refractive index of the surrounding air »_. Although the accuracy of this method is
lower than for the minimum angle deviation method [19], the V-block refractometer is the
much faster and cheaper approach. Therefore, the V-block refractometer is the ideal tool to
monitor the quality of an optical glass production economically.
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Figure 12. False color illustration of an interferometric wave front distortion of a round LF5 glass blank [16].
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Figure 13. Sketch of the principal setup of a V-block refractometer [17].

Even though the manufacture of optical glass is volume wise, the smallest production of all
the productions that are mentioned in this book, it has a significant impact on almost all
industries. As indicated in the introduction due to a broad variety of market trends, the worth
of this key enabling product is still increasing. On the other hand, only a few companies glob-
ally still master the rather complex and highly sophisticated production of optical glass that
requires a lot of knowledge and experience [20].
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4. Conclusion

Even though optical glass is a base material with quite some history, it will remain a relevant
key enabler for the entire photonic industry. As the market for photonics is globally rising
over almost all market segments, also the demand for optical glass will increase. High sophis-
ticated optical systems require a broad variety of glass types with tight tolerance of the optical
position and high transmission. Such tough requirements need an elaborated melting, anneal-
ing, and measurement technology.

Since the late nineteenth century, optical glass manufacturer develop optical glasses. A com-
parison of the »,— v _diagrams of the various optical glass manufacturers shows rather similar
portfolios. The optical glass development is limited, e.g., by the relation of refractive index
and dispersion (Kramers-Kronig relation) [21]. Therefore, the author expects that the land-
scape of optical glasses will not change significantly in the future. However, a modified land-
scape is not necessary as the optical designers in general already have a sufficient portfolio of
optical glass types to work with.

The various new market trends and segments like augmented or virtual reality, industry 4.0,
autonomous driving, robotic and display development, laser material processing, and 3D
printing will evolve quickly with slightly adapted requirements. The outlook for the over-
all optical glass landscape is therefore that the optical glass manufacturer will marginally
improve their portfolio with segment-specific variants of their current portfolio concerning
optical positions, low density, high transmittance, high chemical resistance, and extreme ther-
mal behavior.
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Abstract

Nonsilica oxide glasses have been developed and studied for many years as promising
alternatives to the most used silica glass for the development of optical fiber lasers with
unique features and properties. Depending on the glass former of choice, these glasses can
offer very distinctive physical properties if compared to silica-based glasses. With regard
to the development of photonic fiber devices, these key properties include low phonon
energy, high rare-earth ion solubility, high optical nonlinearity and easy handling pro-
cedures. This chapter, part I of a detailed study concerning nonsilica oxide glass-based
optical fiber laser sources, reviews the main properties of three different nonsilica oxide
glass families, namely phosphate, germanate and tellurite. The manufacturing process of
an optical fiber using these glass materials is also discussed in Section 3 of this chapter.

Keywords: nonsilica oxide glass, phosphate glass, germanate glass, tellurite glass,
rare-earth-doped optical fiber, fiber laser, built-in-casting, suction casting, rod-in-tube,
rotational casting

1. Introduction

Inorganic glasses have been playing a key role in the development of optical devices and
instruments, thanks to the unique combination of different properties: they are transparent in
the visible region, mechanically stiff and resistant, chemically durable and can be easily
manufactured into different highly homogenous forms and sizes. Starting from ancient times,
transparent glasses were fabricated to make windows and goblets, then later, thanks to the
improvement in the glass manufacture brought about by Venetian masters in the Middle Age,
stable glass compositions were processed into eyeglasses, lenses and mirrors. High-quality
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optical glasses became key player materials for the fabrication of lenses for telescopes and
microscopes, thus enabling tremendous development of modern science [1]. Finally, long haul
optical fiber-based backbone networks are based on extremely pure and low loss glasses,
which then are enabling materials for the internet revolution [2, 3].

Due to their outstanding ultra-low propagation loss and intrinsic thermomechanical proper-
ties, silica-based glasses have been the material of choice for most optical fiber-related appli-
cations. As passive media, they were crucial in allowing the deployment of long haul fiber
networks and found applications even as nonlinear frequency conversion fiber laser sources,
despite the low intrinsic nonlinearity of silica. When doped with rare-earth (RE) ions, they
have been used for fiber lasers and amplifiers with outstanding performance in the near-
infrared wavelength region [4].

Despite its success, however, silica glass possesses several intrinsic limits:

1. The high phonon energy of silica glass around 1100 cm ™' [5] permits to exploit only a

restricted range of the possible emission wavelengths offered by RE ions. Silica glass fibers
have proved to be outstanding for the development of 1, 1.5 and 2 um laser sources, but
numerous applications require alternative wavelengths, in particular in the mid-infrared
(mid-IR) wavelength region.

2. The RE doping concentration level is limited in silica glass [6]: both the nature of the silica
glass network and the doping process itself limit the doping concentration achievable.
Thus, silica glass cannot be used to develop short-length devices that are required for a
single-frequency fiber laser and for the development of low-nonlinearity booster amplifier
for high peak power lasers.

3. Additionally, the short infrared transmission edge of silica glasses restricts their use for
numerous high-impact applications, such as mid-IR laser, chemical sensing and infrared
imaging [7].

The so-called soft glasses are based on alternative glass formers exhibiting different nature and
structure, which offer alternative phonon energies and transmission characteristics, high RE
ion doping levels (up to 10?! ions/cm®) and high optical nonlinearity (orders of magnitude
higher than that exhibited by silica glass). Soft glasses include oxide and nonoxide glasses.
Nonoxide glass compositions of great interest for laser emission in the mid-IR wavelength
region are mainly based on fluoride [8] and chalcogenide [9, 10] glass formers. They provide a
wide transmission window extending up to the mid-IR well above 2 um, but their low
chemical stability and poor mechanical properties have so far strongly limited their use for
devices in harsh environment. Oxide glasses, although exhibiting shorter wavelength range of
operation in the infrared, are suitable for the integration with commercial fiber—based compo-
nents and demonstrated reliability for the incorporation in operational environment.

In this chapter, we present a detailed overview of the most promising oxide-based soft glass
systems, namely phosphate, germanate and tellurite, together with the fabrication of fibers
based on these glass families. The synthesis and individual physical properties of these glasses
are presented in Section 2 to identify their prospect and range of applications. The engineering
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techniques used to manufacture optical fiber preforms out of these glasses and the fiber
drawing are then discussed in Section 3.

2. Nonsilica oxide glasses

Engineering a glass for a specific photonic application requires the knowledge of some key
parameters that enable its use. In reviewing the main oxide glass system alternative to silica-
based compositions, we will focus on the following properties: solubility of RE ions, chemical
durability, thermal stability, mechanical reliability, ease of fabrication, fiber drawing ability,
nonlinearity and phonon energy. This last property is less familiar outside the community of
glass scientists working on active materials for lasers. In studying a suitable material for
coherent sources in the mid-IR, a particular effort is required to design hosts that minimize
their interaction with the electronic transitions of the ions leading to the emission of photons.
High phonon energy glasses cause the decay from an excited state to a lower state to occur via
nonradiative emission of heat, in the form of phonons, thus decreasing the overall efficiency of
the laser emission [4]. In this section, these properties of phosphate, germanate and tellurite
glasses are reviewed.

Table 1 lists the main physical properties of the phosphate, germanate and tellurite glasses
reviewed in this chapter and their values compared with silica-based glass [11-18].

2.1. Synthesis of nonsilica oxide glasses

The synthesis of silica glass has been subjected to continuous evolution, with the aim of
reducing the causes of extrinsic absorption due to the presence of impurities, namely transition

Glass system Silica Phosphate Germanate Tellurite
Transmission range (um) 0.2-2.5 0.24.3 0.3-4.0 0.4-5.0
Maximum phonon energy (em™) 1100 1200 975 800

Glass transition temperature (°C) 1200 400-550 400-450 300-350
Thermal conductivity (Wm ™' K™) 1.38 0.57 0.70 1.25
Expansion coefficient (10%/K) 0.55 13.40 8-11 12-17
Density (g/cm®) 2.2 2.6 3+72 5.5
Young’s modulus (GPa) 70 47 65 33.6
Refractive index @1.55 um 145 1.56 1.63 1.8-2.3
Abbe number 80 44-82 15-41 10-20
Nonlinear refractive index (m*/W) 10720 10720 10720 25 % 107"
Fiber loss (dB/Km) 0.2@1.55 um 1.5 x 10° @ 1.05 pm 12 x 10° @1.2 um 200 @ 1.2 pm
RE solubility (ions/cm?) 10" 10% 10! 10%

Table 1. Main properties of nonsilica oxide glass systems.
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metal ions and water. This led to the development of chemical vapor deposition methods:
these synthesis routes utilize chemical precursors in vapor phase as starting reagents, which
are transformed into the final oxide components by reaction with oxygen at very high temper-
atures. These techniques allowed the fabrication of optical fibers capable of providing <0.2 dB/
km ultra-low loss in the third telecom window.

Chemical precursors involved in the synthesis of multicomponent nonsilica oxide glasses have
very distinct vapor pressures, making high-purity vapor-based fabrication techniques
unsuitable for this type of glass compositions. Instead, traditional glass melting techniques
must be implemented. Chemical precursors are weighed and batched into a crucible typically
made of alumina, silica or a noble metal such as Pt or Au. The glass batch is then melted in a
high-temperature furnace for few hours under controlled atmosphere. Typical melting tem-
peratures for the glasses under consideration in this chapter are 800, 1200 and 1300°C for
tellurite, germanate and phosphate glasses, respectively. Because of the corrosive nature of
some of the chemical precursors involved, this melt casting process leads to an inevitable
degree of optical contamination, both related to the initial purity of the chemical precursors
but also to possible cross-contamination occurring through the whole preparation process.
Crucible material is of prime importance, as some degree of dissolution in the glass can occur
during the melting process [19]. Although the final glass material produced through this
process does not compete with the purity of standard silica glass preform, yet optical losses
below 100 dB/km are readily achievable under meticulous and clean melting conditions.

Moreover, the melt casting process provides the advantage that the glass can be easily shaped
using adequate casting mold geometry. This feature is largely exploited when preparing
multicomponent glass preforms, as discussed in the following paragraphs.

2.2. Phosphate glasses

Pure phosphate glasses have not been historically as popular as silicate glasses, because of
their poor chemical stability and mechanical properties [20], which, however, could be signif-
icantly improved by the addition of proper modifier and intermediate ions [21, 22]. Phosphate
glasses were mainly used for HF-resistant glasses and for other niche applications [20]. Later
on, research works on phosphate glasses were stimulated by the wide range of potential and
commercial applications of these materials, from the treatment of hard-water [23] to biomedi-
cine [24] and for the storage of radioactive wastes [25].

Optical quality phosphate glasses, initially developed by Schott and coworkers, were of inter-
est also for their UV transparency [26], but found no significant applications due to their poor
stability. However, the need of a suitable gain medium for high-peak power lasers such as the
one developed within the framework of the inertial confinement fusion (ICF) research led to a
resurge in their employment, after careful engineering of the compositions [27].

2.2.1. Structure

The basic units that constitute the phosphate glass are the P-tetrahedra, with a central phos-
phorous atom surrounded by four oxygen atoms. These are connected through bridging
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oxygen (BO) atoms to give different phosphate anions. The tetrahedra are classified using the
Q' terminology [28], where ‘i’ represents the number of tetrahedra linked to the unit (shown
schematically in Figure 1).

Depending on the oxygen to phosphorous ratio, phosphate glasses can be classified into a
series of subcategories, from ultra-phosphate (O/P < 3) to ortho-phosphate (O/P = 4).

The O/P ratio in vitreous phosphate (v-P,Os) is derived from the stoichiometry of the pure
compound and it is equal to 2.5. The basic unit of the structure of the v-P,Os is the Q°
tetrahedron, which has three covalent bonds via BO atoms with the neighbor tetrahedra and
a terminal shorter bond via nonbridging oxygen (NBO) atoms.

The structural strength and chemical durability of the optical phosphate glass can be improved
by adding appropriate components, as described in several patents and papers [29-31]. Metal
oxides added to v-P,O5 can improve the physical properties and chemical stability of the
system. In more detail, alkali metal oxides R,O (R =Li, Na, K, Rb and Cs) can be added to the
glass to increase the RE solubility [32]. Network intermediates R,O3 (R = B and/or Al) are also
added in phosphate glasses to improve their chemical durability and mechanical properties
and to decrease the solubility in water. If the amount of R,O; is too low, the glass is water
soluble, while if the amount of R,O; is too high, an increase in the glass transition temperature
(Tg) and the crystallization temperature occurs [33]. In particular, even a small addition of
R,0; can significantly improve the mechanical properties of the phosphate glass. This is due to
the particular behavior of R** ions that can have both tetrahedral and trigonal coordination
[33-35]. The presence of alkali-earth oxide MO (M = Mg, Ca, Ba, Sr and Zn) in the glass
prevents the devitrification and improves the chemical durability [35]. When the amount of
MO is too low, the glass is hygroscopic and has poor chemical durability and poor optical
quality; when the amount of MO is too high, the glass tends to devitrify [29].

In conclusion, the addition of various dopants, such as alumina, alkali and earth-alkali oxides,
was demonstrated to reinforce the phosphate glass network. Moreover, when RE ions were
added, the glasses proved to be suitable materials for lasers, showing an interesting combina-
tion of low nonlinear refractive index and high optical gain.

2.2.2. Phosphate glasses as laser material

Phosphate glasses doped with Nd** ions have proved suitable for the fabrication of large
monolithic active material sections constituting the high-peak power laser at Lawrence
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Figure 1. Types of tetrahedral sites occurring in phosphate glasses depending on their composition.
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Livermore Laboratories and in other laser ignition facility infrastructures around the world
[27]. This was possible by developing compositions with high durability, which displayed a
high-emission cross-section, low nonlinear refractive index and high energy storage and
extraction characteristics [36]. Besides, phosphate glasses, with respect to silicate glasses, can
be fabricated free of Pt inclusions, which may cause catastrophic damage to the optical active
material [37].

More recently, the development of high-peak pulsed optical amplifiers asked for materials able
to incorporate high amounts of RE ions, and phosphate glasses became an ideal candidate
since up to 10*' ions/cm> of RE can be accommodated without clustering effects [38]. This is
important for pulsed optical amplifiers, where nonlinear optical effects must be minimized:
phosphate glass allows reducing the length of the amplifier with respect to the silica counter-
part. In addition, phosphate glasses are also less susceptible than silica to photodarkening [39]
and display cross-sections.

Finally, their mechanical reliability allows the integration of phosphate fibers with commercial
silica fibers through cleaving and arc fusion splicing [40].

Phosphate glasses used for lasers in the eye-safe wavelength region usually incorporate erbium
(Er’*) as activator ion, with emission centered at around 1550 nm corresponding to the radia-
tive decay from the 4113/2 excited state to the ground state s /> (see Figure 2). Like in the case of
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Figure 2. Energy level diagrams of Yb*>" and Er’* ions. The main pumping mechanism of the sensitizer-activator scheme
is also reported.
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Nd*", also the cross-section of Er’* ions in phosphate host is high: values at peak of around
7.0 x 107! cm? are reported with respect to values of around 5.5 x 10~>' cm? for silica [4, 41].
In order to improve the overall efficiency of the lasing process, ytterbium (Yb>") ions are often
employed as sensitizer in combination with Er** ions: thanks to the superior absorption cross-
section at the pump wavelength (980 nm) of these ions, the excitation from the ground state *F;,
to the 2F5/2 excited state takes place. The energy is then transferred to the 4111/2 excited state of
erbium, which decays through the nonradiative i = 4113/2 transition followed by the radia-
tive transition 4113/2 - 52 This energy transfer reduces the threshold of the laser emission and
improves the efficiency of the device [42, 43]. The interplay between ytterbium and erbium ions
is depicted in Figure 2. Phosphate glass represents, with respect to silica, an ideal host because
its high phonon energy allows obtaining transfer efficiencies up to 95% [44].

The lifetime values of the excited state corresponding to the upper laser level provide useful
indications of the population inversion ability of the emitter. A higher lifetime value is pre-
ferred because that will allow the large population inversion needed for high gain and low
noise optical amplifiers. In the case of lasers, high lifetime values will permit lower pump
power to reach the laser threshold, with resulting higher efficiency in laser emission and lower
heat accumulation in the material. Silica, given the lower oscillator strength of the T3 — Tisp
transition, displays generally a higher lifetime value (10.80 ms) than phosphate glass (8.25 ms)
[4]. However, phosphate glasses maintain high lifetime values even for high erbium concen-
trations: values of 7.5 ms are reported for an erbium concentration of 6 x 10%° jons/cm® [45].

2.3. Germanate glasses

Pure germanium oxide was obtained in its glassy state around 90 years ago [19], showing
similar properties to silica in terms of mechanical strength and chemical stability, although the
high cost of the raw materials did not make it an attractive alternative. However, since the
Ge==0 bond displays a lower energy than Si==O, germanate glasses present a shift to lower
wavenumbers in their phonon energy with respect to silica from 1100 to 900 cm ™', thus
extending the transparency window up to 4.5 um [46]. GeO, glass was thus proposed as
optically transparent material alternative to silica for telecom applications, thanks to the
intrinsically low attenuation at the wavelength of 2 um [47]. Lead germanate glasses [48]
were developed and studied in the view of laser beam delivery above 1.5 um [49]. RE-doped
alkali germanate glasses were explored as magneto-optic materials: Faraday angle rotation
was measured, providing a linear variation of Verdet constant with the concentration of RE
ions [50].

2.3.1. Structure

The structural units of pure germanium dioxide glass are GeO, tetrahedra. Binary alkali
germanate glasses undergo a change from 4-fold Ge to 6-fold Ge (GeOs octahedra), with a
corresponding increase in density and refractive index, which reaches a maximum at around
15 mol% of M,O modifier. Higher values of modifier produce a progressive formation of 4-fold
coordinated Ge accompanied by a gradual depolymerization of the network through an increase
of nonbridging oxygens. This behavior is also known as the “germanate anomaly” [51, 52].
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Lead germanate glasses are made of a mixture of 4- and 6-fold coordinated Ge, which, with
increasing the doping level of lead, turns into a predominance of GeO, tetrahedral units.

These characteristics, together with high RE solubility, make them very interesting for the
development of laser devices operating above 1.5 pm.

2.3.2. Germanate glasses as laser material

Germanate glasses, among oxide soft glasses, are the best in terms of mechanical properties,
thanks to the great similarity of GeO, with SiO,. Lead germanate glasses show an outstanding
resistance to devitrification [53] and a wide transmission window, while offering a suitable

environment for RE ions, thanks to the low phonon energy of 920 cm ™.

For the above-mentioned reasons, the main studies of germanate glasses were focused on
those RE ions emitting at wavelengths above 1.5 um, namely Tm**, Ho>* and Er**.

Tm>" ions are of interest for the emission in the mid-IR wavelength region at around 2 um. A
maximum output power of 346 mW and a slope efficiency of 25.6% were obtained when
pumping a 1 mol% Tm-doped germanate glass by a 790 nm laser diode [54]. The glass was
characterized by good forming ability and chemical durability and exhibited a large emission
cross-section of 8.69 x 102! cm?, a high quantum efficiency of the Tm>*: °F, level of 71% and a

low nonradiative relaxation rate of the °F, — *Hg transition of 0.09 ms ™.

In view of enhancing the intensity of the 1.8 um emission of Tm”" ions, the Yb>* ion codoping is
commonly adopted due to the large absorption of Yb>" at the diode-pumping wavelength of
980 nm. Among the interesting sensitizers, Yb>" presents the advantage of displaying a simple
energy level scheme, which is beneficial for obtaining large absorption and emission cross-
sections and for avoiding any undesirable excited state absorption under intense pumping [55].
The radiative characteristics and spectroscopic properties of Yb>*/Tm**-codoped bismuth
germanate glasses with different concentrations of Yb,O5; were thoroughly investigated under
the excitation of a conventional 980 nm laser diode [56]. The efficient sensitization of Tm>" ions
with Yb®" ions was proved by the larger energy transfer coefficient (4.81 x 10~*° cm®/s) and
higher energy transfer efficiency (89%) from Yb®* to Tm®>" ions. Moreover, a noticeable peak
emission cross-section value of 7.66 x 10~ %' cm” was calculated based on the emission spectrum.

It is worthwhile noting, however, that the intense upconversion emissions at 480 and 800 nm
generated by the strong excited state absorption in the Tm?'/Yb*"-codoped glasses [57] and the
lack of flexible pump sources make the sensitization of Tm>" ions with Yb>" ions not always
advantageous. To overcome these drawbacks, transition metal (TM) Cr’* ions have been success-
fully employed as a sensitizer for their two intensive and broad absorption bands from ultraviolet
to near-infrared range, which offer a variety of selective pump wavelengths. An enhanced 1.8 um
emission band of Tm>": °F, — *Hy in an extremely extended excitation band of 380-900 nm was
obtained in fluorogermanate glasses through strong sensitization of Cr** when pumped by an
808 nm laser diode [58]. An energy transfer efficiency from Cr’* to Tm®" as high as 91.10% was
calculated based on experimental data, thus proving that these Cr’’/Tm>*-codoped fluoro-
germanate glasses are promising matrices for applications in near-infrared eye-safe fiber lasers
and amplifiers.
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Figure 3. Energy levels of Tm*>" and Ho®" ions of interest for the emission in the mid-IR wavelength region.

Besides Tm>", other promising RE ions in pursuit of the fabrication of high-power and efficient
laser sources in the wavelength region around 2 pm are the Ho®" ions. The energy levels of the
two ions are reported in Figure 3. The emission cross-section of Ho®" is about five times higher
than that of Tm>®" and, in addition, the fluorescence lifetime of Ho>" is promising in view of
developing Q-switched lasers [59]. Unlike Tm**, Ho®>" cannot be pumped directly by using the
common commercially available laser diodes operating at 808 or 980 nm for the lack of a
suitable absorption band. One intriguing approach to overcome this issue consists in the
sensitization of Ho®" ions with other RE ions exhibiting strong absorption bands near the
wavelength of existing commercial laser diodes, such as Yb®*, which displays strong absorp-
tion bands near 980 nm.

The 2 um emission properties and energy transfer processes of Ho>"-doped germanate glasses
sensitized by up to 12 mol% of Yb>* were deeply investigated with the purpose of manufactur-
ing a near-infrared eye-safe solid-state laser [60]. The emission cross-section of the Ho>":
°I, — °Ig transition near 2 um was 8.6 x 10! cm?, and the coefficient of the forward energy
transfer (Yb>": *F5, — Ho’": °I,) revealed to be 19 times larger than that of the backward
transfer (Yb>": *Fs;, < Ho’": ). Interestingly, the glass codoped with 5.0 mol% Yb,O; and
1.0 mol% Ho,O; displayed the highest gain in the 2 um region.

The mid-infrared emission properties at around 2.85 um in Ho>"/Yb**-codoped germanate
glasses characterized by a noticeably low OH ™~ absorption coefficient of 0.24 cm ™' and also by
a low phonon energy equal to 790 cm ™' were reported [61]. The glasses exhibited a large
spontaneous transition probability of 36.66 s, corresponding to the Ho>*: °I5 — °I; transition,
and a broad 2.85 um fluorescence. Moreover, a peak emission cross-section of 9.2 x 1072 ecm?
and a predicted maximum gain per unit length at 2.85 pum of 4.3 dB/cm were achieved.

Another interesting research work thoroughly investigated the 2.05 pum emission of Ho™":
°I; — °Ig and the energy transfer mechanisms of Ho®" sensitized by Tm®>* and Er** in novel
Ho,03, Tm,0O3 and Er,O; triply doped germanate glasses [62]. The maximum value of
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emission cross-section of Ho’" at around 2.05 um proved to be 8.003 x 10*' cm? and a
noticeable enhancement in the 2.05 pum emission of Ho®>": °I, — °Ig was observed when adding
the proper amount of Er,O3 and Tm,O; under excitation at 808 nm. The maximum value of the
Ho>" 2.05 pUm emission intensity was obtained at concentrations of Ho,Os, Tm;O3 and Er,O;
equal to 1, 1 and 2 mol%, respectively.

Among the different RE ions able to efficiently emit in the mid-IR wavelength region, a
prominent role is played by Er**, which is an ideal luminescent center for the 2.7 um emission
corresponding to the *I;;, — *Ij3, transition and can be directly pumped by using the
commercially available and low-cost 808 or 980 nm laser diodes.

For the above-mentioned transition, high spontaneous radiative transition probability of
30.09 s, large emission cross-section equal to (14.84 4 0.10) x 10" cm” and superior gain
performance were obtained from 1 mol% Er’* activated germanate glasses characterized by
good forming ability and thermal stability [63]. Moreover, La;O3 and Y,O3; modified 1 mol%
Er**-doped germanate glasses with good thermal stability were also synthesized, and their
peak emission cross-sections corresponding to the 4111/2 — 4113/2 transition revealed to be
(14.3 £ 0.10) x 10" cm? and (15.4 + 0.10) x 10~>' cm?, respectively [64].

2.4. Tellurite glasses

TeO, cannot form a noncrystalline solid if quenched rapidly, since the compound does not
obey the Zachariasen’s rules for glass forming [65]. More stable glasses are obtained when a
modifier ion is added, such as BaO, ZnO or Na,O, the first discovery of glass formation
dating back to Berzelius in 1834 [19]. Tellurite glasses have been studied and developed
mainly for photonic applications: they offer an interesting alternative to silica mainly because
of their high refractive index, good chemical stability and the lowest phonon energy among
oxide glasses [12]. They were initially investigated for their potential use as optical amplifiers
in the third telecom window. They represent a valid alternative to fluoride glasses as host
materials for Tm>" ions operating at the wavelength of 1.47 um, as part of the thulium-doped
fiber amplifier (TDFA). Indeed, tellurite glasses display a wider bandwidth, better depopula-
tion of °F, level and higher absorption and emission cross-sections, which increase the
efficiency of the amplification [66]. Another interesting feature of tellurite glasses, unique
among oxide glasses, is their high refractive index, which opens perspectives for the use of
these materials for supercontinuum generation in the mid-IR wavelength region [67]. Fara-
day angle rotation using both passive and RE-doped tellurite glasses has also been investi-
gated [68].

2.4.1. Structure

Tellurium oxide-based glasses are structured into a predominance of TeO,4 units in trigonal
bipyramid arrangement (4-fold coordinated Te, sp°d hybridization), which with the addition
of modifier ions change into TeOj trigonal pyramids (3-fold coordinated Te, sp hybridization).
An intermediate structure of TeOs,; polyhedron was also detected using several types of
spectroscopic techniques [69, 70].
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Figure 4. TeOy, TeO3,; and TeOj structural units typical of tellurite glasses.

In tellurite glasses, the TeO, trigonal bipyramid (tbp) structural units contain two axial oxygen
atoms (O,,) at a distance of 191 pm from the Te atom and two equatorial oxygen atoms (Ocq) at
the distance of 209 pm. The angles between O,=Te==0O,, and Oq==Te==0,, atoms are 169
and 102°, respectively. With the addition of glass modifiers, the Te=O,, bonds become weaker
and longer, which causes the structural change of some TeO, units into TeO3,; units and, in a
following step, with increasing the amount of glass modifiers, into TeO; units. The different
structural units are reported in Figure 4. Such process is caused by the electron transfer from
the glass modifier to a more electronegative (TeO4)40 (where 0 < d < 1 is a parameter
representing the ionic character of the Te==O bond) unit [71, 72].

2.4.2. Tellurite glasses as laser material

Tellurite glass has been studied for laser emission since 1978, when the first Nd-doped bulk
glass laser was demonstrated [73] by exciting it at the Ar-ion laser emission wavelength of
514.5 nm.

Among oxide glass systems, tellurite glasses are a promising glass host for near-IR and mid-IR
lasers thanks to their peculiar properties. The high RE ion solubility (up to ~10** ions/cm?)
within its amorphous matrix allows the realization of highly compact devices. Moreover,
tellurite glasses display the lowest phonon energy among all oxide glasses (in the range of
650-800 cm ' depending on the composition), which allows transmission further into the
infrared (up to ~5 um), and high refractive index (~2.0), which means high absorption and
emission cross-sections [74, 75]. Tellurite glasses are also more chemically, environmentally
and thermally stable than other nonoxide glasses, making them an attractive option for reliable
fiber device manufacturing [12].

A drawback of tellurite glasses, like most oxide glasses fabricated from solid-state precursor
materials, is the presence of hydroxyl ions (OH™), which absorb in the mid-IR wavelength
region. These ions could decrease the fluorescence intensity and ultimately lead to the deteri-
oration of the laser performance and even inhibit the laser output [75]. In the tellurite glass
system, significant results of RE ion emission in the mid-IR region have been reported from
Tm®*', Ho®" and Er®* [76-82].
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Thulium (Tm) is an ideal choice for the realization of glass lasers in the ~2 um wavelength
range, since it displays one of the broadest fluorescence bands among RE ions [83] due to the
transition Tm>": °F, — 3H that is centered at around 1.8 pm. Tm>" has also the advantage of
having an absorption band conveniently located at around 800 nm, which coincides with the
output of low-cost and high-power commercial laser diodes. This pumping scheme allows
obtaining two ions in the upper laser level for each pumping photon, thanks to a phonon-
assisted cross-relaxation process that can potentially result in a laser action with 200% quan-
tum efficiency [84, 85]. It is possible also to pump Tm>" directly into the upper laser level °F,,
which has the potential benefit of a low quantum defect, but has the disadvantage of the lack
of convenient low-cost and high-power sources operating in this wavelength range. Possible
options that have been demonstrated are an Er’*/Yb>*-codoped tellurite fiber laser [84] and
low-power semiconductor laser diodes [86].

Spectroscopic properties of Tm*>*-doped TZN (80 TeO,-10 ZnO-10 Na,O) and TZNG (75 TeO,-
10 ZnO-10 Na,O-5 GeO,) glasses were reported and studied in [76]. The measured full width at
half maximum (FWHM) of the Tm>* :°F, fluorescence band in TZN glass was 200 pm, com-
pared to 125 nm reported in ZBLAN [87] and 150 nm in silica [88], thus resulting in an
enhanced tuning range obtainable in tellurite glass host material. In this work, lasing was also
demonstrated in TZNG bulk glass pumped at 793 nm by a Ti:sapphire laser, with a maximum
output power of 124 mW and a slope efficiency of 28% with respect to the absorbed pump
power. In order to enhance the quantum yield of Tm>" 1.8 um emission, codoping with Yb>*
was proposed [89-91] due to its efficient absorption at 980 nm, which is readily available from
InGaAs laser diodes. Moreover, the simple energy level structure of the ytterbium ion offers also
an additional benefit by avoiding undesirable excited state absorption (ESA). In [89], an efficient
energy transfer between Yb>" and Tm>" was demonstrated, transfer that increases along with
Tm>" doping concentration. This study was however limited to low doping concentrations,
while in [91] an investigation of the effect of Yb>* codoping on Tm>* ion spectroscopic properties
when Yb®* ions content is higher than 2 mol% was conducted with the aim to identify a good
candidate active material for short-cavity fiber lasers. This work showed that Yb quenching
concentration is of the order of 13 mol% and far larger than Tm quenching concentration, thus
allowing to use a Yb:Tm ratio up to 3:1 even for very high Tm concentrations.

The main shortcoming of the widely used TZN tellurite glass as laser material is its low
thermal stability, which makes it less durable due to the large amount of heat generated in a
laser. To alleviate this problem, a novel Tm>"-doped tungsten tellurite glass composition was
developed, with a 50% higher T, and 36% lower coefficient of thermal expansion (CTE) [92].
The glass was used to demonstrate laser emission in fiber form under excitation through a
commercial laser diode operating at 803 nm, although quite a limited slope efficiency (20%
with respect to the absorbed pump power) was achieved.

Besides thulium, another RE capable of generating ~2 um laser emission is holmium (Ho),
thanks to the transition Ho®": °I, — °Ig. Considering the larger emission cross-section and
longer lifetime of the lasing state, Ho" is suitable for ~2 um laser, particularly for reducing
the laser threshold [93]. However, one of the major shortcomings of Ho®" is the lack of ground
state absorption transitions that overlap with convenient high-power pump sources, so
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codoping with another RE with a strong absorption band at around 800 or 980 nm, such as Yb>*
or Tm®, is commonly used [76, 79, 94].

In [79], 2.0 um emission characteristics of Ho*" ions both by direct excitation and by sensitized
excitation through energy transfer from Yb>* ions in a codoped barium-tellurite glass are
detailed. A fluorescence band of 160 nm and an emission cross-section of 1.45 x 107> cm?
were reported. These values resulted to be higher compared to those previously published for
other glass systems. The emission intensity of Ho>": °I; — °Iy was measured to be 8 times
higher under the excitation at 980 nm through the energy level *Fs, of Yb®>" ion when com-
pared to the direct excitation of Ho>". This is due to the high absorption cross-section of Yb>"
ion alongside the highly efficient (86%) sensitized energy transfer from Yb®": °Fs, to Ho>": *I.

Holmium presents also another interesting mid-IR emission at 2.9 pm from the transition Ho’*:
’s — °I. An extensive investigation of this holmium emitting level in a TZGB glass (74.5
TeO,-12.2 ZnF»-6.4 GeO,-4.2 Bi,O3) was conducted in [78]. The result indicates that the main
issues with this glass are water incorporation and the low luminescence efficiency of °I, level
(8%). The reported numerical simulations indicated that the prospect for continuous wave
(CW) operation on the °I — °I, transition in Ho>'-doped tellurite glasses is low.

In [95], the 2.9 um emission from an Yb>*/Ho?*co-doped tellurite glass (80 TeO,-15 (BaF, + BaO)-3
Lay0;3) is investigated. The FWHM of the emission was 180 nm and the peak emission cross-
section was 9.1 x 1072 ecm?, comparable to other hosts and even better than ZBLAN fluoride
glass. The emission intensity increased many folds upon Yb>" excitation at 985 nm compared
to direct Ho®" ion excitation, thanks to the high absorption of ytterbium at the pump wave-
length followed by the resonant energy transfer from Yb>* to Ho’" ions.

Concerning erbium ion, it is an ideal choice for emission in the mid-IR wavelength range,
thanks to its fluorescence at 2.7 um corresponding to the Er’*: 1 2= 4113/2 transition and the
possibility to use 808 or 980 nm laser diodes as pumping source.

The potential of erbium-doped tellurite glass for the realization of compact laser devices at this
wavelength was extensively investigated in [82]. In this work, it is shown that the presence of
OH ™ groups in current state-of the-art Er’*-doped tellurite glass is high enough to suppress the
3 um emission in the glass, due to a large energy transfer from the excited state to the OH™
radical. Moreover, it was calculated from numerical simulations that in the absence of OH™
impurities, the pumping intensity required for population inversion in an Er*"-doped tellurite
CW fiber laser pumped at 976 nm is ~80 kW/cm? for Er,O; concentrations > 2.65 mol%. It was
also established that a pump ESA process at 976 nm would have a detrimental impact on the
performance of the fiber laser.

More recently, a barium tellurite glass host was proposed for obtaining 2.7 pm emission from
erbium [80]. This glass possesses higher thermal properties compared to typical TZN glass and
lower OH™ content, thanks to the addition of BaF,. An optical fiber was prepared using the
developed glass, and 2.7 pm fluorescence was measured upon excitation through a 980 nm
laser diode. The feasibility of an Er**-doped tellurite fiber laser operating at 2.7 um based on
this novel glass was also theoretically investigated, showing that the barium tellurite fiber is a
promising candidate for the development of efficient mid-infrared fiber lasers [80].
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3. Nonsilica oxide glass optical fiber fabrication

3.1. Optical fibers

The next paragraphs present the very basic concepts of an optical fiber that are relevant to the
understanding of the technological challenges behind the manufacturing of multicomponent
oxide glass fibers.

A complete description of the concepts and working principles of the optical fibers is out of the
scope of this chapter. For a detailed description, the reader can refer to the excellent textbooks
given in [96, 97].

The typical configuration of an optical fiber is shown in Figure 5. It consists of a core made of a
glass with a refractive index value n,,,, surrounded by a cladding glass layer of refractive index
Neladding- Although this is not always implemented at the academic level, a thin polymer coating
(polyamide or acrylate type polymer) should be applied during the drawing process to
strengthen mechanically the fiber and to protect it from long-term moisture degradation or
other possible chemical contamination sources.

Electromagnetic radiations are confined in the core provided that the refractive index values of
the core and cladding glasses meet the condition 71cere > Mciadding-

Under this condition, at least one of the so-called electromagnetic or optical modes can be
confined and propagate down the optical fiber core. In first approximation, the modes can be
understood as a set of constructive interference patterns along the fiber. For illustration pur-
pose, the intensity profile of the electromagnetic fields of few modes is shown in Figure 6.

The number of propagating modes depends on the dimension and the difference of refractive
index values between the core and the cladding glasses.

The normalized frequency parameter, V, for a step-index optical fiber is given by:

27a 1
V= T (ngure - n?lad)2 (1)

where A is the wavelength in vacuum and 4 is the radius of the fiber core. If V < 2.4, the optical
fiber can support only one propagating mode in the core. If any power is launched in the other
modes at the fiber input, it will leak into the cladding material.

coating
tladding_ =

core [ :
— e
L] [LI]

Figure 5. (a) Scheme of a typical optical fiber and (b) cross-section illustration of a typical optical fiber structure.
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{a) (b) (=}

Figure 6. Spatial distribution of the electromagnetic field amplitude of few optical modes in a low numerical aperture
multimode fiber: (a) LPyp; mode or “fundamental mode,” (b) LP, mode and (c) LPy3.

For numerous applications and in particular for the development of optical coherent sources,
single-mode operation is highly desirable. The spatial and temporal properties of the propa-
gating beam in a single-mode fiber can be managed with better control, making this fiber
configuration more suitable for the development of high-performance sources.

Typically, a difference value down to 10> between the refractive index values of the core and
the cladding glasses can be achieved. According to equation (1), such refractive index differ-
ence value implies that to maintain single-mode operation, a typical core diameter must lay
below the values of 15 and 30 um for wavelengths in the 1 to 2 um range, respectively

3.2. Double-cladding structure for high-power fiber lasers and amplifiers

The double-cladding strategy was developed to exploit the high pump power available from a
laser diode [98]. The structure of the fiber allows to launch high pump power into the first
cladding surrounding the core, as reported in Figure 7. The pump power is confined within
the first cladding, thanks to the second cladding. Along the fiber length, the pump radiation
interacts numerous times with the core glass material. At each interaction, the RE ions
contained in the core absorb part of the pump power. The excited RE ions subsequently reemit
part of the absorbed power by a stimulated emission phenomenon. The reemission being then
confined within the core, substantially the double-cladding structure converts low-brightness
laser diode power into high-brightness fiber laser.

outer clad

inner clad

F.
core \II

(a) (b)

Figure 7. (a) Cross-section image and refractive index profile of a double-cladding fiber for high-power amplifiers and
lasers; (b) illustration of the concept of double-cladding structure for a high-power amplifier. Pump laser beam in green,
input signal and output amplified signal in blue.
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3.3. Preform fiber drawing technique: process and main parameters

The drawing of a soft oxide glass fiber directly from the molten state has been reported [99];
however, the versatility of this approach remains very limited as it requires substantial modi-
fication of the drawing facilities in order to change the fiber core/cladding ratio and diameter.
Most importantly, the diameter and fiber structural control is difficult to achieve while glass
crystallization often occurs at the edges of the crucible walls, impairing both the optical
property transmission of the optical fiber due to the presence of scattering crystals and the
fiber mechanical robustness.

Actually, as for the advanced silica glass fiber technology, the most employed technique for
drawing multicomponent glass fibers is the preform drawing [100]. In this approach, the so-
called preform, which is a “macroscopic” version of the fiber, is first manufactured using one
of the procedures described in Section 2.1. For multicomponent oxide glass fibers, the typical
dimensions of the preform range from 10 to 20 mm in diameter and few cm to 20 cm in length.

The preform is then placed in a drawing tower where it is heated up until the glass reaches a
viscosity of about 10° Pa s. A schematic illustration of a drawing tower is shown in Figure 8.
Under the combined effect of gravity and surface tension forces, the softened part of the
preform drops down and thins down into a fiber, which is then pulled either using a capstan
or attached directly onto a rotating drum at the bottom of the tower. The control of the
dimension at the mm scale of the preform and the relatively high tensions, typically 0.1-1 N,
of the drawing process allows for a very precise control of the final fiber dimensions and
geometry.

The control of the fiber diameter is achieved by tuning the speed at which the preform is being
fed into the furnace and the speed at which the fiber is being drawn from the preform. For an

{a] (b)

Figure 8. (a) Schematic illustration of a fiber drawing tower, which implements the preform drawing approach; (b)
photography of an in-house developed drawing tower installed at Politecnico di Torino.



Nonsilica Oxide Glass Fiber Laser Sources: Part |
http://dx.doi.org/10.5772/intechopen.73488

incompressible liquid, mass conservation considerations lead to the following equation for the
fiber diameter djpe,:

1
() 2
d er — d reform P72f07m> 2
Hfib prefo ( fver ( )

where dp e is the preform diameter and v,yefor, and vg,, are, respectively, the preform feed
speed and the pulling speed.

3.3.1. Drawing tower facilities

Commercial towers for soft glasses can be acquired from several specialized manufacturers;
however, a cost-effective drawing tower can be developed in-house and leads to similar results
in terms of fiber diameter fluctuations, which are typically of =1 pm over few tens of meters of
fiber. For multicomponent oxide glasses, the main source of fluctuations/contaminations in the
final fiber arises at the production stage of the preform, not during the drawing process itself.

The fiber drawing process of a multicomponent glass preform is carried out at a typical speed
ranging from few m/min to 30 m/min at most. This is in contrast to the very high drawing
speed used to produce telecom silica glass optical fiber, which reaches up to 20 m/s [100].
Because of this slow drawing speed, automated diameter adjustment through a diameter
monitor feedback can be rather inefficient, especially in the academic field where very often
one fiber is different from the next in terms of its glass composition or structure. As such, the
furnace configuration and the feeding procedure of the preform into the furnace become
crucial to ensure the diameter stability during the drawing process. Beside obvious parameters
such as the temperature stability of the furnace, ensuring a steady laminar flow around the
preform during the drawing procedure is key. The choice of the gas used N,/O,, Ar or N,
depends strongly on the glass composition. The low gas content in H,O is however necessary
to avoid any detrimental effects, optical or mechanical, on the drawn fiber.

The furnace can be based on either resistive elements or an induction head where the susceptor
consists of a simple metal or graphite ring. The latter approach offers the possibility to tailor
easily and cost-effectively the hot zone by simply changing the susceptors.

3.4. Preform fabrication

3.4.1. Rod-in-tube

In the rod-in-tube technique, the preform consists, in its most simple form, of a rod of core
glass inserted into a cladding glass tube. When heated up inside the drawing tower furnace,
the cladding tube collapses around the core rod under the effect of gravity and surface tension
forces. The two glass materials are then drawn together as a single concentrically structured
fiber. For the process to take place in a controlled manner and to avoid excessive residual stress
within the fiber, several important material aspects need to be taken into consideration. The
two glasses must match in terms of thermomechanical properties: glass working temperature,
glass transition temperature and thermal expansion values of the two glasses should match as

109



110  Advances in Glass Science and Technology

much as possible. In practice, these constrains imply that the two glasses have similar compo-
sitions, which in turn limit the upper range of the refractive index difference value achievable.

It is also preferable that both the tube inner diameter and the rod diameter match each other
closely to avoid structural deformation of the core or trapped air at the interface between the
two glasses. The latter issue can be addressed by applying vacuum on the top part of the
preform.

As illustrated in Figure 9, to achieve a small diameter core dimension or manufacture the
double-cladding structure, the preform preparation consists in an intermediate step where a
core/cladding preform is thinned down into a cane, which is then inserted into another
cladding tube to form a new preform. This process can be repeated several times depending
on the thermal stability against crystallization of the glass compositions involved. This cane
drawing process is carried out in the drawing tower but at higher viscosity and under higher
tension than the fiber drawing process.

3.4.2. Core glass rod manufacture

The core glass rod arises from a single bulk glass casted into either a cylindrical- or
rectangular-shaped mold. In the latter case, the bulk can then be machined into a cylindrical
rod of the desired dimension. In both cases, the core glass rod needs to be polished preferably
using a nonaqueous cooling liquid so as not to impair the optical transmission of the fiber.

(@) (b) (c)

Figure 9. (a) Implementation of an optical fiber preform using the rod-in-tube technique. Core glass rod in blue, cladding
glass tube in red; (b) glass cane with a core/cladding structure obtained by drawing the preform shown in (a); (c)
implementation of a small core/cladding diameter ratio preform by inserting the rod shown in (b) into an additional
cladding glass tube.



Nonsilica Oxide Glass Fiber Laser Sources: Part |
http://dx.doi.org/10.5772/intechopen.73488

3.4.3. Cladding glass tube
3.4.3.1. Drilling

The cladding tube can be manufactured through different techniques. Drilling is carried out
either using an ultrasonic drilling setup and/or using specialized diamond drilling bits. This
approach allows for machining tubes reliably and with a great precision, making possible a
precise control of the fiber dimensions through the drawing process. In addition, the glass does
not go through a heating cycle, which could favor crystallization tendency.

There are, however, a number of drawbacks. Because of the brittleness of the glass, this is a
slow and therefore time-consuming process. Drilling small diameter holes cannot be achieved
over long lengths due to the mechanical flexibility of the drill bit itself. Thin wall tubes are also
difficult to manufacture. Adding to the processing time, following drilling, the tube must
undergo an additional polishing process not only to smoothen the wall roughness but also to
clean up the walls from free glass particles that can be prone to crystallization during the
drawing process.

3.4.3.2. Extrusion

An overview of the overall procedure and equipment of the extrusion process is given in [101-
102]. In the extrusion process, a bulk glass, typically 30 mm in diameter and 30-50 mm high, is
loaded into a furnace apparatus open on top and bottom. A scheme of the process is reported
in Figure 10. The glass is heated up to a temperature corresponding to a viscosity of 10° Pa s.
On the top part, a press ram applies a force on the glass bulk. The soften glass exits through the

Press mandrel

Extrusion chamber
containing glass billet

- — f—
—— #mms Furnace
- — heat zone
"1 o
B A

Die exit

Figure 10. Schematic of the extrusion process for manufacturing glass tubes. A glass billet (in red) is heated up until the
glass reaches a viscosity of typically 10° Pa s. A high pressure is then applied onto the top billet surface through a
mandrel. The softened glass is then slowly pushed out of the die through the bottom orifice of this latter. The orifice
arrangement with a pin in its center allows for producing a glass tube.
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bottom part of the apparatus, which consists of a funnel shape die where a spider setup allows
for a pin to be held in the center of the die.

Typically, the pressure applied ranges from 1 to 6 GPa. For multicomponent oxide glasses, the
dies can be manufactured out of standard stainless-steel material, although less reactive (more
stable and inert) metals such as Inconel are sometimes preferable depending on the tempera-
tures and glass compositions involved. The die surface finish plays an important role onto the
surface quality finish of the extruded glass tube itself. Indeed, it is possible to extrude very
high-quality surface finish tubes also because the process is carried out at a range of viscosity
where surface tension is still effective.

Some swelling effect can occur and tends to distort the preform and modify its dimensions
with respect to the die dimension. However, this effect can be limited through pertinent die
design and temperature of operation. If compared to the drilling technique, the main disad-
vantage of the extrusion is that the glass goes through an extra heating cycle above the glass
transition temperature (T,), which can promote glass nucleation and crystallization. Neverthe-
less, the negative effect of this cycle is limited by the fact that the viscosity range considered is
substantially high.

3.4.3.3. Rotational casting

The rotational casting [103] is carried out by casting the molten glass into a cylindrical mold
(Figure 11), which is then tilted horizontally and rotated at a rotation speed ranging typically
from 1000 to 2000 rpm while the glass inside the mold is still liquid. As the liquid cools down,
it forms a glass tube inside the mold, which is then loaded into a furnace for glass annealing.
Despite being a “manual craft” operation, if processed under the same conditions, the tube

(a) (&)

Figure 11. Schematic of the rotational casting procedure for manufacturing glass tubes: (a) the molten glass is cast into a
mold held in vertical position; (b) the mold is tilted in the horizontal direction and then rotated at high speed. A glass tube
forms along the mold internal walls.
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inner diameter value is commonly reproducible within £ 5 %. The typical roughness value of
the inner tube surface is below 10 nm. Such pristine surface is indeed particularly suitable for
the development of optical fibers.

The rotational casting process takes place in a matter of seconds, making it a very fast produc-
tion technique if compared to the two approaches described above. The main limitation of the
rotational casting technique regards the range of inner tube diameter values achievable. Uni-
form tubes with small or large inner diameters can be difficult to achieve in a reproducible
manner. Also, the technique is foremost restricted to glass compositions that display a low
viscosity once molten. Silicate glasses, for instance, are unpractical for implementing the
rotational casting technique.

3.4.4. Built-in-casting and suction casting approaches

The built-in-casting and suction casting techniques [104, 105] were developed to avoid some of
the issues inherent to the rod-in-tube technique, the main purpose being to manufacture a
single unit core/cladding structured preform. Both techniques involve the casting of the core
material in a liquid state inside a cladding tube for the former approach or on the top of the
cooling cladding glass for the latter approach.

These techniques can provide substantially low loss optical fibers and display the advantage to
require low processing time. However, the control on the dimension and shape of the core is
rather limited with, therefore, a very low reproducibility. Some degree of diffusion process also
occurs at the interface between the two glasses. Because of these features, these techniques are
being used only at an academic level.
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Abstract

Nonsilica oxide glasses have been developed and studied for many years as promising
alternatives to the most used silica glass for the development of optical fiber lasers with
unique characteristics. Their main properties and compositions, alongside the optical
fiber fabrication principle, have been previously reviewed in part I. This chapter will
review the development of optical fiber lasers operating in the infrared wavelength
region based on nonsilica glass fiber materials, either phosphate, germanate or tellurite.

Keywords: nonsilica oxide glass, phosphate glass, germanate glass, tellurite glass, fiber
laser, single-frequency fiber laser, mode-locked laser, high energy pulsed fiber laser,
nonlinear wavelength conversion, supercontinuum

1. Introduction

The possibility to dope inorganic glasses with rare-earth (RE) ions has allowed the develop-
ment of glass-based solid state lasers with various configurations, including bulk, microchip
and optical fibers [1]. Optical fiber lasers and amplifiers, in particular, found applications in
several fields, ranging from telecom (erbium-doped fiber amplifier, EDFA) to remote sensing
(light detection and ranging, LIDAR), materials processing (high power lasers for marking,
engraving and cutting) and medicine (for diagnosis and therapy of several diseases) [2].

The development of high power fiber lasers, up to 100 kW, did exploit the subsequent
advances in engineering and manufacturing high purity silica optical preforms and fibers

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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originally intended for telecommunication applications [3]. The recent development of a
fiber-based supercontinuum (SC) laser source with super high spectral power density was
also made possible thanks to the low optical attenuation level achievable in silica glass and
new photonic crystal fiber fabrication technology [4].

Despite its success, however, silica glass possesses several intrinsic limits, as detailed in part I,
namely: a high phonon energy around 1100 cm™ [5]; a limited rare-earth doping concentration
level [6] and a short infrared transmission edge, which restricts its use for numerous high impact
applications, such as mid-infrared (mid-IR) lasers, chemical sensing and infrared imaging [7].

The so-called soft glasses are based on alternative glass formers exhibiting different nature and
structure, which offer alternative phonon energies and transmission characteristics, high rare-
earth ions doping levels (up to 10* ions/cm?) and high optical nonlinearity (orders of magni-
tude higher than that exhibited by silica glass). Soft glasses include oxide and nonoxide glasses.

In this chapter, oxide-based soft glass fiber laser sources are reviewed, and the important
aspect of soft glass fiber integration with standard optical components is also discussed.
Wavelengths above 1400 nm belong to the so-called eye-safe range, where the eye fluids
absorb part of the radiation and additionally the cornea cannot effectively focus the beam
into the retina: lasers operating in this interval can be used outdoors at higher power levels
without compromising the eye safety issue, being the maximum permissible exposure (MPE)
higher [8]. Section 2 reports the main examples of phosphate glass fiber lasers, which mainly
focus on emission wavelengths ranging from 1 to 1.5 um. They include the following types of
optical fiber laser sources: continuous-wave (CW) lasers, single-frequency lasers, high repeti-
tion rate mode-locked lasers and high energy amplifiers. Germanate fiber lasers are reviewed
in Section 3, with a focus on emission wavelengths near or above 2 pm, where the glass com-
position performs at its best. Finally, Section 4 concerns the main types of tellurite fiber lasers,
namely rare-earth-doped lasers and nonlinear wavelength conversion lasers.

2. Phosphate glass fiber lasers

As discussed in part I, the most attractive properties of phosphate glass are high solubility of
rare-earth ions and low clustering effects. Therefore, highly doped phosphate fibers can be
fabricated with low concentration quenching effects and are capable of producing very large
unit gain (> 5 dB/cm). In addition, phosphate glass has large phonon energy and thus energy
levels have short lifetimes, which enable high energy transfer rates between co-doped ions
and reduce detrimental photodarkening effect. Owing to the high gain per unit length, highly
Nd?*-, Yb*- and Er*-doped phosphate fibers have been extensively used to develop a lot of
short-length (from a few cm to tens of cm) lasers and amplifiers, including continuous-wave
fiber lasers, single-frequency fiber lasers, high repetition rate mode-locked fiber lasers and high
energy pulsed fiber amplifiers.

2.1. Continuous-wave phosphate fiber lasers

Phosphate fiber lasers were first demonstrated with Nd*- and Er*-doped phosphate fibers at
1054 and 1366 nm, and 1535 nm, respectively, by Yamashita in 1989 [9]. However, the output
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powers of these fiber lasers using 10-mm long single-mode fibers were less than 1 mW. Later,
much higher output power was obtained by using Nd*-doped multimode phosphate glass
fibers [10]. In 2011, a watt-level single-mode Nd*-doped phosphate fiber laser was demonstrated
with an output power of 2.87 W at 1053 nm and an efficiency of 44.7% [11]. However, due to
the complicated structure of the energy levels, Nd*-doped fiber lasers are always susceptible to
different detrimental effects, such as cross-relaxation, up-conversion, excited state absorption,
etc., which constrain their power scaling. Compared to Nd*-doped fiber lasers, Yb*-doped fiber
lasers are immune from these efficiency-reducing effects due to their simple energy level struc-
ture and are characterized by a lower quantum defect. The first 10-W level phosphate glass fiber
laser at the 1 um band was demonstrated with a 12 wt% Yb*-doped double-cladding phosphate
fiber fabricated by NP Photonics [12]. Nearly 20 W output at 1.07 pm with a slope efficiency of
26.5% was obtained with an 86.4-cm long gain fiber pumped at 940 nm. When a 71.6-cm long
26 wt% Yb*-doped phosphate fiber was pumped at 977.6 nm, 57 W output at 1.06 um with an
efficiency of 50.6% was obtained even with a propagation loss of this fiber as high as 3 dB/m [13].
The output power of CW Yb*-doped phosphate fiber lasers is only constrained by the thermal
issues. A 100-W level CW Yb*-doped phosphate fiber laser can be achieved by reducing the fiber
loss and improving the fiber thermal management.

Compared to highly Nd*- and Yb*-doped phosphate fibers that have been generally used
for short-length lasers at 1 um, Er*-doped phosphate fibers are more attractive because they
can provide very high gain per unit length at the 1.5 pm telecommunication window and
thus very short length Er**-doped fiber amplifiers (EDFAs) can be developed for optical com-
munications. A highly Er*-doped phosphate fiber was first used for laser amplification at NP
Photonics in 2001 [14]. A net gain of 21 dB and a gain per unit length of 3 dB/cm were achieved
in a 71-mm long 3.5 wt% Er*-doped phosphate fiber. Super compact gain module very suit-
able for signal amplification for local area networks (LANSs) has been developed with highly
Er*-doped phosphate fiber as shown in Figure 1(a). The length of the pencil-like gain block
is less than 10 cm and its diameter is 3-6 mm. Over 22 dB peak gain and over 15 nm of 10 dB
bandwidth have been obtained with such a compact gain module as shown in Figure 1(b).
Over 40 dB peak gain can be obtained when a dual-end pumping configuration is used.

The gain or output power of a core-pumped Er*-doped phosphate fiber amplifier is usually
limited by the maximum available power of single-mode pump lasers. In order to increase
the gain or output power, double-cladding Er*/Yb* co-doped phosphate fibers have been
fabricated for cladding-pumping with multimode pump diodes. Due to the high rare-earth
solubility and large phonon energy typical of the phosphate glass, highly Er*/Yb* co-doped
phosphate fibers have very high cladding absorption at 980 nm and very efficient energy
transfer from Yb* to Er’'.

In 2015, high concentration Er**/Yb* co-doped double-cladding phosphate fibers have been
reported with high gain per unit length, specifically 2.3 dB/cm in cladding-pumping configu-
ration and 4.0 dB/cm in core-pumping arrangement [15].

Several watt-level Er**/Yb* co-doped phosphate fiber lasers at the 1.5 pm band have been dem-
onstrated [16-18]. As shown in Figure 2(a), more than 9 W CW 1535 nm multimode output was
obtained with a 7.0 -cm long 20-um core Er**/Yb* co-doped phosphate fiber, corresponding to
a very high output power per unit fiber length of 1.33 W/cm. Diffraction-limited output with
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Figure 1. (a) Photograph of a NP photonics mini-EDFA with a pencil-like gain module pumped by a fiber-coupled laser
diode; (b) calculated and measured gain of the NP photonics mini-EDFA.
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Figure 2. (a) Output power as a function of the pump power for a multimode and a single-mode Er*/Yb* co-doped
phosphate fiber laser; (b) output power of an Er**/Yb* co-doped microstructured phosphate fiber laser as a function of
the pump power. Inset: Microscope image of the microstructured phosphate fiber.

an output power of 4 W and M? = 1.1 was generated with a 7.1-cm long single-mode Er**-Yb*
co-doped phosphate fiber with a core diameter of 13 pm and core numerical aperture (NA) of
0.08. Phosphate glass microstructured fiber with an active core area larger than 400 mm?* was
also fabricated as shown in Figure 2(b) and more than 3 W near diffraction-limited output was
obtained with a 11-cm long Er*'/Yb* co-doped phosphate microstructured fiber.

Although the CW output powers of the highly doped phosphate fiber lasers presented here are
much lower than those of the counterpart silica fiber lasers, these experiments have shown the
potential and promise of producing high energy single-frequency lasers and ultrashort lasers
by using short-length highly doped phosphate fibers, in which the accumulated nonlinearity
is significantly reduced.
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2.2. Single-frequency phosphate fiber lasers

Single-frequency lasers operating with only a single-longitudinal mode can emit quasi-mono-
chromatic radiation with very narrow linewidth and ultralow noise. Conventional fiber lasers
generally consist of meters of fiber with linear cavity configuration and thus cannot gener-
ate single-frequency laser output due to the spatial hole burning. Unidirectional ring cavity
combined with a narrow-band filter and a very short linear cavity combined with narrow-
band fiber Bragg gratings (FBGs) are two major approaches to achieve single-frequency fiber
lasers. However, ring cavity single-frequency fiber lasers usually suffer from second mode
and mode hopping. Both distributed Bragg reflector (DBR) and distributed feedback (DFB)
fiber lasers with a several centimeter long cavity can offer robust single-frequency operation
without mode hopping. But the output power of a DFB single-frequency fiber laser is limited
due to the very short length of the gain fiber. Moreover, the stability of DFB fiber lasers is low
because the FBG is inscribed in the gain fiber where thermal noises will greatly impair the per-
formance of the laser. DBR single-frequency fiber laser can provide robust single-frequency
operation at watt-level output power and at sub-kilohertz linewidth. DBR single-frequency
fiber lasers also offer easy and convenient way to tune and stabilize the laser wavelength due
to their unique configuration. As depicted in Figure 3(a), a DBR single-frequency fiber laser
consists of a short piece of gain fiber and two fiber Bragg gratings (FBGs). The free spectral
range of a laser cavity is defined as:

=_C_
Av = 5+ 1)
where c is the light speed, # is the refractive index of the optical fiber core and L is the length
of the fiber laser cavity. Therefore, robust single-frequency operation of a fiber laser can be
obtained only when L is very short and the free spectral range of the laser cavity is so large
that only one longitudinal mode is allowed to oscillate within the narrow bandwidth of the
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Figure 3. (a) The configuration of a DBR single-frequency fiber laser; (b) single-longitudinal mode operation of a short-
length DBR laser ensured by the narrow bandwidth transmission of a FBG.
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narrow-band FBG, as depicted in Figure 3(b). Highly doped phosphate glass fibers exhibiting
extremely high optical gain per unit length with negligible ion clustering are uniquely suit-
able for short-length linear cavity single-frequency fiber lasers.

A highly Er*'/Yb* co-doped phosphate fiber was first used to develop a DBR single-frequency
fiber laser at 1560 nm with an output power higher than 200 mW and a very narrow line-
width of less than 2 kHz [19]. Single-frequency fiber lasers exhibit excellent features of low
noises, high stability and narrow spectral linewidth, which are usually characterized by opti-
cal signal-to-noise ratio (SNR), relative intensity noise (RIN), frequency noise and spectral
linewidth. The optical SNR of a single-frequency fiber laser is usually measured with an opti-
cal spectrum analyzer using the highest spectral resolution. A typical spectrum of a 1550 nm
single-frequency fiber laser is shown in Figure 4(a), exhibiting over 85 dB optical SNR. The
RIN is a key parameter to characterize the optical power fluctuation of a laser. The typical RIN
of a single-frequency fiber laser is shown in Figure 4(b). The RIN typically has a peak at the
relaxation oscillation frequency of the laser and then decreases with the increased frequency
until it converges to the shot noise level. The relaxation frequency peak of the RIN can usually
be suppressed with a close-loop servo system as shown in the inset of Figure 4(b). The fre-
quency noise is the random fluctuation of the instantaneous frequency of a single-frequency
laser. The frequency noise is generally directly measured by frequency discriminators, which
convert frequency fluctuation to intensity fluctuation and then measure the power spectral
density. The measured frequency noise of DBR single-frequency fiber lasers at 1550 and
1060 nm is shown in Figure 4(c). The frequency noise typically decreases with the increased
frequency and exhibits some spikes related to various noises. Due to the various laser noises,
a single-frequency laser is not perfectly monochromatic and has finite spectral linewidths.
The spectral linewidth of a single-frequency fiber laser is usually measured with heterodyne
detection and delayed self-heterodyne detection methods. A linewidth measurement result
of a noise-suppressed DBR single-frequency fiber laser at 1550 nm assessed with the delayed
self-heterodyne detection method is shown in Figure 4(d). A very narrow spectral linewidth
of 500 Hz can be estimated from the 20 dB spectral bandwidth of 10.5 kHz.

The output power of a core-pumped single-frequency fiber laser is limited by the available
pump power of single-mode pump diodes and is generally at a level of few hundreds of
mW. A higher output power of a single-frequency fiber laser can be achieved with cladding-
pumping. A cladding-pumped monolithic all-phosphate glass single-frequency fiber laser
was demonstrated by inscribing FBGs directly into heavily Er*/Yb*" co-doped phosphate glass
fiber using femtosecond laser pulses and a phase mask [20]. A robust single-frequency output
with power up to 550 mW and a spectral linewidth less than 60 kHz was obtained. In Ref. [21],
a 1.6 W single-frequency fiber laser was demonstrated with a double-cladding phosphate fiber
with a 18 um core doped with 1 wt% Er* and 8 wt% Yb?* ions and a 125 pm cladding.

In addition to single-frequency fiber lasers operating at the 1.5 um band, several single-frequency
fiber lasers at the 1 um band developed with highly Yb*-doped phosphate fibers were reported
[22-25]. Over 400 mW single-frequency laser output at 1.06 um was achieved from a 0.8-cm long
15.2 wt% Yb*-doped phosphate fiber [22]. The measured slope efficiency and estimated quan-
tum efficiency of laser emission are 72.7% and 93%, respectively. In Ref. [23], an all-fiber actively
Q-switched single-frequency fiber laser at 1064 nm was developed by using a piezoelectric to
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Figure 4. (a) Optical spectrum and (b) RIN of a DBR single-frequency fiber laser at 1550 nm; (c) frequency noises of DBR
single-frequency fiber lasers at 1060 and 1550 nm; (d) typical spectral linewidth measurement result of self-delayed
heterodyne detection for a DBR single-frequency fiber laser at 1550 nm.

press the fiber and modulate the fiber birefringence. Q-switched single-frequency laser operation
at repetition rates tunable from several Hz to up to 700 kHz was demonstrated. In 2016, a single-
frequency Yb* fiber laser operating at a wavelength longer than 1100 nm was demonstrated with
a3.1-cm long 15.2 wt% Yb*-doped phosphate fiber [24]. More than 62 mW single-frequency laser
output with a linewidth of 5.7 kHz was obtained.

Highly Yb*-doped phosphate fibers have also been used to develop single-frequency laser
sources at 976 nm, which are highly demanded for nonlinear wavelength conversion to gener-
ate coherent blue light at the 488 nm argon-ion laser wavelength. The energy level diagram of
Yb* ions is shown in Figure 5(a). The ground state absorption of the 915 nm pump corresponds
to a transition from the lowest level of the °F, , manifold to the upper level of the °F,, manifold.
The transition from the lowest level of the excited state °F, , manifold to the lowest level of the
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Figure 5. (a) The energy level diagram of Yb* ions; (b) optical spectrum of a 976 nm single-frequency fiber laser. Inset:
Spectral linewidth measurement result of self-delayed heterodyne detection for the 976 nm single-frequency fiber laser.

ground state °F, , manifold produces the laser emission at 976 nm. A DBR single-frequency fiber
laser at 976 nm was first developed with a 2-cm long 6 wt% Yb*-doped phosphate fiber and
a pair of silica FBGs [25]. More than 100 mW of linearly polarized output were achieved from
the all-fiber DBR laser with a linewidth less than 3 kHz. Figure 5(b) shows the optical spectrum
and the spectral linewidth measurement result of the 976 nm single-frequency fiber laser.

In order to further increase the power level of the 976 nm single-frequency fiber lasers, core- and
cladding-pumped highly Yb*-doped phosphate fiber amplifiers have been investigated [25, 26].
A 6 wt% Yb*-doped phosphate polarization maintaining (PM) fiber with a core diameter of 6
pm and a core NA of 0.14 as shown in the inset of Figure 6(a) was used for the investigations of
core-pumped single-frequency fiber amplifiers [25]. Figure 6(a) shows the experimental results,
and over 350 mW linearly polarized output with a slope efficiency of 52.5% was obtained from
a 4-cm long fiber amplifier. A small signal net gain of 25 dB, corresponding to a unit gain of
over 6 dB/cm, was achieved with this fiber. The output power of the core-pumped fiber ampli-
fier is limited by the available single-mode pump power at 915 nm. In order to further increase
the 976 nm single-frequency laser output, cladding-pumping with multimode diodes has to be
used. The inset of Figure 6(b) shows the microscopic image of an Yb*-doped double-cladding
phosphate fiber that was used to investigate the power scaling of a 976 nm single-frequency fiber
amplifier. This double-cladding phosphate fiber, characterized by a core diameter of 18 pm and
a core NA of 0.04, is able to support only the fundamental transverse mode at 976 nm. The inner
circular cladding has a diameter of 135 pm and a NA of 0.45. The outer cladding is also made of
phosphate glass and its diameter is 150 um. The core was uniformly doped with 6 wt% Yb* ions.
The output powers of the cladding-pumped fiber amplifiers with different gain fiber lengths
(L) were measured as shown in Figure 6(b). The output powers of the 6.5, 7, 8 and 10-cm long
fiber amplifiers are 2.58, 3.41, 3.14 and 3.12 W, respectively, at the maximum launched pump
power of 70 W. The slope efficiencies of the cladding-pumped fiber amplifiers are much lower
than those of the core-pumped fiber amplifiers. This is mainly due to the relatively low spatial
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Figure 6. (a) Output power as a function of the pump power of core-pumped single-frequency Yb*-doped phosphate
fiber amplifiers at 976 nm. Inset: Microscopic image of a 6 um core PM 6 wt% Yb*-doped phosphate fiber. (b) Output
power as a function of the pump power of cladding-pumped single-frequency Yb*-doped phosphate fiber amplifiers at
976 nm. Inset: Microscopic image of an 18 um core 6 wt% Yb*-doped phosphate fiber.

overlap between the pump and the doped fiber core in the cladding-pumping configuration. The
output power and the efficiency of the cladding-pumped single-frequency laser fiber amplifier
can be significantly improved by using a phosphate fiber with an optimal concentration, a small
inner cladding, a large core and a specific waveguide to suppress the long wavelength amplified
spontaneous emission (ASE).

2.3. High repetition rate mode-locked phosphate fiber lasers

High repetition rate mode-locked lasers are essentially needed in many fields of science and
industry, including material processing, accelerator applications, frequency comb spectros-
copy, metrology and coherent control. Passively mode-locked fiber lasers have shown their
capability of generating transform-limited pulses in the picosecond regime due to their sim-
plicity and reliability. A drawback of the conventional passively mode-locked fiber lasers is
that the pulse repetition rate is at a level of tens of MHz due to the long cavity length (several
meters). The repetition rate f, of a linear cavity fiber laser operating in the fundamental mode
locking is expressed as:

foo = %L )

where L is the cavity length, n is the effective refractive index and c is the velocity of the light
in vacuum. To obtain a GHz repetition rate mode-locked fiber laser, the fiber length has to be
less than 10 cm. Due to the low absorption coefficient of a conventional silica fiber, which is
limited by the low RE solubility of silica glass, it is hard to generate a high-efficiency GHz rep-
etition rate mode-locked laser using conventional silica fiber laser technology. This problem
can be solved with highly doped phosphate fiber laser technology.
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Because of the extremely high absorption of the highly doped phosphate fibers, mode-locked
laser oscillators in all-fiber format with excellent stability and reliability can be developed. As
shown in Figure 7(a), an all-fiber mode-locked laser at 1034 nm was made by splicing a 5-cm
long 6 wt% Yb*-doped phosphate fiber to a 3-cm long chirped FBG and the 2-cm long pigtail of
a fiber-optic semiconductor saturable absorber mirror (SESAM). The total length of the mode-
locked fiber laser cavity is about 10 cm, corresponding to a repetition rate of 1 GHz. The pulse
train of this laser was measured by a fast photodetector and is shown in Figure 7(b). The optical
spectrum of the 1 GHz repetition rate mode-locked fiber laser is shown in Figure 7(c). The pulse
width of this laser was measured by an auto-correlator to be about 16 ps.

The total length of a chirped FBG usually needs to be 3 cm or more so that its bandwidth is
sufficiently broad to support the operation of a mode-locked laser. Therefore, a chirped FBG
cannot be used to develop an all-fiber mode-locked fiber laser as its repetition rate is larger
than 3 GHz. A fiber mirror fabricated by depositing a dichroic thin film onto the fiber end-
face can be used as the cavity coupler of a fiber laser. Therefore, the fiber cavity length can be
1 cm or shorter and 10 GHz repetition rate mode-locked fiber lasers can be developed. The
first 10 GHz repetition rate mode-locked fiber laser was reported in 2007 [27]. A heavily Er*/
Yb* co-doped phosphate fiber was used to form 1-cm long cavity with fiber mirrors. Stable
mode-locked pulse trains with output power as high as 30 mW at 1535 nm were obtained. In
[28], a compact and stable all-fiber fundamentally mode-locked laser system with a repetition
rate of 12 GHz was developed with the configuration shown in Figure 8(a). The self-starting
mode-locked laser consists of a SESAM with low modulation depth and a high gain per unit
length and a polarization maintaining 0.8-cm long Er**/Yb* phosphate fiber as gain medium.
The optical spectrum of the 12 GHz repetition rate mode-locked fiber laser is shown in Figure
8(b). The 12 GHz repetition rate was confirmed by the modulation of the high resolution
(0.01 nm) spectrum. This mode-locked fiber laser has a temporal pulse width of ~2.3 ps and
an average power of 5 mW at a pump power of 400 mW. The timing jitter has been measured
using an optical cross-correlation method and found to be 44 fs/pulse.
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Figure 7. (a) Configuration and setup, (b) pulse train and (c) optical spectrum of a monolithic 1 GHz repetition rate
mode-locked Yb*-doped phosphate laser.
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Figure 8. (a) The experimental setup and (b) output optical spectrum of a 12 GHz repetition rate SESAM mode-locked
Er**-doped phosphate fiber laser.

2.4. High energy phosphate fiber amplifiers

The energy of a pulsed laser oscillator is generally much lower than the levels required
for the applications. Fiber amplifiers have been extensively used to scale up the power/
energy of a laser system because of their high single-pass gains and excellent heat dissi-
pation capability. However, due to the inherent long interaction length of a conventional
silica fiber amplifier, its output energy is usually constrained by nonlinear effects includ-
ing self-phase modulation (SPM), stimulated Raman scattering (SRS), stimulated Brillouin
scattering (SBS) and four-wave mixing (FWM), which deform the pulses both in temporal
and spectral domains. Highly rare-earth doped phosphate fibers allow the construction of
rather short fiber amplifiers enabling high energy pulse amplification less prone to nonlin-
ear distortions. In addition, the nonlinear refractive index of phosphate glass is three times
lower and the SBS gain cross-section is 50% weaker than those of silica glass. Moreover, the
photodarkening effect in phosphate glass is also much less pronounced than in silica glass
[29]. Therefore, highly doped phosphate glass fibers are excellent energy engines for a high
energy fiber laser system.

High energy single-frequency laser sources are in great demand for a variety of applica-
tions including LIDAR, remote sensing, free-space communication and laboratory research.
However, the power scaling of single-frequency lasers has been difficult to obtain in fiber
amplifiers due to limitations primarily related to the SBS, which converts a fraction of the
desired laser light to a backscattered Stokes-shifted reflection. SBS builds up strongly in the
fiber because of the long interaction length and small mode field area. So, it has been dif-
ficult to achieve high peak power, single-transverse mode and narrow linewidth operation
simultaneously in a fiber laser system, especially for a monolithic all-fiber configuration. The
threshold for SBS in an optical fiber is determined by the parameters of the fiber to be:
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where A  is the effective mode field area, L is the effective length of the optical fiber and g,
is the SBS gain of the glass fiber. Therefore, using short length and large core fiber is a key
approach to elevate the peak and average powers for single-frequency lasers. Highly doped
phosphate fibers with large mode area have been widely used to achieve nanosecond single-
frequency pulses at the 1 and 1.55 um bands [30-34].

Figure 9(a) shows the output pulse energy and peak power of a highly Yb*-doped phosphate
fiber amplifier for 1064 nm 2 ns pulsed single-frequency laser [33]. The 6 wt% Yb*-doped phos-
phate fiber has a core diameter of 25 pm and a cladding of 250 um, as shown in the inset of
Figure 9(a). An average power of 32 W, a pulse energy of 90 uJ and a peak power of 45 kW
were obtained with a 45-cm long gain fiber at a pump power of 55 W. Figure 9(b) shows the
output pulse energy and peak power of a highly Er*’/Yb* co-doped phosphate fiber amplifier for
1530 nm 105 ns pulsed single-frequency laser [34]. The fiber core is doped with 3 wt% Er** and
15 wt% Yb*. The core and cladding diameters of this fiber are 25 and 400 um, respectively. A sin-
gle-frequency pulsed laser with a peak power of 1.2 kW at a repetition rate of 8 kHz, correspond-
ing to a pulse energy of 126 uJ, was obtained with a 15 -cm long gain fiber at a pump power of
75 W. When the pulse width of the single-frequency pulses is 10 ns, over 50 kW peak power has
also been achieved with a SBS-free highly Er**/Yb* co-doped phosphate fiber amplifier [30, 32].

High energy ultrashort pulsed laser sources have enormous impact on many disciplines of sci-
ence and technology. Solid state mode-locked laser sources, namely Ti:sapphire lasers, have
shown their excellence in producing high energy ultrashort pulses. However, Ti:sapphire laser
sources usually operate with repetition rates in the kilohertz range, and the output power is
still at watt level limited by the thermal issues and low efficiencies. The fast acquisitions and
high yields of various applications are currently boosting demands for ultrafast laser sources
with high average power and high repetition rate. Fiber amplifiers are high-efficiency energy
engine for power scaling of high repetition rate mode-locked lasers. However, the energy
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Figure 9. (a) Pulse energy and peak power of a 25/250 um Yb*-doped phosphate fiber amplifier for 1064 nm 2 ns single-
frequency laser; (b) pulse energy and peak power of a 25/400 pm Er*/Yb* co-doped phosphate fiber amplifier for
1530 nm 105 ns single-frequency laser.
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scaling of a mode-locked fiber laser system usually suffers from pulse distortion caused by
SPM as the pulses propagate through the fiber. The magnitude of the SPM is quantified by
the B-integral and is proportional to both the beam irradiance inside the amplifier and the
propagation length, as shown in the following equation:

B =2 [ n, Iz = f—jﬁ L, P2ydz 4)

where A is the laser wavelength, 1, is the nonlinear refractive index coefficient, I(z) is the pulse
peak irradiance along the propagation direction, P(z) is the pulse peak power, L is the total
fiber length and A  is the fiber effective mode area. A B-integral of less than 7 radians is con-
sidered linear propagation. Above this value, nonlinear phase accumulation will impose tem-
porally broadened pulses and/or significant pulse pedestal. Therefore, compared to several
meters of silica fiber amplifiers, sub-50 cm highly doped phosphate fiber amplifiers are more
favorable for mode-locked laser amplification because much less nonlinear distortion is expe-
rienced. Highly doped phosphate fiber amplifiers have already been used to demonstrate
direct picosecond pulse amplification with low distortion and achieve mJ-level femtosecond
laser using the chirped pulse amplification technique [35-37].

Figure 10(a) shows the output average power of a 6 wt% Yb*-doped phosphate amplifier for
direct amplification of 1.86 MHz repetition rate picosecond pulses at 1064 nm. The Yb*-doped
phosphate fiber has a core size of 25 um and a cladding size of 250 um. Over 20 W output power
was obtained with a 40-cm long gain fiber at a pump power of 40 W. In [35], a 1 wt% Er*" and
8 wt% Yb* co-doped phosphate fiber amplifier was used to directly amplify picosecond mode-
locked pulses at 1.55 um. An average output power of 1.425 W at a repetition rate of 70 MHz,
corresponding to a pulse energy and peak power of 20.4 nJ and 16.6 kW, respectively, was
obtained with a 15 cm long fiber with a core size of 14 um. In [36], a 2 wt% Er**-doped phosphate
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Figure 10. (a) Output average power of an Yb*-doped phosphate fiber amplifier module (shown in the inset) for 1064 nm
1 MHz 15 ps mode-locked laser; (b) pulse energy and average power of a 25/125 um Er**-doped phosphate fiber amplifier
for 100 kHz mode-locked laser at 1550 nm.
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fiber with a core size of 25 pum and a cladding of 125 pm was fabricated as shown in the inset of
Figure 10(b) for in-band high-efficiency chirped pulse amplification of a 1.55 um mode-locked
laser. As shown in Figure 10(b), ultrashort pulses with pulse energy >140 pJ and average power
of 14 W were obtained with a 20-cm long gain fiber at a 1480 nm pump power of 40 W. A peak
power of ~160 MW was obtained with the compressed pulses. This 2 wt% Er*-doped phosphate
fiber yields a gain of 1.443 dB/cm with a slope efficiency >45% for the 100 kHz repetition rate
pulses. To further increase the pulse energy, a 1.5 wt% Er-doped phosphate fiber with a core
size of 75 um and a cladding of 250 pm was fabricated [37]. An average output power of 8.5 W
at a repetition rate of 4.8 kHz, corresponding to a pulse energy of 1.77 m], was obtained with a
28-cm long gain fiber at a pump power of 63 W. Sub-500 fs pulses with a pulse energy of nearly
1 m] and a peak power of 1.9 GW were obtained after pulse compression.

3. Germanate fiber lasers

Laser sources operating at the 2 um region are preferred over 1.5 ym Er* lasers and 1 um Yb*
and Nd* lasers for long-range applications, including direct energy laser weapon, LIDAR
and sensing systems and direct optical communication, because atmospheric scattering,
atmospheric distortion and thermal blooming significantly reduce while increasing the oper-
ating wavelength. In addition, 2 um lasers have found unique applications in nonmetal mate-
rial processing, especially plastics, highly precise laser surgery and ideal pump sources for
high-efficiency mid-infrared or THz laser systems. Although phosphate glasses have shown
excellence in making short-length fiber lasers and amplifiers at the 1 um and 1.55 um bands,
they are not good host material for Tm* and Ho* lasers operating at the 2 um region due
to their increased multi-phonon absorption and nonradiative decay. Compared to silica and
phosphate glasses, germanate glass has lower phonon energy and longer IR absorption edge.
Therefore, Tm* and Ho* germanate glass fibers have been fabricated as high-efficiency gain
media for fiber laser systems operating at the 2 um region.

3.1. Single-frequency highly doped germanate fiber lasers

Single-frequency laser sources operating at the 2 pum region are in great demand for various
LIDARSs. Since germanate glass also displays high RE solubility, highly Tm?*- and Ho*-doped
single-mode germanate glass fibers have been fabricated for the development of DBR single-
frequency fiber lasers at 2 um [38, 39]. A 2-cm long 5 wt% Tm*-doped germanate fiber with
a core diameter of 7 um and NA of 0.15 was used to develop a single-frequency fiber laser at
1893 nm [38]. As shown in Figure 11(a), this single-frequency fiber laser has a pump threshold
of 30 mW, a slope efficiency of 35% and a maximum output power of over 50 mW with respect
to the launched power of a single-mode pump laser diode at 805 nm. Figure 11(b) shows the
output power and optical spectrum (inset) of a 2.05 um single-frequency fiber laser developed
with a 2-cm long 3 wt% Ho*-doped germanate fiber. This single-frequency Ho*-doped ger-
manate fiber laser was pumped by a Tm*-doped fiber laser at 1950 nm. Over 60 mW output
power was obtained with the maximum available pump power.



Nonsilica Oxide Glass Fiber Laser Sources: Part Il
http://dx.doi.org/10.5772/intechopen.74664

-2}
o
~
=

504z .,f._ 6043 * A
g 40 .. ] 4 Tg.- ” /
St -&0
& ,n g = 404 ARE & i
g 30 18925 18920 18925 12340 18045 @ . g 2040 ?N; !070 ::srs 2080 2065
[} Wavelength (nm) L J 2 avalengih (nm)
o ..0 & 30 .
5 204 o 1 =
2 L) 2 204 / |
3 . £
O 404 L] ] b ]
o*’ 10- 7z .
o® ] /,o
04—l ! ; . g
0 50 100 150 200 0 i 2' é A 5
EMRE MR Pump Current (A)

(a) (b)

Figure 11. (a) Output power and optical spectrum (inset) of a single-frequency Tm*-doped germanate fiber laser
operating at 1893 nm; (b) output power and optical spectrum (inset) of a single-frequency Ho*-doped germanate fiber
laser operating at 2053 nm.

3.2. High power Tm*-doped germanate fiber lasers and amplifiers

Tm?* ion is a favorable active element for laser emission at the 2 pm spectral band because of its
high quantum efficiency, broad emission band and strong absorption band at 800 nm, where
high power and efficiency AlGaAs laser diodes are commercially available. Most importantly,
a slope efficiency exceeding the Stokes efficiency can be obtained with Tm* lasers due to the
cross-relaxation energy transfer process (°H,, *H, — °F,, °F,) between Tm®" ions, which results
in a quantum efficiency of 200%. The effect of cross-relaxation energy transfer between Tm?
ions in a germanate glass was verified by the decreased 1.48 um emission with the increased
Tm?* ion concentration [40]. A very high slope efficiency of 58% with respect to the launched
power, corresponding to a quantum efficiency of 1.79, was demonstrated with a 4-cm long
4 wt% Tm*-doped germanate single-mode fiber laser. However, the output power of this
single-mode fiber laser is at tens of mW level, which is mainly limited by the available power
of single-mode AlGaAs diodes at 800 nm.

In order to develop a high power fiber laser source at 2 um, highly Tm*-doped germanate
double-cladding fibers with large mode area (LMA) cores were fabricated for cladding-pump-
ing with high power multimode laser diodes [41]. A 64 W fiber laser at 1.9 um was developed
with a 20-cm long 4 wt% Tm?*-doped germanate double-cladding fiber with a core diameter
of 50 um and a NA of 0.02, corresponding to a V-number of 1.96. As shown in Figure 12, a
slope efficiency (SE) of 68% with respect to the launched pump power at 800 nm was dem-
onstrated with single-end pumping configuration, indicating that a quantum efficiency of 1.8
was achieved. As more pump power was launched into the Tm*-doped germanate fiber by
using a dual-end pumping configuration, a 100-W level fiber laser was demonstrated with a
42/200 um double-cladding fiber, and a slope efficiency of 52.5% was obtained.
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Figure 12. Output power of a single-end pumped 20-cm long 50/200 um 4 wt% Tm*-doped germanate fiber laser and of
a dual-end pumped 40-cm long 42/200 um 4 wt% Tm*-doped germanate fiber laser.

High energy single-frequency pulsed fiber laser sources have also been demonstrated with
highly Tm?*-doped germanate fibers [42—44]. In [42], an all-fiber single-frequency Q-switched
laser source at 1.92 um with a pulse energy of 220 uJ was achieved with a monolithic master
oscillator and power amplifier (MOPA) configuration. A 2-cm long 5 wt% Tm*-doped germ-
anate fiber was first used to develop an actively Q-switched single-frequency fiber laser oscil-
lator by using a piezo to press the fiber of the DBR cavity. Tens of ns pulses with tunable
width from tens of ns to 300 ns and transform-limited linewidths were obtained. Then, two
Tm®-doped silica fiber amplifiers were used in cascade to increase the pulse energy to 14 pJ. A
20-cm long 4 wt% Tm?*-doped germanate double-cladding fiber with a core diameter of 25 um
and a cladding diameter of 250 um was used for the last stage of the power amplifier. For 80 ns
pulses at a repetition rate of 20 kHz, a pulse energy of 220 pJ, corresponding to a peak power of
2.75 kW, was obtained. Figure 13(a) shows the pulse energy and peak power of a power ampli-
fier constituted by a 30-cm long 25/250 um 4 wt% Tm*-doped germanate fiber and operating
at a repetition rate of 5 kHz for 15 ns pulses [43]. Half-m] pulses with peak power > 33 kW
and negligible nonlinear distortions were obtained at a pump power of 18 W. Single-frequency
pulsed fiber laser sources at 1.92 um with much higher average output power and pulse energy
were demonstrated with a 41-cm long 4 wt% Tm*-doped germanate fiber with a core diameter
of 30 um and a cladding diameter of 300 um [44]. An average output power of 16 W for single-
frequency transform-limited 2.0 ns pulses at a repetition rate of 500 kHz was achieved. As the
repetition rate was reduced to 100 kHz, a maximum peak power of 78.1 kW was obtained for
the 2 ns pulses. A maximum pulse energy of nearly 1 m] was achieved at a power of 33 W for
15 ns pulses with a repetition rate of 1 kHz, as shown in Figure 13(b).

Highly Tm*-doped germanate fibers are also attractive for mode-locked laser power amplifiers
with low accumulated nonlinearity because the absorption of such gain fiber is so high and
tens of cm long fiber can absorb most of the pump power even with cladding-pumped con-
figurations. A 10 W mode-locked laser source has been developed with a 4 wt% Tm?*-doped
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Figure 13. (a) Output pulse energy and peak power of a 25/250 um 4 wt% Tm-doped germanate fiber amplifier for a
1918.4 nm 5 kHz 15 ns single-frequency laser; (b) output pulse energy and peak power of a 30/300 um 4 wt% Tm-doped
germanate fiber amplifier for a 1918.4 nm 1 kHz 15 ns single-frequency laser.

793nm  Tm-doped Germanate

Fiber L=0.5m
. Fiber Stretcher Kiokitor
= >- Q, >
Pump
1% Amp. Combiner
793nm

(a)

12 —

'.J" ]
A e

mmlrn;
50 60

Output Power (W)

0 10 20 30 40
Pump Power (W)

(b)

Figure 14. (a) Experimental setup of a 10 W all-fiber mode-locked laser source based on a 15/130 um 4 wt% Tm?*"-doped
germanate fiber power amplifier; (b) average output power as a function of the 793 nm pump power of a Tm*-doped
germanate fiber amplifier for 40 ps mode-locked laser at 1920 nm. Insets: Upper left is the microscopic image of the 15/130
um 4 wt% Tm*-doped germanate fiber and lower right is the optical spectrum of the mode-locked laser fiber amplifier.
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germanate double-cladding fiber with the configuration shown in Figure 14(a). A mode-locked
fiber laser oscillator operating at 1912 nm with a repetition rate of 32 MHz was used as the seed
laser. The output power of the seed laser was a few mW. A fiber stretcher was used to stretch
the pulse width to 40 ps. A core-pumped Tm*-doped silica fiber amplifier was used to increase
the mode-locked laser power to 150 mW first. Then, a 50-cm long Tm?*-doped germanate dou-
ble-cladding fiber with a core diameter of 15 um and a cladding of 130 pm was used for the
power amplifier stage. The output power of the Tm*-doped germanate fiber amplifier as a
function of the pump is shown in Figure 14(b). Over 10 W output power with a slope efficiency
of 20% was obtained at a pump power of 50 W. The optical spectrum of the 10 W mode-locked
laser fiber amplifier is shown in the lower right inset. The spectrum broadening and distor-
tion due to the accumulated nonlinear effects are negligible. The efficiency of the Tm*-doped
germanate fiber amplifier is lower than that of a Tm*-doped silica fiber amplifier. It can be
improved by optimizing the composition of the germanate glass to significantly enhance the
cross-relaxation process and reduce the fiber propagation loss.

4. Tellurite fiber lasers

Compared to phosphate and germanate glasses, tellurite glass displays a lower maximum
phonon energy (800 cm™) that allows the transmission of light further into the mid-infrared
(up to ~5 pm) [45]. In addition, tellurite glass has large rare-earth ion solubility and enhanced
absorption and emission cross-sections due to the large refractive index of ~2.0, making
rare-earth-doped tellurite glasses very attractive materials for efficient laser emission. So far,
various rare-earth-doped fiber lasers at the 1, 1.6 and 2 um wavelength regions have been
reported [46-55]. On the other hand, tellurite glass has large nonlinear refractive index (5.9 x
10" m?/W), high thermal stability and strong corrosion resistance, making tellurite fiber an
ideal medium for nonlinear wavelength conversion. So far, nonlinear wavelength conversion
lasers including SBS lasers, Raman lasers and supercontinuum lasers have been studied and
investigated with tellurite fibers [56-66].

4.1. Rare-earth-doped tellurite fiber lasers

The first laser emission with a rare-earth-doped tellurite fiber was demonstrated in 1994 [46].
A single-mode Nd*-doped tellurite fiber with an elliptical core of 3 pm x 6.5 um and a NA of
0.21 was fabricated with the rod-in-tube technique. A single-mode laser emission with a lasing
threshold of 27 mW was observed at 1061 nm. A slope efficiency of 23% was obtained with
11.9% Fresnel reflection at both ends of the fiber cavity. An Er*-doped tellurite fiber laser was
first reported by Mori et al. in 1997 [47]. A maximum output power of 2.5 mW at 1560 nm with
a slope efficiency of 0.65% was obtained at a pump power of 500 mW. Afterwards, Er*-doped
tellurite fiber amplifiers were studied and investigated for the L-band signal amplification for
optical communications [48, 49]. Since Er*-doped tellurite glass has a large emission cross-
section due to the electric dipole moment transition with a large refractive index, expressed by
o, ~ (n*+2)*/9n, a small signal gain exceeding 20 dB over a bandwidth as wide as 80 nm includ-
ing the 1.55 um and 1.58 um bands can be obtained with an Er*-doped tellurite fiber amplifier.
Most importantly, the Er*-doped tellurite fiber amplifier was found to be very suitable for the
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L-band signal amplification especially for signal wavelengths beyond 1600 nm [49]. In addition
to the Er**-doped tellurite fiber for the L-band signal amplification, the S-band signal amplifica-
tion was demonstrated with a 0.4 mol% Tm?*-doped tellurite fiber by using the transition from
’H, to °F, levels of Tm® ions [50]. A fiber-to-fiber gain of 11 dB and an internal gain of 35 dB
were achieved with a dual-end pumping configuration.

Compared to the S-band signal amplification, the Tm?*-doped tellurite fiber has attracted more
attention for laser emission at the 2 um band. In 2008, Richards et al. reported a high-effi-
ciency Tm*-doped tellurite fiber laser at 1.88-1.99 um [51]. An output power of 280 mW with
a slope efficiency of 76% was obtained with a 32-cm long 1 wt% Tm?*-doped tellurite fiber core
pumped by a silica fiber laser at 1.6 pm. A more powerful output at 2 pm was obtained by
cladding-pumping with a multimode laser diode at 800 nm [52]. An output power of 1.12 W
with a slope efficiency of 20% was achieved with a 40-cm long 1 wt% Tm*-doped tellurite
double-cladding fiber. Since Ho*" ions are characterized by a larger emission peak than Tm?
ions and Ho® ions can be excited via an energy transfer process between the Tm* and Ho*
ions, the sensitization of Ho* by Tm? has been usually exploited to achieve laser emission
beyond 2 um by taking advantage of the high absorption of Tm* ions at 800 nm. In [53], a 2.1
um fiber laser with an output power of 35 mW was demonstrated with a 7 cm long 1 mol%
Tm* and 0.5 mol% Ho* co-doped tellurite double-cladding fiber. This fiber was fabricated
with the rod-in-tube method and has a core diameter of 9 um and a NA of 0.14. In [54], a high-
efficiency Tm*/Ho* co-doped tellurite fiber laser at 2.1 um was demonstrated with in-band
pumping at 1.6 um. A continuous-wave output power of 160 mW with a slope efficiency of
62% was obtained at a pump power of 350 mW. In addition to Tm* ions, Yb*" ions were also
added as sensitizer to enhance the pump absorption of a Ho* laser system. A tellurite fiber
with a 7.5 pm core doped with 1.5 wt% Yb,0,, 1.0 wt% Tm,O, and 1.0 wt% Ho,O, was fabri-
cated [55]. A 60 mW laser output at 2.1 um with a slope efficiency of 25% was demonstrated
with a 17-cm long Tm®*/Ho*/Yb?* triply-doped tellurite fiber. Although high-efficiency Tm?-,
Tm*/Ho*- and Tm?*/Ho*/Yb*-doped tellurite fiber lasers at 2 um have been demonstrated,
their output is still much lower than that of germanate and silica fiber lasers. Higher output
power tellurite fiber lasers can be obtained by reducing the propagation loss of the fiber and
improving the thermal management of the fiber laser.

4.2. Nonlinear wavelength conversion tellurite fiber lasers

Because of its broad transmission and large nonlinearity, tellurite glass has been extensively used
as a low phonon energy oxide glass in nonlinear photonic devices. Combining the long interac-
tion length and small core size with large nonlinearity, undoped tellurite glass fibers are excellent
platforms for nonlinear wavelength conversion lasers with low threshold and high efficiency.

The SBS can convert the incident pump light into lower energy scattered light in counter-
propagating direction due to the interaction of the pump light and acoustic phonons. The SBS
has found applications in optical amplification, optical fiber sensors, phase conjugation and
slow light generation. A SBS laser based on tellurite fiber was first demonstrated with a 200-m
long single-mode tellurite fiber with a core diameter of 2.2 um [56]. A maximum unsaturated
power of 54.6 mW at 1550 nm with a slope efficiency of 38.2% was achieved, and the Brillouin
gain coefficient of the tellurite fiber was measured to be 1.6989 x 1071® m/W.

141



142 Advances in Glass Science and Technology

Compared to the Brillouin scattering, the Raman scattering is more attractive for optical
amplification and nonlinear wavelength conversion because the Raman gain bandwidth
and frequency shift are much larger than those of the Brillouin scattering. By taking advan-
tage of the large Raman gain coefficient (55 W~'/km), broad gain bandwidth (~300 cm™)
and large Raman shift (~750 cm™) of the tellurite fiber, Mori et al. demonstrated a tellurite
fiber Raman amplifier with a gain of over 10 dB and a noise figure below 10 dB from 1490
to 1650 nm [57]. Qin et al. reported a widely tunable ring-cavity tellurite fiber Raman laser
with more than 100 nm tunable range (1495-1600 nm) [58]. In [59], Raman tellurite fiber
lasers operating at 3-5 um pumped by readily available CW and Q-switched Er*-doped
fluoride fiber lasers at 2.8 um were proposed and numerically investigated. The simula-
tion results showed that watt level or even 10-W level fiber laser sources in the 3-5 um
atmospheric transparency window can be achieved by utilizing the first- and second-order
Raman scattering in the tellurite fiber. Raman scattering can also be utilized to achieve
widely wavelength tunable ultrashort pulses through the soliton self-frequency shift
(SSES), which originates from the intra-pulse stimulated Raman scattering that transfers
the high frequency part of the pulse spectrum to the low frequency part. In [60], a widely
wavelength tunable 100 fs pulsed laser source in the 1.6-2.65 pm range was achieved with
a suspended core microstructured tellurite fiber pumped by a hybrid Er*/Tm*-doped
silica fiber system.

Supercontinuum (SC) laser sources possessing ultra-broad spectral bandwidth and extremely
high spectral brightness have found a variety of applications. Optical fibers have been con-
sidered as an inherently excellent candidate for SC generation because they can provide a
significant length and guide small beam size for the nonlinear interaction. Because of the
large nonlinearity and broad transmission bandwidth, tellurite fibers have shown advan-
tages in SC generation with a low pump power threshold and a very broad spectral band-
width [61-66]. In 2008, a broadband supercontinuum light spanning over 789-4870 nm was
demonstrated with an 8-mm long microstructured tellurite fiber [61]. This tellurite fiber has a
core diameter of 2.5 um, a nonlinear waveguide coefficient of 596 W™'/km and a zero-disper-
sion wavelength (ZDW) of 1380 nm, allowing anomalous dispersion pumping at 1550 nm.
An average power of 70 mW was obtained at a launched pump power of 150 mW. In [62], in
order to generate flattened SC light, a microstructured tellurite fiber was tapered to tailor the
group velocity dispersion from a small positive value to a large negative one. A flattened SC
laser spanning from 843 to 2157 nm with less than 10 dB intensity variation was demonstrated
with a 5 -cm long and zero-dispersion-decreasing microstructured tellurite fiber. In addition
to the SC generation, the second and third harmonic generations in microstructured tellurite
fibers were investigated with a 1557 nm femtosecond fiber laser [63]. Supercontinuum light
spanning over 470-2400 nm was achieved with a microstructured tellurite fiber with a core
diameter of 2.7 um. This research demonstrated that the chromatic dispersion controlled
microstructured tellurite fibers are potential candidates for second harmonic generation,
third harmonic generation and SC generation expanding from visible to mid-IR regions.
SC generation in highly nonlinear microstructured tellurite fibers pumped by a CW/quasi-
CW laser was investigated by Liao et al. [64]. SC with spectral bandwidth broader than one
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octave was achieved with a sub-meter fiber and a watt-level peak-power pump. However,
these SC laser sources are based on microstructured tellurite fibers, which usually have a
very small effective core area and poor heat dissipation capability, and thus their output
power scaling is constrained by the breakdown damage of the fiber cores. To achieve a high
average power SC laser, solid-cladding tellurite fibers have to be used due to the improved
thermal and mechanical properties.

The ZDW of a tellurite glass is typically around 2.3 um, so the zero dispersion wavelength
of a regular step-index tellurite fiber is longer than 2.3 um. It is worthwhile noting that this
value is not compatible with the pump wavelength of the most commonly available high
power pump sources, thus making it challenging to achieve high power SC with broad
spectral bandwidth. To overcome this constraint, a solid-cladding tellurite fiber with a
W-type index profile as the one shown in the inset of Figure 15(b) was fabricated by the
rod-in-tube method. This fiber has a solid core with a diameter of 3.8 pm and an 11.4 pum
inner cladding with index lower than that of the core and the outer cladding. The disper-
sion of the W-type index fiber was measured and is shown in the inset of Figure 15(c). The
first zero-dispersion wavelength is shifted to 2 pm and there is another zero-dispersion
wavelength at 3.9 um. This fiber has been used to demonstrate the first watt-level SC laser
source based on a tellurite fiber [65]. More than 1.2 W SC were obtained with conversion
efficiency greater than 30% from the 1.9 um pump wavelength to the 2-5 um spectral range.
Detailed experimental parameters study on mid-IR SC generation in W-type index tellurite
fibers is reported in [66]. Soliton SC with a maximum spectral width of over 2000 nm span-
ning from 2.6 to 4.6 um and output powers of up to 160 mW was obtained with a 4.2 um
core fiber pumped at 3 um. The power scaling of the SC generation based on the W-type
index tellurite fiber was demonstrated with the all-fiber setup shown in Figure 15(a). A
mode-locked fiber laser at 1912 nm with a repetition rate of 32 MHz was used as the seed
laser. The pulse width is stretched to 40 ps by a fiber stretcher. The average power of the
mode-locked laser was increased to over 10 W by three-stage Tm*-doped fiber amplifiers.
The 10 W mode-locked laser was coupled into the W-type index tellurite fiber via a fiber
mode-field adapter. The output power of the all-fiber SC laser source was measured and is
shown in Figure 15(b). Nearly 5 W SC were generated at the pump power of 10.6 W. The
optical spectrum of the SC laser source is shown in Figure 15(c). The power intensity at long
wavelength starts to decrease at about 3.8 um, which is close to the second zero-dispersion
wavelength. Red-shift dispersion waves were measured at wavelengths beyond 4 um. The
long wavelength of the SC can be further extended by using a tellurite fiber with a longer
second zero-dispersion wavelength. High power mid-infrared SC laser sources with a high
spectral power density in the 3-5 um atmospheric window are very attractive for long dis-
tance applications. Both simulation and experimental results have confirmed that SC with
a very high power proportion in the 3-5 um region can be obtained with a tellurite fiber
pumped by ultrafast mid-infrared pulses at a wavelength of around 3 um [66, 67]. Various
Q-switched and mode-locked fiber lasers at 3 um have already been demonstrated [68, 69].
Therefore, high power all-fiber SC laser sources with >90% power intensity in the atmo-
spheric window can be developed with current fiber laser technology.
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Figure 15. (a) Experimental setup of a 5 W all-fiber SC laser source based on a W-type index tellurite fiber. (b) Average
output power of the SC laser source as a function of the mode-locked pump power at 1920 nm. Inset: microscope image
of the W-type index tellurite fiber. (c) Optical spectrum of the 5 W all-fiber SC laser source. Inset: Measured dispersion
of the W-type index tellurite fiber.
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Abstract

In this work, we review the progress in recent studies on glass patterning including
technologies and applications. Four technologies for glass micromachining including
wet etching, sandblasting, reactive ion etching, and glass reflow process are analyzed.
Advantages as well as disadvantages of each method are presented and discussed in light
of the experiments. Various microsystem applications using the above glass patterning
technologies like thermal sensors, hermetically packaged capacitive silicon resonators,
optical modulator devices, glass microfluidics, micro-heaters, and vacuum-sealed capaci-
tive micromachined ultrasonic transducer arrays are reported.

Keywords: wet etching, sandblasting, dry etching, glass reflow process, thermal
sensors, capacitive silicon resonators, microfluidic, micro-heater, capacitive
micromachined ultrasonic transducer

1. Introduction

Nowadays, micro/nano systems play a vital role in innovation in all areas of our life. They
are utilized in almost all electrical equipments including cameras, televisions, smartphones,
laptop computers, and vehicles, not only to increase the functionality but also to enhance the
performance in various operating conditions. Their market is currently dominated by radio
frequency (RF) microelectromechanical systems (MEMS), microfluidics, optical MEMS, gyro-
scopes, accelerometers, microphones, pressure sensors, and inkjet heads. Thus, micro/nano
systems are being a mainstream for the electrical equipment.

Silicon and glass are the most commonly used materials in microsystems, employed for the
fabrication of a wide range of microdevices [1-5]. Patterning of silicon structures, which has
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been studied and developed for years, can be done by both wet (KOH and tetramethyl ammo-
nium hydroxide (TMAH)) [6] and dry (reactive ion etching) etching methods. Forming high
aspect ratio silicon structures could be easily achieved by deep RIE (Bosch process) technique
[7]. In turn, glass micromachining faces difficulties owing to its components. Tempax glass is
one kind of borosilicate glass which is frequently used in the microfabrication owing to low
cost, good thermal insulation, excellent optical transparency, and anodic bonding capability.
Tempax glass [5] is approximately composed of 75% SiO,, 13% Na,O, 10.5% CaO, and other
minor additives such as 1.3% AlO,, 0.3% K,O, etc. Different compositions exhibit a different
rate in the etching process so that low aspect ratio structure, etching rate, and mask selectivity
are still current issues in glass micromachining. Tempax glass exhibits the excellent mechani-
cal (mechanical strength and stiffness), dielectric (high electric insulation), and optical (high
transparency) properties. In addition, it is a bio-compatible material [8]. The thermal expan-
sion coefficient of glass is similar to that of silicon this allowing to produce silicon-on-glass
substrates via an anodic bonding technique [4]. High electric insulation becomes a signifi-
cant point to reduce the signal loss (parasitic capacitances) in RF MEMS, especially in high-
frequency ranges and nanomechanical resonant structures [9].

In this work, we review the recent progress in glass micromachining and its applications for
the microsystem fabrications. The various glass patterning technologies including wet etch-
ing, sandblasting, the reactive ion etching, and glass reflow process are presented together
with the microsystem applications including thermal sensors, hermetically packaged capaci-
tive silicon resonators, optical modulator devices, glass microfluidics, micro-heaters, and
vacuum-sealed capacitive micromachined ultrasonic transducer (CMUT) arrays.

2. Wet etching and sandblasting

2.1. Description

The wet etching of glass reported in the literature [10, 11] is one of the simple methods for
glass patterning; nevertheless, the precisely formed glass structure is difficult owing to its iso-
tropic etching behavior. Advantages and disadvantages of the wet etching method are com-
pared to other methods including sandblasting, RIE, and glass reflow process as shown in
Table 1. High mask selectivity, low surface roughness, and simple operation are advantages
of the wet etching. In turn, wet etching method cannot be used for forming small glass struc-
tures, below 1 pm-diameter. Also, created glass structures face a problem of the aspect ratio.
Aspect ratio structure of glass patterning via this method is just below 1.

Figure 1 illustrates the wet etching process of glass which begins with a glass substrate of
300-um-thick (Figure 1(a)). Both sides of the glass substrate are coated with 30-nm-thick Cr
and 300-nm-thick Au layers (Figure 1(b)). Cr-Au layers increase the adhesion of the glass
substrate and photoresist. Cr has a good adhesion with glass substrate while Au is an inert
material in the diluted HF solution. Next, a photoresist is deposited and patterned by a pho-
tolithography process. The back side of the glass substrate is also coated with the photoresist.
The Cr-Au layer is then etched out by the wet etchant, as shown in Figure 1(c). Finally, the
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Parameters Wet etching Sandblasting RIE Glass reflow

Feature size

Minimum size 1 um 100 pm <1 pm <1 um

Side etching Yes No No No

Etching profile U shapes V shapes Vertical Vertical

Aspect ratio Low Low High High

Surfaces Smooth Rough Smooth Smooth

Process time Short Short Medium Long

Mask materials Metal and Dry film resist Metal mask for Silicon mold
photoresist high selectivity

Selectivity between High Low High Glass fills into cavity

Tempax glass and mask

material

Etching environment Liquid ALQ, particles Plasma Atmospheric furnace with

a high temperature

Post processes Good Particles Good Good

Table 1. Summarized advantages and disadvantages of glass micromachining.

wafer is dipped in the diluted HF (Figure 1(d)). The wet etching setup is shown in Figure 1(f).
The etching rate is a function of the concentration of the diluted HF. Higher etching rate can
be achieved by increasing the concentration of the diluted HF; nevertheless, the quality of the
photoresist mask becomes poor. In this demonstration, the Tempax glass was etched using the
diluted solution of 50% HF:DI (deionized water) = 2:1 for etching time of 10 min. Etching rate
and side etching were observed at around 2 um/min. Figure 2(a) and (b) show the experimen-
tal results of Cr-Au wet etching and glass etching, respectively.

For short patterning glass structures, the wet etching is the preferred way; however, the large
depth patterning glass structures face difficulties owing to the high etching rate of the side
etching. In order to solve this issue, sandblasting is considered. This is the physical etching
method where a particles jet is directed toward a sample (glass substrate) for mechanical ero-
sion via the impingement of high-velocity abrasive particles. Not only glass but also other
materials including ceramic and silicon can also be patterned via this method.

Figure 3 describes the sandblasting process which uses thick dry film resist (MS 7050, 50 pm
thickness, Mitsubishi paper mills limited., Japan) as a mask material. 300-pum-thick glass sub-
strate is used (Figure 3(a)). A dry film resist is pasted, and then photolithography is performed,
as shown in Figure 3(b). Next, the glass substrate with a dry film resist patterns is etched via
sandblast. Figure 4 shows a glass patterning with an etching depth of approximately 150 pum.
Glass etching surfaces are very rough and etching profiles evolve into V-shapes. Etching
through the glass substrate is possible and generally it is employed for microfluidics which
need holes for an inlet and outlet of liquid.

153



154  Advances in Glass Science and Technology

Tempax glass

(a) Cr-Au

(b) Photoresist

I

ic)

(d)
Teflon beaker

Etching solution
(diluted HF)

\

Sample

(e)

Figure 1. Wet etching process. (a) Tempax glass. (b) Cr-Au sputter. (c) Photolithography and Cr-Au wet etching. (d) Glass
wet etching. (e) Wet etching setup.

2.2, Typical applications using wet etching and sandblasting

Generally, wet etching and sandblasting methods are employed for the glass patterning with-
out requiring highly precise structure including large channels for microfluidics, through
holes for inlet and outlet liquid in microfluidic, and cavities for microfabricated resonators, as
described in the following.

2.2.1. Thermal sensors for heat detection of living cells in liquid

Heat of cells generated by biochemical reactions is one of the critical parameters of living
organisms. Monitoring heat of cells is an effective way of investigating cell activities; however,
heat production is associated with very small values. It means that the heat losses become a
serious problem for heat detection. Low thermal conductivity of glass is one of the good char-
acteristics that make it popular in thermal sensors [12-14]. In this section, we propose and
developed heat-detecting silicon resonators which rely on temperature-dependent changes in
the resonant frequency of resonators.
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Photoresist
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|
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Tempax glass

A - Photoresist
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(b)

Figure 2. (a) Photolithography and metal etching. (b) Glass etching result.

Figure 5(a) shows the proposed resonant thermal sensor for heat detection of a living cell
in a liquid which consists of a glass microfluidic, silicon cantilever, and vacuum chamber.
The vacuum chamber and microfluidic are separated by a glass wall. Silicon cantilever is
employed as a heat guide from the microfluidic to the vacuum chamber. The heat generated
by a cell attached to the silicon cantilever in the microfluidic side is conducted to the silicon
resonator in vacuum chamber side and the resulting temperature changes cause a shift in the
resonant frequency of the silicon cantilever.

The thermal sensor is fabricated by well-known technologies including photolithography, wet
etching, and anodic bonding. Vacuum chamber and microfluidic are formed by the wet etch-
ing method and holes for inlet and outlet liquids are patterned by the sandblasting method.
Figure 5(b) shows the optical image of the completely fabricated device with an attached cell
in silicon cantilever in the microfluidic. The details of the experimental processes and evalua-
tion for this device can be found in [12].

In summary, microfluidics, vacuum chambers, and through holes of the glass substrate are
successfully patterned by the wet etching and sandblasting methods. The use of resonant
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Tempax glass

(a)

Dy film resist
(b)
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Figure 3. Fabrication process. (a) Tempax glass (b) Photolithography with a dry film resist. (c) Sandblasting.

Etching area lempax glass

Tempax glass

Figure 4. Glass cavity by sandblasting.

thermal sensors to measure the generated heat of a biological cell in a liquid is a clear exam-
ple. The proposed devices are promising for biochemical reaction monitoring.

2.2.2. Hermetically packaged capacitive silicon resonators

Thermal expansion coefficient of glass is similar to that of silicon which makes them easily
bonded together via an anodic bonding method [15]. Silicon-glass bonding becomes a key
technology for device integration in various fields including microelectromechanical systems
(MEMS), microelectronics, and optoelectronics. Anodic bonding between the glass substrate
and silicon was employed in our works including the parasitic capacitance reduction [9, 16]
and hermetically packaged device [4]. The structures of the resonator on silicon-on-insulator
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(b}

Figure 5. (a) Resonant thermal sensor for heat detection of living cells in liquid. (b) Fabricated device with an attached
cell.

(SOI) are transferred to the glass substrate in order to reduce the parasitic capacitances from
the handling silicon layer, as presented in [9]. Here, we present the hermetically packaged
capacitive silicon resonator based on the anodic bonding.

Capacitive silicon resonators, typically employed for sensing applications and timing refer-
ences, have been presented in many works [3, 4]. Their output signal is based on the measure-
ment of the change in the capacitance between a sensing electrode and the resonant body.
Figure 6(a) shows the sketched cross-section image of our proposed capacitive silicon resona-
tor where the resonant bodies are placed between driving/sensing electrodes, supported by
two thin beams on the sides and separated by the narrow capacitive gaps (Figure 6(b)). The
capacitive resonator’s operation is described as follows: when an AC voltage V, . is applied
to the driving electrode, the resulting electrostatic force induces a bulk acoustic wave in the
resonant element. An additional DC voltage V. is also applied to the driving/sensing elec-
trodes in order to amplify the electrostatic force. Small changes in the size of the sensing gap
generate a voltage on the sensing electrode.

The structures of silicon resonator are defined by the deep RIE on SOI wafer and then trans-
ferred on to LTCC (low temperature co-fired ceramic) substrate with metal feed-through
for electrically connected to silicon electrodes. The device is hermetically packaged by the
anodic bonding technique between silicon and glass. Figure 6(b) and (c) show the optical
images of the silicon resonator structure on LTCC substrate and the 2x2 cm? glass substrate
with patterning obtained by the sandblasting for the packaging step. Front and back sides of
the fabricated device after packaged process are shown in Figure 6(d) and (e), respectively.
The details of the fabrication process and evaluation of the proposal device can be found
in [4].

In summary, the glass can be used as a material for the hermetically packaged. Glass and
silicon can be well bonded together via the anodic bonding technique. The hermetically pack-
aged capacitive silicon resonators were successfully demonstrated.

157



158 Advances in Glass Science and Technology

Resonant Vacuum
Au feed- through body Ti-Au

Tempax glass cap

R R RS R RRHOCOEOS0 TSOE0E0E500MS05550 SN S -1 [T
ST H R R M » b |

LTCC
subsirate

uIIIN\HIHHIIIHNH“HHII 1

(b) | © €)

Figure 6. (a) Cross-section of the hermetically packaged silicon capacitive resonator. (b) Micrograph of silicon resonator
on LTCC substrate. (c) 2x2 cm glass substrate with sandblasting patterning. (d) Front and (e) back sides of the device
after hermetically packaged.

3. Reactive ion etching

3.1. Description

Although wet etching and sandblasting methods for glass patterning are widely used for
microsystems, they face problems including small pattern structures and dimension repro-
ducibility. In this section, we present the RIE method which can be potentially used for accu-
rately patterning small glass structures.

Figure 7 shows our laboratory-made RIE equipment for the deep glass etching which is a kind
of magnetron-type RIE. A strong permanent magnet (samarium-cobalt (Sm-Co)) is placed
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on the top glass cover to enhance plasma density. A small etching chamber with an internal
diameter of 145 mm is employed. The distance between the top glass cover and the sample
stage is 13 mm. The chamber is evacuated by a turbo-molecular pump with a pumping speed
of 300 I/s during the etching process which helps to reduce the deposition of reaction prod-
ucts on the sample surface. Plasma is generated by a 13.56 MHz RF generator and connected
to the cathode. The cathode is made by aluminum with 80 mm diameter and isolated from
a grounded circular cooling system by a Teflon for stray capacitance reduction. Samples are
attached to the cathode stage using silicone grease for heat conduction to the stage.

Figure 8 describes the sample preparation process for the deep etching glass. It starts with a
300 pm-thick Tempax glass substrate (Figure 8(a)). After simple cleaning procedures (acetone,
ethanol, and piranha), the glass substrate is sputtered by Cr-Au thin films with a thickness of
10 and 40 nm, respectively, as a seed layer for an electroplating of Ni (Figure 8(b)). A 600 nm-
thick Ni film is formed on the Cr-Au surface with photoresist patterning (Figure 8(c) and (d)).
Finally, the glass substrate is etched out by the above RIE setup mentioned.

The RIE etching result of the above-mentioned process is shown in Figure 9. Deep glass pil-
lars with a smooth surface, vertical shapes (base angle ~ 89°) and high aspect ratio (=10) with
depth of 10 um, diameter of 1 um and pitch of two pillars of 2 um were achieved. The details
of etching conditions and effects of the mask shape profiles can be found in [17].

3.2. Typical applications using reactive ion etching
3.2.1. Optical modulator

High transparency characteristic of glass was employed for many optical systems based on
micro-optical-electro-mechanical-systems, as previously reported [17-19]. Optical devices
allow manipulation of light including amplitude [20] and phase [21]. In this section, we show
an optical modulator device capable of the integration of an image sensor for functional image
sensing applications.

Top glass ‘N Mermanent

COVET _ N magnet (Sm-Co)
Sample
RF power

=

Circular
cooling Main
system valve

Figure 7. Reactive ion etching setup.
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Figure 8.Glass patterning by RIE. (a) Tempax glass wafer. (b) Cr-Au sputter. (c) Photolithography. (d) Nickel
electroplating and photoresist removal. (e) RIE process.

Figure 9. Glass pillar by RIE. (a) Optical image of 2x2 cm glass wafer with pillar patterning at center (colorful area). (b)
Close-up scanning electron microscope (SEM) image of the pillar patterning area.

The device structure is illustrated in Figure 10. The 7.2x9.6 mm optical window area consists
of glass pillar structures assembled with a liquid reservoir. The electrode material of top and
bottom electrodes is aluminum-doped zinc oxide (AZO) produced by atomic layer deposition
(ALD) method. This device can be directly mounted on an image sensor chip and has a large
optical modulation range.

The optical window is operated using a dynamic electrical control of the wetting behavior
of liquid on the top of the micropillar surfaces. Device concept was reported in [19, 22, 23].
When a voltage is applied to the structure, the liquid moves into the spaces between the
pillars (Figure 10(b)). The light reflection at the pillar sidewalls is eliminated because of the
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refractive index matching at the interface; therefore, the pillars array gets transparent. Thus,
a high optical transmittance is obtained. In the case without liquid between pillars, the light
transmittance of the device is lower than that with liquid because of light reflection and scat-
tering by pillar walls and it works ideally as an opaque medium (Figure 10(a)). Therefore, by
shifting the liquid in and out of the pillar array using electro-wetting, the light transmittance
can be electrically controlled.

Glass pillar structures are produced by RIE, as reported before (Figure 9). Figure 10(c) shows
the optical evaluation setup. It contains a cold-cathode fluorescent lamp for illumination, a
resolution chart for the optical property evaluation, a focal length and F-number of the cam-
era lens, and an image sensor. A matching oil is inserted into the pillars array just by putting
the liquid droplet on the device that immediately penetrates in the whole area of the optical
window. Figure 10(d) shows a comparison of transmittance with and without liquid penetra-
tion by using an image sensor. A low transmittance of the optical window is observed when
it is measured without inserting the matching oil for glass pillar structures. The low trans-
mission light, in this case, causes light reflection and scattering by pillar walls. A very high
transmitting light of around 90% can be achieved by using matching oil. The possible reason
is due to the refractive index matching between glass pillars and matching oil. Thus, the large
modulation range of approximately 65% for cases with and without matching oil is achieved.

In summary, glass is a potential material for optical systems owing to its highly transparent
property. The optical device based on glass patterning by RIE with the large optical modula-
tion range was demonstrated. This device can be directly mounted on an image sensor chip
for functional image sensing applications.

Plaaser byl weie

Light source

i | | i | Wb U adode Fhamesoont L)
[ — ;
Top Il ligquied Hanib bbbl Chutdet liquid ———— - Rrvolution chan
cloatrade | Termpay glass pillars. Ligaid | Ranodstunn shart
\ 1T paiters |
=1 e
- Cirves s
-
| g =l wiaam
Cammrra o [
owmpny LIl AP T e
. r
()
Ve mabokar o, wh B - 41
(I e —p—ra—eT TR 1
y L L i "ﬂ‘f
w 1 I ll
Light souce ai : | | n |Ii }'T"|
lop clectrode  Inbet liquad || l Ohutbet Figuad 2 :E:. ! [
[ Mhddaiadid | i  EAY
Easd |80
Tempas glivs sabetrate 3 | HE |
- Bamam E T
clogirmie Ep' |
§ = 1 i Y "||'] Wikt
| A 111k ot
az m ‘11‘1’!.\.; I “,-""q.L3
11U\l l
o i O LY .
T T
o I B T R
1] Pisel wamber
{d)

Figure 10. (a) Opaque state (without voltage supply). (b) Transparent state (with voltage supply). (c) Evaluation setup.
(d) Optical property evaluation of optical window with and without liquid penetration.
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3.2.2. Glass microfluidic integrated with thin silicon layer for observation of biological samples

Microfluidics has huge potential for bio-applications [12-14]. The bio-compatible selection
of microfluidic material is important to avoid any effects on biological samples. Thus, a glass
material becomes the preferred one for bio-applications [8]. Also, high-resolution observa-
tion of living cells helps more understanding of biological functions through the study of
cellular dynamics. The surface structure of cancer cells was observed in nanoscale using scan-
ning electron microscopy (SEM) and transmission electron microscopy (TEM), as reported in
[24]. A floating particle in the liquid was observed with a TEM system using the microfluidic
chamber [25]. In this section, the glass microfluidics integrated with a thin window of silicon
layer for the observation of biological samples using a SEM system is described.

Figure 11(a) shows the proposed structure consisting of micro-channels (trapping channel
and bypass channel), a thin silicon layer on top of the channels, a trapping pole, an inlet,
and an outlet of liquid sample. At first, micro-channels are patterned by reactive ion etching
(RIE) with nickel metal as a mask material. Then, SOI wafer with 200 nm-thick device layer is
bonded to the patterned glass surface above by anodic bonding method. The handling layer
of SOl is partially etched out by deep RIE until reaching the opened insulator layer (SiO,) at
the window part. Finally, SiO, is removed by HF vapors.

Figure 11(b) shows a SEM image of the fabricated device which installed into SEM chamber. DI
water is then flowed into microfluidic under SEM observation, as demonstrated in Figure 11(c).
The details of the fabrication process, evaluation setup, and measurement results can be found

in [26].
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Figure 11. (a) Glass microfluidics integrated with a thin silicon layer for cell observation. (b) Fabricated device. (c) DI
water loaded into the microfluidic under SEM observation.
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In summary, glass microfluidics, successfully patterned by RIE, integrated with a thin win-
dow of silicon layer for the observation of biological samples in vacuum analytical system (ex.
SEM) was demonstrated.

4. Glass reflow process

4.1. Description

Precise glass patterning can be achieved by RIE method; however, forming very deep glass
structures is a challenge owing to a low etching rate and low selectivity (between the glass
and mask material). Also, the reflection of ions [17] at the mask or the edge of the mask and/
or mask erosion may contribute to its limited aspect ratio and depth. To overcome the above
problems, glass reflow process was investigated in [18, 19] which can create the compounded
structures between silicon and glass. In this section, we present glass reflow process and its
applications for microsystems.

Figure 12 schematizes glass reflow process which starts with a 300 um-thick silicon wafer.
The silicon structures (silicon mold) are formed by deep RIE based on Bosch process using
SF, and C F, (Figure 12(a)). Next, anodic bonding of the silicon wafer and the Tempax glass
is carried out in a high vacuum chamber with an applied voltage of 800 V at 400°C for 15 min
(Figure 12(b)). The glass reflow process is performed in a furnace with ambient atmospheric
pressure at 750°C for 10 h (Figure 12(c)). Tempax glass is melted and poured into cavities
of silicon mold during the high-temperature glass reflow process. After that, both sides of
the wafer are mechanically lapped and polished by a chemical mechanical polishing process
(Figure 12(d)).

Silicon
{a)

— Cilass

(h)
()
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Figure 12. Glass reflow process. (a) Silicon mold. (b) Anodic bonding in a vacuum chamber. (c) Glass reflow process. (d)
Lapping and polishing process.
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Figure 13(a) and (b) show silicon mold formed by deep RIE and the compounded structure
between silicon and glass created by glass reflow process, respectively. The complete filling
into the cavities was achieved. Thus, the glass structures can be formed by glass reflow pro-
cess; nevertheless, the process faces difficulties when glass enters into narrow patterns. Glass
reflow into narrow trenches was investigated by an additional optimization of the process
flow conditions. At higher temperature (1100°C) and with longer time process (20 h), using
SiO, to enhance surface wettability, the complete filling glass into the narrow trenches was
achieved. Figure 14(a) and (b) show the silicon pillar mold and complete filling glass into nar-
row trenches, respectively. The details of glass reflow process condition can be found in [18].

In summary, the glass reflow into the large cavities and narrow trenches and deep glass struc-
tures compounded with silicon can be achieved. The glass can easily fill large cavities; never-
theless, additional conditions are required for filling into the narrow trenches.

4.2. Typical applications using glass reflow process

The glass reflow process exhibits more advantages than wet etching, sandblasting and RIE meth-
ods. We have used it for microsystem applications, as reported in [18, 27]. We have investigated it

(b)

Figure 13. Glass reflow for large pattern size. (a) Silicon mold. (b) Glass reflow into a silicon mold.
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in different of microsystems including through-wafer interconnects, thermal isolation, vacuum-
sealed capacitive micromachined ultrasonic transducer (CMUT) arrays, and optical modulator
devices. The optical modulator device’s concept is similar to that in Section 3.2.1. The details of
fabrication process and evaluation can be found in [22]. Here, we report thermal isolation and
CMUTs, as follows.

4.2.1. Thermal isolation

Micro-heaters are typically used in the gas chemical sensors [28, 29] because the gas chemical
reactions in a sensing layer require a high temperature. Micro-heaters are considered as a hot
plate which controls the temperature of the sensing layer. Furthermore, they may also be used
as an infrared source to analyze the molecular fingerprint of gases using infrared gas sen-
sors [30]. Moreover, several MEMS devices require a good thermal isolation such as infrared
detectors [31] and ultrasonic transducers for thermal applications [32]. Thus, the good ther-
mal isolation is very desirable in micro/nano thermal devices. Glasses are suitable materials
for this purpose because of their low thermal conductivity, low thermal expansion coefficient

(b)

Figure 14. Glass reflow for small pattern size. (a) Silicon mold. (b) Glass reflow into a silicon mold.
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and excellent mechanical strength. SiO, layers of 10-100 pum thickness for thermal isolation
was reported in [33], where silicon pillars have formed by deep RIE technique with the high
aspect ratio structure which are then oxidized to create the SiO, layer as thick as the deep RIE
patterns. Nevertheless, silicon at bottom areas may be difficult to turn completely to SiO, and
pores may exist inside the SiO, layer.

A thick glass layer for thermal isolation was proposed in [18]. Silicon micro-heater is com-
pounded by the glass substrate fabricated by the glass reflow process. Top view of the
micro-heater is shown in Figure 15(a). The silicon micro-heater has been characterized by
the near-infrared imaging as shown in Figure 15(b). The temperature distribution is highly
located at the silicon part. The compounded glass can thermally isolate the heated silicon
effectively with a temperature difference more than 100°C when the temperature of the silicon
part is heated at 140°C at an input power of 200 mW. In addition, a reliability property of the
silicon micro-heater is evaluated. The electrical current is supplied to the micro-heater and
kept ON state at 140°C for more 2 hours and the response is recorded, as shown in Figure
15(c), which shows highly stable temperature with +1.5°C tolerance. Thermal cycling is also
performed with repetitive ON/OFF cycles for 1.5 hours. ON/OFF states with 1 min/ 1 min
cycles are applied and the response is observed which shows a good stability at the heating
operation as shown in Figure 15(d).

In summary, the proposed micro-heater fabricated by glass reflow process shows good char-
acteristics that allow possible application to gas chemical sensors.
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Figure 15. (a) Silicon micro-heater compounded glass. (b) Infracted image of silicon micro-heater. (c) Keep ON at 140°C.
(d) ON/OFF cyclic test of the micro-heater.
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4.2.2. Vacuum-sealed capacitive micromachined ultrasonic transducer arrays

CMUTs are currently present in many electrical equipment such as medical imaging, nonde-
structive measurement, and chemical sensing. CMUT array device produced by the glass reflow
and anodic bonding reported in our recent work [27]. Firstly, we demonstrate the low resistance
of the silicon through-glass wafer via based on the glass reflow process and a low resistivity
silicon wafer. Secondly, the anodic bonding between silicon-glass reflow wafer and SOI wafer is
successfully performed. Then, the handle and buried oxide layers are etched to release CMUT
membranes and electrical connections and pads are subsequently formed via sputter method
and using a shadow mask. More information on fabrication process can be found in [27].

Figure 16(a) shows the CMUTs structure which contains silicon through-wafer interconnects
and releasing membranes suspended over vacuum gaps. The CMUT cells are separated by
the Tempax glass and Cr-Au layers are employed for electrical connections and pads. The
CMUT works as a capacitor cell. When a DC voltage is applied to two electrodes, the silicon
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Figure 16. (a) Device structure. (b) Vacuum cavity. (c) Transmission S,, of CMUTs device.
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membranes are attracted toward the bottom electrode by the electrostatic force. If the AC volt-
age is supplied to the membrane, driving the capacitor with an alternating voltage generates
ultrasound. It works as a transmitter in this case. Otherwise, if the membrane is subjected to
ultrasound pressure, the electrical current is created due to the capacitance changes and in
this mode, it works as a receiver.

Figure 16(b) shows the SEM image of a vacuum-sealed cavity. The resonance characteristic of
CMUT array is evaluated using a network analyzer. Transmission S, is indicated for CMUT
array in Figure 16(c). A resonant peak, which is observed under V e of 120V, V. of 0 dBm, is
found at 2.83 MHz with the Q factor of approximately 1300 in the vacuum environment of
0.01 Pa. Additionally, the simulation result (FEM - finite element method) is in good agree-
ment with experimental results as shown in Figure 16(c).

In summary, the CMUTs device based on the glass reflow process and anodic bonding was
demonstrated. The experiment process may be useful in microsystems including optical
devices, microfluidics, packaging with electrical feed-through, and 3D-MEMS devices.

5. Conclusions

In this work, four technologies for glass micromachining including wet etching, sandblasting,
RIE, and glass reflow process were reported and discussed. The wet etching and sandblasting
technologies are simple process; however, they face problems including small pattern struc-
tures and dimension reproducibility. RIE technique exhibits potential for accurately pattern-
ing small glass structures, but forming very deep glass structures are a challenge owing to a
low etching rate and low selectivity. Glass reflow process which creates compounded struc-
tures between silicon and glass is a suitable technology for various microsystem fabrications;
nevertheless, some additional conditions are required for filling into the narrow trenches.
Typical applications take advantage from the above technologies including thermal sensors,
hermetically packaged capacitive silicon resonators, optical modulator devices, glass micro-
fluidics, micro-heaters, and vacuum-sealed capacitive micromachined ultrasonic transducer
arrays. It is our hope that this review may be a useful reference for those working in the field
of micro/nanosystems.
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Abstract

Glass beads are solid glass spheres. Because of their high strength, chemical stability, low
thermal expansion, and good flowability, they are manufactured from colorless glass for
many industrial purposes. In recent years, the urban heat island (UHI) phenomenon has
become very serious in urban centers. Heat emitted from exterior walls of buildings
accounts for a relatively large proportion of total anthropogenic waste heat. Retroreflective
(RR) materials are researched worldwide for the potential in application to building exterior
wall surface instead of normal diffuse highly reflective (DHR) materials to resist the UHIL
Glass beads are the common main components of these RR materials. Glass beads have
different refractive indices and diameters. The classification and reflection principles of
glass beads, experimental analysis on the optical properties and thermal performance of
glass bead RR materials are elaborated in detail in this chapter. In addition, if these glass
bead RR materials are used in building facades, when the incident angle of the sun is very
high, the facade will produce a large specular reflection to the road, which may cause
adverse effects on pedestrians. Therefore, theoretical and technical aspects of preventing
the specular reflection from glass bead RR materials should be studied and implemented.

Keywords: urban heat island, building facade materials, retroreflective materials, glass
beads, experimental analysis

1. Introduction

Glass beads are solid glass spheres. Because of their high strength, chemical stability, limited
thermal expansion, and good flowability, they are manufactured from colorless glass for
several industry purposes and widely used for blasting, filler, and traffic safety.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgINEN
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1.1. Glass bead retroreflective materials

In recent years, the urban heat island (UHI) phenomenon has become serious in urban
centers. Among the factors of increasing UHI, the urbanization has been considered as one
of the main reasons. Urban constructions are important parts of the urbanization. Heat
emitted from exterior walls of buildings accounts for a relatively large proportion of total
anthropogenic waste heat. Therefore, many countermeasures of mitigating UHI and saving
energy of buildings have been implemented by means of high reflection of the building’s
exterior wall surface. There are usually three kinds of reflections: diffuse reflection, specular
reflection, and retroreflection.

At present, in order to be possibly applied to building exterior wall surface to resist the UHI
and save energy consumption of buildings, retroreflective (RR) materials are recommended
and researched by scholars worldwide instead of the normal diffuse highly reflective (DHR)
materials [1-3]. Glass beads are the common main components of these RR materials. The
principle of retroreflection of glass bead is shown in Figure 1 [4].

Currently, several types of RR materials are commercially available in Japan (as shown in
Figures 2-5 [5, 6]). However, they are employed for various safety and decorative purposes
and are useful at nighttime when visibility is important under low-light conditions. As for
application to building envelopes, RR materials have not been widely used yet [7]. In order to
possibly apply these commercially available RR materials to building the exterior wall surface,
their weatherability must be ensured. In the design of buildings, those building materials that
are uneasy to maintain won't be considered to be used for the exterior wall surface, since safety
is given the highest priority.

Hence, long-term durability of new building’s exterior wall surface materials should be veri-
fied by a long-term exposure experiment. Afterward, they can be practically applied to exterior
wall surface of buildings.
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Figure 1. Principle of retroreflection of glass bead.
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Figure 3. Sectional structure of lens-type RR material.

1.2. Impact on building energy consumption and urban albedo

The same as a DHR material, RR material applied to building facades can decrease the
energy consumption of buildings during the cooling period, whereas it can increase the
energy consumption of buildings during heating period. Previous research indicated that
when comparing the annual thermal load of a simulated building (air-conditioned
area = 605 mz) located in Shanghai, China, with RR facade to that with no RR facade, the
yearly cooling load is reduced by about 157 MJ/(m*-year) (19%). However, the yearly
heating load is increased by about 71 MJ/(m*-year) (6%). In general, the total load of the
simulated building is decreased by about 86 MJ/(m*-year) (4.3%) when the RR facade is
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Figure 4. Appearance of prism-type RR material.

Figure 5. Sectional structure of prism-type RR material.

adopted [8]. A research related to the influence of RR materials on the energy consumption
of public buildings in different climatic regions of China showed that the RR coating
materials are more effective in the cooling-dominated area (i.e., Guangzhou) than the
heating-dominated area (i.e., Harbin) [9]. A research, which is related to the thermal energy
impact of RR and DHR envelopes on energy consumptions of buildings in different metro-
politan areas of the United States, was analyzed via using the EnergyPlus software [3].
Results showed that the total energy consumption and cooling energy consumption of
heating, ventilation and air conditioning (HVAC) are reduced by 8.2 and 9.8%, respectively,
under the RR context.
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Compared to building exterior wall surface materials with DHR and specular reflective char-
acteristics, a previous research by a two-dimensional urban canyon space model showed that
the RR coating of buildings is the most effective to increase the urban albedo [8]. A research
showed that the RR materials could be effectively applied to urban pavements and building
envelopes to improve the urban albedo [2].

1.3. Motivation and purpose

For possible application of glass bead RR materials to exterior wall surface of buildings,
methods of thermal and optical characteristics analysis and durability testing of glass bead
RR materials are summarized and elaborated in this study. In addition, if these glass bead RR
materials are applied to building facades, when the angle of sunlight incident on the facade
surface is high, the facade surface produces a large specular reflection on the road, which may
cause adverse effects on pedestrians. Therefore, theoretical and technical aspects of preventing
the specular reflection from glass bead RR materials should be studied and implemented. A
theoretical possibility of preventing the specular reflection through appropriate design of glass
bead RR materials will also be proposed in this study.

2. Methods to derive retroreflectivity of RR materials

There are two main methods to obtain retroreflectivity of RR materials: one is measured by a
spectrophotometer system [10] (as shown in Figure 6) and the other is determined by a
thermal balance principle of surface [11] (as shown in Figure 7).

Reflection
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Figure 6. A diagrammatic general view of the spectrophotometer system.
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Figure 7. A conceptual diagram of the thermal balance of RR materials.

2.1. Determination of retroreflectivity by spectrophotometer

The spectrophotometer system is an emitting-receiving optical fiber system, which includes (1)
visible spectrophotometer, (2) infrared spectrophotometer, (3) light source, (4) glass fiber, (5)
RR sample stage with angle adjustment and angle scale, and (6) computer for processing data.

For the determination of angular retroreflectivity of RR materials using the emitting-receiving
optical fiber system, the angular retroreflectivity with incident angle of 7° of the prism RR
sample was 0.41, and this was used as the base retroreflectivity. Therefore, the angular
retroreflectivity of the other RR materials can be determined through the reflection intensity
relative to that of the prism RR sample and the spectral distribution of solar radiation. The
function for determining angular retroreflectivity of sample is shown as:

pret—ang = pret—base. J S(V)E(V)dy/ Jsbase(V)‘E(V)dV (1)

where pyrq,e i the angular retroreflectivity of RR materials [~]; perpase the retroreflectivity
with incident angle of 7° of the base prism RR sample [—]; S () the reflection intensity of these
RR materials at different incident angles [—]; Sps.() the reflection intensity of the base prism
RR sample at incident angle of 7° []; and E(y) the spectral distribution of hemispherical solar
irradiance specified in ISO 9845-1 of International Organization for Standardization [12].

2.2. Determination of retroreflectivity by thermal balance principle

According to previous research [11], the retroreflectance of RR materials can be derived by
subtracting the diffuse solar reflectivity measured with spectrophotometer (incident angle of
light source is designed at 7°) from the total solar reflectivity evaluated by the thermal balance
principle from temperatures measured outdoors (as shown in Figure 7) and is given by:
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Pret = ptmp - pspc 2)

where p,,, is the retroreflectivity of RR materials [—]; py, the solar reflectivity evaluated by the
thermal balance in the outdoor environment [—]; and ps,. the solar reflectivity measured by
spectrophotometer in the laboratory [—].

Pump can be derived as:

ptmp =1- qr/Ei (3)

where g, is the amount of shortwave irradiance [W/m?] and E; is the global irradiance on the
inclined reflecting plate [W/m?].

9 =95 T 9 T e 4
q, = —Fseseao(To)* — stesewo(Tg)Al +&0(Ty)* ®)
oo = 1(T1 = To) (6)
G = 1/L(T1 = T2) @)

In the previous equations, g, is the amount of long-wave emittance [W/m?]; g, the amount of
convective heat transfer [W/m?], geq the amount of heat conduction to the insulation [W/m?];
F, the form factor from reflecting plate to air [—]; F, the form factor from reflecting plate to
ground [—] (=1-F,); ¢, the emissivity of the reflecting plate surface [—]; ¢, the atmospheric
emissivity [—]); &, the emissivity of the ground surface [—]; 6 the Stefan-Boltzmann constant
(=5.67x10"° W/m? K*; h the convective heat transfer coefficient of a flat plate exposed to a
stream of air [W/m?K]; T; the inner surface temperature of steel mounting plate [°C]; T, the air
temperature [°C]; T, the outer surface temperature of steel mounting plate [°C]; T, the surface
temperature of ground [°C]; u the heat conductivity of the insulation [W/mK]; and L is the
thickness of the insulation [m].

The incident irradiance on the reflecting plate can be calculated by the Perez model [13]. The
functions for determination of incident irradiance are as follows:

E=L+1;+1 ®)
I, = E, X cosi )
Ii = Eo x (14 cos0)/2 (10)
I = py x Ege(1 - cos6)/2 (11)

where I, is the direct irradiance on the inclined reflecting plate [W/m?]; I, the diffuse irradiance on
the inclined reflecting plate [W/m?]; I, the irradiance reflected by ground to the inclined reflecting
plate [W/m?]; i the incident angle of solar irradiance on the inclined reflecting plate [deg]; 6 the
inclination angle of the reflecting plate [deg]; p, the albedo of the ground [~]; E, the direct
irradiance [W/m?]; E,, the diffuse irradiance [W/m?]; and E,q is the global irradiance [W/m?].
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3. Development of glass bead RR materials

Eight types of RR samples coated with glass beads with a refractive index of 1.5 or 1.9, added in
amounts of 0.15 or 0.30 kg/m?, on top of a reflective surface of white or silver paint (detailed in
Table 1), were produced. All glass bead RR samples were 120 mm square plates. Additionally,

Samples Reflective layer Refractive index of glass Diameter of glass bead  Density of glass beads
color bead (1) (um) (kg/m?)
S1 White 15 106-850 0.30
S2 White 15 106-850 0.15
S3 White 1.9 106-850 0.30
S4 White 1.9 106-850 0.15
S5 Silver 15 106-850 0.30
S6 Silver 15 106-850 0.15
S7 Silver 1.9 106-850 0.30
S8 Silver 1.9 106-850 0.15

Table 1. Detailed characteristics of developed glass bead RR samples.

120 mm

Figure 8. Appearance of developed glass bead RR materials.
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because the glass covering could improve the durability of RR material as found in previous
research [8], the surface of all glass bead RR samples was designed with a glass sheet covering
with high transmittance (visible transmittance 91.3%, UV transmittance 92.5%), a reflectivity of
2%, and high strength. The appearance and structure of the developed glass bead RR sample are
shown in Figures 8 and 9.

Glass
Glass bead (high lrﬂ-nrsn:littﬂ-r:oe and strength)
I 3O
@ 3enm
| 0.5mm
e e .4
| | '.
Reflective layer Adhesive layer Steel plate

(Paint)

Figure 9. Structure view of developed glass bead RR materials.

120 mm

120 mm

Figure 10. Retroreflection effect of developed glass bead RR materials when the artificial light source is incident on their
surface.
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In addition, for comparison, two types of commercial RR sheet (capsule and prism) samples
(KICTEC Corporation) were also produced. The retroreflection effect of all RR samples when
the artificial light source is incident on the surface is shown in Figure 10.

It is shown that except for the two types of commercial RR sheets, retroreflection intensity of
the developed glass bead RR samples with a refractive index of 1.9 and a white reflective layer
is much stronger than that with a reflective index of 1.5 and a silver reflective layer.

4. Optical analysis of glass bead RR materials

The reflection intensity of 10 types of RR samples at different incident angles was measured by
a specific spectrophotometer system over different incident angles from —85° to 85° with steps
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Figure 11. Reflection intensity of RR samples (S1 and S2).
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of about 20°. The results are shown in Figures 11-15, where the y-axis scale is a raw data
output of signal strength for each wavelength with a maximum reading of about 60,000. The
graphed values are data from +7° to +85°. The measured values from —7° to —85° were not
significantly different.

In addition, the angular retroreflectivity of 10 types of RR samples is calculated by using Eq. (1)
and shown in Table 2.

For the sake of analyzing the angular distribution of reflection intensity of these developed RR
materials, the samples (S1, S3, S5, S7, S9: capsule sheet and S10: prism sheet) are chosen and
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Figure 12. Reflection intensity of RR samples (S3 and S4).
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Figure 13. Reflection intensity of RR samples (S5 and S6).

characterized in terms of angular distribution of the reflection intensity (—80° ~ 80°) by varying the
incident angle of these RR samples from 10° to 80° with steps of about 20° (10°, 30°, 60°, and 80°).
The detailed angular distribution of reflection intensity of chosen RR samples (S1, S3, S5, S7, S9:
capsule sheet and 510: prism sheet) is shown in Table 3. Reflection to negative incident angle is the

“specular reflection”.

It is shown that except for the commercial capsule and prism RR samples, the developed
glass bead RR materials with a refractive index of 1.9 are more efficient than those with a
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Figure 14. Reflection intensity of RR samples (57 and S8).

refractive index of 1.5 for application to building coatings at low incident angles of
sunlight.

Compared to commercial capsule and prism RR materials, the glass bead RR samples pro-
duced in this study are relatively weaker in RR directional characteristics. However, the cost of
these developed glass bead RR materials is relatively lower than commercial capsule and
prism RR materials. Therefore, as long as the durability of these developed glass bead RR
materials can be ensured, it is desirable to develop such low-cost glass bead RR materials and
possibly apply to exterior wall surface of buildings.
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Figure 15. Reflection intensity of RR samples (S9 and S10).

Angle Sample
S1 S2 S3 S4 S5 S6 S7 S8 S9 (capsule) S10 (prism)
-90° 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
—85° 0.1 0.1 0.8 0.7 0.1 0.0 0.3 0.6 0.2 0.2
—65° 0.4 0.4 23 1.4 0.1 0.1 0.6 1.0 55 31
—45° 0.9 0.4 2.8 2.1 0.5 0.2 0.9 0.9 15.2 15.7

—25° 0.6 0.4 31 2.3 0.6 0.4 2.8 1.0 17.9 36.9
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Angle Sample
S1 S2 S3 S4 S5 S6 S7 S8 S9 (capsule) S10 (prism)

-7° 0.7 0.6 6.2 3.2 0.9 0.6 7.9 19 18.0 411

7° 0.7 0.6 6.2 3.2 0.9 0.6 7.9 1.9 18.0 411

25° 0.6 0.4 31 2.3 0.6 0.4 2.8 1.0 17.9 36.9

45° 0.9 0.4 2.8 2.1 0.5 0.2 0.9 0.9 15.2 15.7

65° 0.4 0.4 2.3 1.4 0.1 0.1 0.6 1.0 5.5 31

85° 0.1 0.1 0.8 0.7 0.1 0.0 0.3 0.6 0.2 0.2

90° 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table 2. Angular retroreflectivity of 10 types of RR samples with different incident angles, x10~2 [-].

Incidence (°) 10 30 60 80 Incidence (°) 10 30 60 80
S1 S3

10° 5.1 34 2.3 2.0 10° 15.8 33 24 2.2
30° 33 5.0 24 2.0 30° 43 12.0 25 2.2
60° 2.6 2.3 4.6 2.1 60° 2.8 2.9 11.0 2.9
80° 2.0 2.0 2.1 25 80° 2.1 2.1 2.2 35
0° 4.0 25 24 2.0 0° 438 2.9 2.7 2.2
—80° 22 2.0 2.3 12.2 —80° 2.0 2.2 2.5 12.3
—60° 24 2.1 8.3 3.1 —60° 2.8 2.6 9.0 3.9
—-30° 2.7 8.8 2.6 2.0 —-30° 3.7 8.0 2.2 2.0
-10° 7.7 25 25 2.0 -10° 7.8 2.8 2.6 2.2
S5 S7

10° 5.8 2.3 2.0 1.9 10° 16.0 2.6 2.3 2.0
30° 24 3.6 2.1 1.9 30° 3.4 12.7 2.6 2.1
60° 2.1 2.1 3.2 1.9 60° 24 2.1 52 2.2
80° 2.0 2.0 2.0 2.6 80° 2.1 2.0 2.0 3.8
0° 43 2.3 2.1 1.9 0° 5.7 23 1.2 1.1
—80° 2.0 2.0 2.0 8.7 —80° 2.2 2.0 2.2 9.1
—60° 2.1 2.1 7.0 2.4 —60° 2.4 2.1 9.7 3.2
-30° 2.3 5.7 2.2 1.9 -30° 3.7 9.0 2.5 2.3
—-10° 5.7 2.7 2.1 1.9 —-10° 84 2.3 2.3 2.0
S9 (capsule sheet) S10 (prism sheet)

10° 35.0 44 2.3 2.0 10° 45.0 4.6 3.3 43

30° 32 32.1 2.3 21 30° 42 40.0 3.4 5.4



188 Advances in Glass Science and Technology

Incidence (°) 10 30 60 80 Incidence (°) 10 30 60 80
60° 24 25 12.3 24 60° 3.8 42 7.0 4.0
80° 2.0 2.0 22 4.5 80° 29 31 22 31
0° 13.0 3.8 1.8 1.2 0° 7.8 4.7 1.9 1.2
—-80° 22 2.1 2.6 26.7 —-80° 25 2.6 4.5 24.0
—60° 24 24 28.0 7.0 —60° 2.6 33 21.0 32
-30° 4.5 25.4 33 2.1 -30° 3.6 15.4 35 3.6
-10° 234 5.0 2.3 2.0 -10° 10.6 4.1 3.0 3.6

Table 3. Angular distribution of reflection intensity of chosen RR samples, x10° [-].

5. Verification on durability of glass bead RR materials

For possible application of these glass bead RR materials to building facades, the durability of
these developed glass bead RR samples should be verified. Therefore, the change in solar
reflectivity of these developed glass bead RR samples was evaluated by exposed experiments
in the outdoor environment. The experimental stand is shown in Figure 16. As an example, the
change in solar reflectivity (for incident angle of solar radiation: 5°) of four chosen glass bead
RR samples (S1, S3, S5, and S7) for approximately 1 year (about 368 days) exposure to outdoor
environments is shown in Figure 17.

Figure 16. Experimental stand for deriving retroreflectivity of developed glass bead RR samples.
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Figure 17. Change in solar reflectivity at incident angle of solar radiation of 5° for four chosen glass bead RR samples
(S1, S3, S5, and S7).

The results show that the solar reflectivity of the developed four chosen glass bead RR samples
has a limited decrease of only about 0.02 for long-term exposure (about 368 days) in the
outdoor environment.

It is considered that the durability of four chosen glass bead RR materials can be ensured
during the 368-day exposure in the outdoor environment. In addition, it is also shown that the
solar reflectivity of glass bead RR samples (S1 and S3) with white reflective layers is about 0.07
higher than that with silver reflective layers (S5 and S7).

Whether these developed glass bead RR materials meet the durability requirements of build-
ing exterior wall surface materials will take longer time to be validated.

6. Influence of glass bead RR facade on pedestrians and proposal of
suppression method

According to the research by Takebayashi [14], the effectiveness of applying RR materials to
building facades was evaluated in regard to avoiding adverse effects on pedestrians. As shown
in Figure 18, the result is indicated that the RR materials can be considered for use on building
fagades below the third floor in order to avoid impacts on pedestrians from the reflection of
solar radiation.
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Figure 18. Effect of RR fagade on pedestrian [14].

For the glass bead RR material, if it was applied to a building facade, when the solar altitude
angle is large such as 60°, the specular reflection component accounts for a relatively large
proportion of the whole reflection (as shown in Figure 19). Thus, it is essential to suppress the
specular reflection which is emitted from a glass bead RR fagade by using an appropriate
technical method that is described and shown in Figure 20.
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Figure 19. A 2D simulation of the specular reflection component from a glass bead RR fagade.




Application of Glass Beads in Building Exterior Wall Surface Materials
http://dx.doi.org/10.5772/intechopen.73292

Wall surtace wall surfacs
Bus'ied pary »— | —s Expoved part jiliniy & Solar shevalion
i s:lﬂrlllﬂ :'lulllnn.ln
L | ] i p—
; .
Method h
- N
[IRY A ———— -
F swiratnit gl R~ ings refiepind gt
= F Twiod setiscted ight M3 Thise redecsss light
[Rym——— & Suctacs refisstad Ukt > ]
T eebincites By W Gacw refacisd Gy :_'-"'""’”'.“F“""‘F“- :;‘::"'l '!""EH
W Tekce Fenerins hghs I Eeming nght [ .mww“ H Huﬂmdww-_ 3
e W et paet ' : s
B0 Mafeciodl poiid | B2 ioflwsted ol 2 B refleched paint 4 €2 Emibiirg paind
£ Emitling poie 8 Intderd arghe

Figure 20. Proposal of avoiding the specular reflection component emitted from a glass bead RR facade.
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Figure 21. A 2D simulation after the adoption of a proposal to avoid specular reflection effect.

The effect of a newly designed glass bead RR facade on pedestrians and thermal radiation of
urban environment could be improved after adopting the method of suppressing the specular
reflection emitted from the RR fagade of buildings (as shown in Figure 21).

7. Summary and conclusions

This chapter shows the application of glass bead materials in building exterior wall surfaces.
Two main methods for deriving retroreflectivity of glass bead RR materials were analyzed.

191



192 Advances in Glass Science and Technology

Several types of glass bead RR building coating samples were developed. For possible appli-
cation of these samples to building coatings and verification of their long-term durability, the
optical and durable experiments of these samples were carried out. The theoretical and techni-
cal method to prevent the specular reflection which is emitted from glass bead RR facade is
proposed in this study.

We can summarize the knowledge as follows:

1.

Methods to derive the retroreflectivity of RR materials are proposed and described in this
study. One is measured by a spectrophotometer system and the other is determined by a
thermal balance principle of surface.

Production of glass bead RR samples with low cost that is possibly applied to building
coatings is carried out in this study.

The reflection directional characteristics of developed glass bead samples were measured
by using an emitting-receiving optical fiber system. It is shown that except for commercial
capsule and prism RR samples, the developed glass bead RR materials with a refractive
index of 1.9 are more efficient than those with a refractive index of 1.5 for application to
building coatings as RR materials at low incident angles of sunlight.

4. The long-term durability of the developed glass bead RR samples was verified through
exposure experiment in the outdoor environment. It is shown that the durability of the
developed glass bead RR materials can be ensured during the 368-day exposure in the
outdoor environment, and more time is needed to continue this durability experiment.

5. A proposal of theoretical and technical methods to prevent the specular reflection from the
glass bead RR fagade is briefly described in this study.
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Seal Glass for Solid Oxide Fuel Cells
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http://dx.doi.org/10.5772/intechopen.74180

Abstract

Barium calcium aluminum boro-silicate glass (BCABS) is used as a sealant for Solid Oxide
Fuel Cells (SOFCs) to protect against air and hydrogen gas leaking at 800°C. One major
problem is the chemical reaction of this glass with barium oxide and other materials in the
composition such as Ba-Y-Co-Fe (BYCF) and Ba-Sr-Co-Fe (cathode) used in the fuel cell
components, leading to the formation and spreading of barium aluminosilicate glass on
the cathode surface in the fuel cell. This investigation indicated that adding 0.4 mol% ZrO,
to BCABS prevents the formation of barium aluminosilicate glass. Generally, the sealing
glass of fuel cells must show high resistivity for no disturbance to electricity from the fuel
cell system when generating the electron. The 0.4 mol% ZrO, to BCABS is generated with
resistivity of 4 MQ) that is useful for SOFCs technology. The thermal expansion coefficient
(TEC) in SOFCs is the major condition for producing the cell layers. The thermal expan-
sion coefficient of SOFCs based on each layer (cathode, electrolyte, anode, interconnect
and sealant) should be closed to prevent broken cells. The thermal expansion coefficient is
12.40 x 10~%/°C matched with the TEC of the GDCjj electrolyte. Therefore, BCABS glass
with 0.4 mol%ZrO, generated a novel composite for SOFCs.

Keywords: BCABS sealing glass, SOFCs, electrical stability, thermal expansion coefficient

1. Introduction

Solid oxide fuel cells (SOFCs) are a type of power source conversion device which can trans-
form hydrogen or hydrocarbon gas in fuel into electricity at an intermediate temperature of
600-800°C. SOFCs consist of three layers (cathode/electrolyte/anode) that are designed with a
tubular and planer shape [1]. The fuels are often pumped to flow into the SOFC system but it is
possible that leaks can occur when using this system. Therefore, excellent sealing is essential to
prevent external leaks as well as to contain fuels inside the SOFCs. The sealing composition
must provide hermeticity, electronic insulation, and a similar thermal expansion coefficient

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN



196 Advances in Glass Science and Technology

(TEC) to match with the SOFC system [2]. Thermal stability is necessary and the operating
system should be able to work for long periods in harsh conditions. Furthermore, the sealant
must be able to survive the thermal cycles for 40,000 h at intermediate temperatures of 500
800°C [3]. The character of the seal glass should enhance stability and durability in both
chemical and mechanical forms [2].

Based on the glass ceramic sealant type, the best is BCABS with the following composition:
(mol%) 35Ba0, 15Ca0, 5A1,0;, 375i0,, 8B,05 [4]. This sealant is derived through the chemical
reaction with barium compositions on the cathode side of the SOFCs systems; for example,
BSCF (Ba-Sr-Co-Fe) [5], or BYCF (Ba-Y-Co-Fe) [6] that leads to the formation of barium
aluminosilicate [7, 8] on the surface as shown in Figure 1. But how can we stop the barium
aluminosilicate which blocks the electricity generation of SOFCs? ZrO, reveals better thermal
shock resistance at 400°C, and improves thermal oxidation resistance [10, 11]. BCABS with
added (0.4 mol%) ZrO, (BCABS-0.4 mol%ZrO,) is shown to be an excellent glass ceramic
sealant for operating SOFCs that can also match the required TEC, has high resistivity, and no
cracks. The TEC of BCABS-0.4 mol%ZrO, of 12.17-12.78 x 10~%/°C also matches with the
GDCy electrolyte at 13.08 x 10~%/°C. BCABS-0.4 mol%ZrO, showed resistivity of 4 MQ cm
for 100 h. BCABS-0.4 mol%ZrO, of SEM also exhibited a smooth surface free of cracks, blisters
and without barium aluminosilicate [9]. The melting point is 867.25°C [9].

Due to the SOFCs being developed for use at low operating temperatures, this will make the
SOFC system highly efficient. Therefore, the development of glass ceramic sealants containing
the addition of 0.4 mol%ZrO, in the BCABS glass composition can be shown to use low cost
advanced materials for SOFC technology. This sealing glass can prevent the spread of barium
aluminosilicate on the surface of the barium composition on the cathode side of the SOFC
system. The melting point of the composition is 867.25°C. The electrical resistivity of this
mixture is 4MQ cm which is 8 times lower than the original BCABS. The TEC is matched with
SOFCs based on the GDCy electrolyte that is valued at around 12.17-12.78 x 10~%/°C [12]. The
microstructure between cathode and glass is free of cracks and shows good adherence to both
surfaces. These properties of BCABS-0.4 ZrO, composition can be promoted as a sealant for
SOFC low cost technology which has barium oxide content.

Barium aluminesilicate

Alumina tube

Figure 1. The sealing glass BCABS was sintered at 800°C for 5 h and the barium aluminosilicate coated on the solid oxide
fuel cell surface [9].
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2. Preparation of materials

The materials for this glass sealant show novel composition with added ZrO, in BCABS under a
mol% ratio as exhibited in Table 1. Commercial powders BaO (99%), CaO (99%), ALO3 (99%),
B,O3 (99%), SiO; (99%) and ZrO, (99%) were obtained from Sigma Aldrich GmbH, Germany.
Stoichiometric amounts of powder were mixed together to get the glass sealant composite. The
powder mixtures were ground for 1 h and mixed with distilled water, generating the high
temperature. Thus, for the best safety of preparation, the mixtures were prepared using a
stainless steel tray or thermal ceramic tray. It is important not to touch the composition when
the distilled water is first mixed with powder because of the high thermal production and dust!
The mixture was milled with cylindrical alumina balls using a horizontal rotary ball mill for 24 h
and then dried in the oven at 150°C until it became a powder as shown Figure 1. The powders
were ground again for 4 h in our in-house designed grinding machine and sieved at 150 mesh
size, resulting in the fine powder of sealing glass for SOFC technology. The calcinated batch was
melted under air ambience in a solid oxide fuel cell system (cathodelelectrolyte |anode), with a
platinum wire and alumina tube at 1000°C. The melting was then quenched between an alumina
tube and fuel cell to obtain the glass frit to be used for electrical stability as shown in Figure 2.

Composition Samples
BCABS BCABS-17rO, BCABS-2ZrO, BCABS-3ZrO,
BaO 35 35 35 35
CaO 15 15 15 15
ALO 5 5 5 5
SiO, 37 36.6 36.2 359
B,O3 8 8 8 8
ZrO, 0 0.4 0.8 1.1

Table 1. Chemical composition of the of the sealing glass (mol%) [9].

Figure 2. The BCABS-1ZrO, was prepared after drying in the over at 150°C for 4 h.
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However, the preparation of the glass sealant must be practiced because it involves rheology and
sintering. Therefore, before using this glass sealant in the real experiments, it is necessary to learn
how to control the glass flow at the high temperature for the sealant. For example in SOFCs
technique, increasing for 90 min to 1000°C and then stabilizing for 1 min, before then cooling
down for 90 min to room temperature.

3. Physical properties

The chemical reactions of the sealing glass BCABS, BCABS doped with ZrO,, and the solid
oxide fuel cells after they were sintered at 1000°C for 1 h are shown in Figure 3(a)-(d). The
compositions related appear in Table 1. The BCABS composition revealed an excellent connec-
tion between the fuel cell and glass; some chemical reactions on the fuel cell due to the barium
aluminosilicate are spread on the fuel cell [13], Figure 4(a). BCABS-1ZrO, glass showed no
reaction in the fuel cell with a shiny, high adhesive glass composition deposited on the fuel cell
surface in Figure 4(b). BCABS doped 0.4 mol% may affect the chemical glass composition and
can be obviously revealed without barium aluminosilicate coated on the fuel cell. The reasons

[N wm wire

Alumina tube

Figure 3. (a) The preparation for measuring power density of the SOFC based on the pellet comprising the SOFC pellet,
alumina tube and platinum wire; (b) BCABS-1ZrO, glass quenched between the SOFC pellet and alumina tube; (c)
BCABS-1ZrO; glass after sintering at 1000°C for 1 min.

Figure 4. Comparison of the chemical reaction between glass ceramic sealant and solid oxide fuel cell: (a) BCABS,
(b) BCABS-1ZrO,, (c) BCABS-2ZrO,, and (d) BCABS-3ZrO,. Picture exhibits the comparison of glass ceramic
sealants: (e) BCABS and (f) BCABS-1ZrO, [9].
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for the chemical compound with crystallographic structure are explained in the XRD analysis
section. The glass BCABS-2ZrO, and BCABS-3ZrO, showed clear cracks on the fuel cell that
may be attributed to the high quantity of ZrO, generating the pin holes and pores in the
surface [14, 15]. Therefore, the sealing glass BCABS-1ZrO, is an excellent sealing material for
the investigation of properties leading to no reaction on the fuel cell surface. BCABS and
BCABS-1ZrO, sealing glass were sintered with fuel cells that clearly compared the different
sealing glasses as shown in Figure 4(e) and (f).

4. Differential thermal analysis (DTA)

The chemical reaction of the glass sealant at high temperatures is very important for applica-
tion to SOFCs technology for the analysis phase of chemical reactions and melting points that
can be designed by time and temperature for coating between the alumina tube and fuel cell.
Differential thermal analysis (DTA) is the one instrument for measuring which is based on the
peak represented chemical reaction and melting point. DTA plots of the investigated BCABS-
1ZrO, glass are shown in Figure 5. An endothermic baseline shift indicates glass transition and
an exothermic shift indicates crystallization. The plots show the inflection in the temperature
range from room temperature to 1000°C with an intense exothermic peak at 76.82°C (Tp). This
range, from 40 to 150°C is associated with the elimination of adsorbed and zeolitic H,O. The
coordinated H,O is removed in this heating range. The glass transition temperature T, exhibits
the estimates to be 196.87, 306.13, 427.02 and 867.25°C from this point of intersection of the
tangents drawn at the slope change. The peak of T, at 427.02°C corresponded to the thermal
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Figure 5. Differential thermal analysis (DTA) curve of investigated BCABS-1ZrO, glass [9].
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expansion curve of BCABS-1ZrO,. The glass transition Ty of 867.25°C is the melting point.
However, the glass sealant should be sintered over the melting point for coating the gap
between the SOFC and alumina tube without leaks. For example, a temperature at 1000°C for
1 min can reveal the beautiful coating as shown in Figure 3(c).

5. X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) is a versatile, non-destructive, analytical technique that reveals detailed
information involving the chemical composition, crystallographic structure and physical proper-
ties of materials [16]. In the case of powder diffraction, this technique is used to characterize the
crystallographic structure, crystallite size and preferred orientation in polycrystalline or pow-
dered solid samples [17]. Powder diffraction is also commonly used to identify unknown sub-
stances by comparing the diffraction data against a database matched by the International
Centre for Diffraction Data (ICDD). Based on the BCABS-1ZrO, glass, XRD indicates the inclu-
sion of many compositions such as Barium Calcium Silicate (Cag 1Bag ¢SiO3), Barium Aluminum
Silicate (BaAlSi;Og), Silicon Oxide (SiOy), Silicon (Si), Calcium Aluminum Silicate Hydroxide
(Al,Cay043Si3), Barium Zirconium Silicate (BayZr,Siz0q,) and Calcium Silicate (CaSiOs). The
major peak is Cag1Bag¢SiO; leading to BaO, CaO and SiO, that are the main components.
Additionally, Barium Zirconium Silicate (Bap,Zr,Siz0;7) is very interesting because this com-
pound combined with the Barium Oxide and Zirconium Oxide may stop the Barium Alumino-
silicate coating on fuel cell surfaces. This composition may cause decreased resistivity such that
the resistance of BCABS-1Z1r0; is generated 8 times lower than BCABS (Figure 6).
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Figure 6. XRD data of the BCABS-1ZrO; after sintering at 1000°C for 1 min.
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6. Thermal expansion

Based on SOFCs technology are contained the cathode, electrolyte and anode layer. All of the
three layers must be controlled by the thermal expansion coefficient the same as the electrolyte,
while this experiment uses the GDCj electrolyte. Hence, the thermal expansion coefficients
(TEC) of the cathode and anode should be close to that of the electrolyte [18]. Because SOFCs
are operated at high temperatures of 600-800°C, all the layers are expanded. In cases where the
three layers of SOFCs have different thermal expansion coefficients they can easily be broken.
For this reason, the thermal expansion coefficient of sealing glass must also be close to that of
the GDCyy electrolyte. The linear thermal expansion of BCABS and BCABS-1ZrO, glass is
shown in Table 2. Thermal expansion of BCABS exhibited linear expansion, with a thermal
expansion coefficient of 12.40 x 10~°/°C. The BCABS-1ZrO, also showed linear thermal expan-
sion between 34 and 400°C, with a thermal expansion coefficient of 12.78 x 107%/°C. The
increase in TEC from 34 to 600°C is shown in Table 2. Thermal expansion of BCABS-1ZrO,
also matches with the GDCy electrolyte at 13.08 x 107/°C [19].

Compositions Thermal expansion coefficient (x107/°C)

34-200(°C) 34-400(°C) 34-600(°C) 34-800(°C)
BCABS-1ZrO, 12.17 12.78 16.53 11.70
BCABS 12.20 12.81 12.54 12.40

Table 2. Comparison of thermal expansion coefficient properties of sealing glass BCABS-ZrO, and BCABS [9].

7. Electrical stability analysis

Sealing glass in SOFCs operation is a part which should be an effective electrical insulator to
support the fuel cell in highly efficient generation of electricity. However, based on the real
experiment, the SOFC technology needs to be interconnected to pass the electricity to the
external circuit from the high temperature system. For the purpose of full option of this experi-
ment, Lag 0551 20Cr0.92C00 08035 was used for the fuel cell interconnect. Investigation by Acchar
et al. has shown that this interconnect has the best composition of materials to achieve the ideal
features of an interconnect; for example high density, porosity, and high conductivity [20].

Electrical stability analysis was measured with the interconnect Lag ¢sSrg 20Cr0.92C00.0503.
Glass was exposed to ambient air on one side and H,, 2.7% H,/Ar saturated with 20 or
30 vol% H,O on the other side. A graphic diagram of the test set-up, detailing the perimeter
seal, gas chamber and electrical connection is shown in Figure 7. The electrical stability of
both glasses BCABS and BCABS-1ZrO, was investigated in the furnace at a temperature of
800°C for 100 h. Some of the samples were intentionally broken for interfacial characteriza-
tion of cross-sections using a scanning electron microscope (SEM). Figure 8 exhibits the
electrical conductivity of the interconnect (Lag 0510.20C10.92C00.0s03) composite at different
temperatures. Using the electrical circuit connection seen in Figure 7, the resistance between
BCABS-1ZrO; and the interconnect (Lag 0sSro20Cro.92C00.0s03) composite was measured.
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Figure 7. The graphic diagram exhibits the set-up of electrical stability measurement, the glass covered the interconnect
and connected with platinum (Pt) wire used for measuring resistivity [9].

However, the interconnect (Lag 0§51 20Cr0.92C00,0s03) composite has very low resistivity. Therefore,
the major resistivity of BCABS-1ZrO, was measured, as indicated in Figure 9(a, b) [9]. The
measurement of the resistivity of sealing glass and interconnect materials can be written in the
form of electrical equivalent circuit. The resistance is (LagsSt0.20Cr.92C00,0s03) interconnect (Ri)
and BCABS-1ZrO; sealing glass (Rsg), while the cross-section is fitted by electrical circuit as shown
in Figure 7 and this cross-section also corresponds to Figure 3(b). All resistances are connected in
series circuits as represented in Eq. (1). However, the resistance of (LagsSro20Cr0.92C00.0s03)
interconnect (Ri) is very low, which must easily release electrons to the external circuit in a real
experiment of SOFCs. Therefore, the total resistance from this investigation is BCABS-1ZrO,
sealing glass (Rsg).

Rtotal_Realing glass — R(rg) + R(l) (1)
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The electrical stability was investigated for BCABS and BCABS-1ZrO, for 100 h at 800°C, as
shown in Figure 9(b). The resistance of BCABS is 8 times higher than BCABS-1ZrO,. The
trends indicated a gentle step down at 48 h with both stabilized until 100 h. The 0.4 mol%
ZrO, doped in BCABS revealed decreasing electrical resistivity of the sealing glass. The elec-
trical stability of BCABS and BCABS-1ZrO; sealing glass at different temperatures is shown in
Figure 9 [9]. Both compositions exhibited decreasing resistivity at 520°C. The composition
might change phase at 520°C since that is one of the major properties of BCABS sealing glass.

8. Microstructure analysis

It is common sense to study the structure of material with regard to their function. The trans-
forms of macroscopic properties of materials are created by the transforms of its microstructure.
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Figure 8. Electrical conductivity of the interconnect (Lag 0Sr.20Cro.92C00.0sO3) composite at different temperatures [9].
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Figure 10. Microstructure of refractory glass: (a) BCABS; (b) BCABS-1ZrO, on the cathode surface. Microstructure of the
cross-section between cathode materials and glass: (c) BCABS sealing glass; (d) BCABS-1ZrO, sealing glass [9].

For example, porosity, density, grain, and so forth. On the contrary, a highly compact structure or
higher density at the surface of the materials can cause slower moisture migration during hot
drying or water penetration into the interior during rehydration [21]. In particular images
investigating technologies and structures, reconstruction methods have been presented as pow-
erful and reliable tools in fuel cell and component research. The microstructure can allow
analysis of the coating of barium aluminosilicate on the fuel cell that is the main problem of
BCABS glass when used with the cathode based on the barium oxide (BaO). Figure 10(a) reveals
the microstructure of refractory glass BCABS with a rough surface free of cracks. Due to both the
sealing glass and fuel cell containing barium oxide, they are sintered together as this can combine
the phase of barium oxide composition coated on the surface of the fuel cell. Figure 10(b)
presents the microstructure of refractory glass BCABS-1ZrO, with a smooth surface free of
cracks and blisters, which may be generated from the addition of ZrO,. Figure 10(c) shows the
microstructure of refractory glass BCABS on a cross-section between glass and cathode, which
indicates the formation of barium aluminosilicate and no occurrence of cracks. Figure 10(d)
reveals the microstructure of refractory glass BCABS-1ZrO, on the cross-section between glass
and cathode, which indicates excellent contact without the formation of barium aluminosilicate
or cracks [9].

9. Conclusion

The BCABS sealing glass is easily mixed with the cathode side (containing barium oxide,
particularly BSCF and BYCF) of SOFCs at high temperatures. The cathode side of SOFCs
receives O, or air for generating electricity to the external circuit. The cathode is conducted by
BCABS sealing glass that can clearly reduce the power density in SOFCs. An improved glass
ceramic sealant containing the addition of 0.4 mol% ZrO, in the BCABS glass composition was
developed. The addition of ZrO, in the sealing glass can prevent the spreading of barium
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aluminosilicate on the surface of the SOFCs. The melting point of the mixture is 867.25°C. The
electrical resistivity of this mixture is 4 MQ which is 8 times lower than BCABS, but is very
useful for preventing leaks and did not disturb the electricity of the fuel cell. The thermal
expansion coefficient reveals a value of 12.40 x 10~%/°C, which is close to that of the GDCyq
electrolyte which can protect against the breaking of the cell. The microstructure surface of the
mixture exhibits no cracks and is shiny. Therefore, addition of 0.4 mol% ZrO, to BCABS can be
promoted as a useful sealing technology for SOFCs which contain barium oxide.
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Abstract

E-glass three dimensional (3D) stitched preform composites have been developed for
several industrial applications due to their high mechanical performance and damage
tolerance properties. Although some in-plane properties of the stitched E-glass compos-
ite structure are slightly lower than in laminated composite, its mode-I delamination fail-
ure is improved. This was achieved by using the out-of-plane directional stitched fibers.
Recently, some nanoparticles as single-walled nanotubes (SWNT) or multiwalled nano-
tubes (MWNT) or nanofibers (NF) were added to the glass fabric structure or stitched
preform during consolidation process. This further enhances the thermo-mechanical
impact properties of the E-glass fiber composites.

Keywords: glass fiber, nanosilicate, nanocarbon, preform, 3D fabric architecture

1. Introduction

Textile fiber composites have been used in various space-aerospace, ballistic, industrial, and
medical areas due to their high stiffness to weight ratio and damage tolerance properties
[1]. The most important reasons for the increased use of textile structural composites are the
increased expectations for product performance and demand for lightweight materials in
global markets.

Textile-based composites consist of fibers with high strength and modulus properties, and
matrix materials that bond these fibers together to provide load transfer and structural integ-
rity. Fibers provide strength and stiffness to the composite materials, while the resins basi-
cally keep the fibers together to transfer stresses between the fibers. Glass fibers are the most
common of all reinforcing fibers for polymeric matrix composites, which have low cost, high
tensile strength, high chemical resistance, and excellent insulating properties [1-3].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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Glass fibers are used as other reinforcement fibers in manufacturing of textile preforms for
composites. The textile preform fabrication is done by weaving, braiding, knitting, and stitch-
ing and by using nonwoven techniques, and they can be chosen generally based on the end-
use requirements. Originally, three dimensional (3D) preforms can be classified according to
fiber interlacement types. Simple 3D preform consists of two dimensional (2D) fabrics and is
stitched depending on stack sequence. More sophisticated 3D preforms are fabricated by spe-
cially designed automated loom and manufactured to near-net shape to reduce scrap [4-6].

In polymeric materials, the use of organic and inorganic fillers has become very common.
Polymer composites are used commercially in various areas such as construction and civil
engineering, automobile components, and sports equipment. Over the past 20 years, great
importance has been attached to the development of polymeric nanocomposites. In nano-
composites where at least one of the components is in the nanometer range, the final product
is in micro- or macrosize. In addition, advances in computer technology have facilitated the
characterization of nanomaterials and their estimation through modeling and simulations [7].

This chapter deals with applications of glass fibers in 3D preform composites. The fabrication,
classification, and properties of glass fibers were introduced. Types of matrix and properties
of used nanofillers in textile-based polymeric composites in the form of sphere, tubes, and
fibers were explained. 2D and 3D fabric forms of glass fibers were reviewed especially con-
sidering the 3D stitched composite. Basic fabrication methods of composites were provided.
Mechanical properties and failure modes of glass fiber-reinforced 3D composites were dis-
cussed by considering the special application areas.

2. Glass fibers, matrix, and nanoadditives

2.1. Glass fibers

Glass can be finely spun into fibers that are pliable to be woven into textiles. Glassy materi-
als, above their glass transition temperature, Tg, show Newtonian viscosity, i.e., the stress is
proportional to the strain rate. This property is exploited in the drawing of glass into fiber
and planar forms [8]. Glass fibers are used in manufacturing structural composites, printed
circuit boards, and a wide range of special-purpose products [9]. Glass fiber manufacturing
is the high-temperature conversion of various raw materials, which are predominantly boro-
silicate, into a homogeneous melt, followed by the fabrication of this melt into glass fibers
[10]. The most important melt properties of fiberglass melts are the fiber-forming viscosity,
the temperature at which fibers are formed, and the liquid temperature at which crystals can
form within hours and remain in equilibrium with the melt [11]. The basic component of glass
fibers is silica (silicon dioxide (SiO,)) derived from ordinary sand, and the viscous melts can
be strong melts typically containing 50-100% SiO, and 0-25% Al O, [12, 13]. The continuous
fibers are produced using bushings, which have a few hundred to several thousand small
tubes of the bushing. One fiber is produced from each tip. The temperature of the glass exit-
ing tip is typically in the range of 1150-1300°C, depending upon the composition of the glass.
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The glass will normally flow out of the bushing under the force of gravity into fibers on the
order of 1 mm diameter. The final diameter of the glass fiber is a strong function of the tension
applied to the fiber as it is being drawn [14]. Figure 1 shows the manufacturing of glass fibers
and some produced glass fiber tows [15, 16].

The compositions of the glass fibers vary depending on glass types (A-glass, S-glass, or
E-glass). More than 99% of continuous glass fibers are spun from an E-glass [17]. The remain-
ing glass fibers are premium special-purpose products [18]. Table 1 presents the glass fiber
types with short explanations [19].

The physical properties of glass fibers are affected by the compositions. The two types of
glass fibers commonly used in the fiber-reinforced plastic industry are E-glass and S-glass
[2]. Therefore, the physical properties of these fibers are generally discussed. The densities of
E-glass and S2-glass fibers are 2.58 g/cm® and 2.46 g/cm?, respectively. The softening points of
E-glass and S2-glass are 846°C and 1056°C, respectively. The tensile strengths and modulus
are 3345 MPa and 72.3 GPa for E-glass and 4890 MPa and 86.9 GPa for S2-glass, while the
elongations are 4.8 and 5.7%, respectively [19]. Scanning electron microscope (SEM) views of
E-glass fiber and tow are shown in Figure 2 [20].

2.2. Matrix

Polymer-based matrix materials are basically classified into two main groups as thermo-
set and thermoplastic. In general, thermoset polymeric resins have a widespread use in
fiber-reinforced composites. The fibers are applied with these resins using the resin transfer
molding or recently vacuum-assisted resin transfer molding techniques. During process-
ing, the viscosity of the polymer is low during the interaction of the fiber with the matrix.

(b)

Figure 1. (a) Drawing of glass filaments and (b) glass tows [15, 16].
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Type Description

A glass  High alkali glass—72-75% silica, 0-6 alumina, and 0-6 boron oxide content. Poor resistance to heat. Used
for windows, containers, light bulbs, tableware, etc.

Cglass Chemical glass—64-78% silica, 3-5% alumina, and 4-6% boron oxide content. Improved durability and
corrosion resistance. Glass staple fibers for making glass mats.

D glass  Dielectric glass—72-75% silica, 0-1 alumina, and 21-24% boron oxide content. Improved dielectric strength
and low density. Improved electrical performance.

Eglass  Electrically resistant glass—52-56% silica, 12-16% alumina, and 5-10% boron oxide content. Used in glass
reinforced plastics as general-purpose fibers where strength and high electrical resistivity are required.

ECR Modified ‘E’ glass—54-62% silica and 9-15% alumina content. Superior long-term resistance to strain crack
glass corrosion in acid conditions.

AR Alkali-resistant glass—55-75% silica and 1-18% zirconium content. Used in cement substrates and concrete.
glass

Rglass  55-60% silica and 23-28% alumina content. High-strength, high-modulus at a lower cost than ‘S glass.

S2 glass  64-66% silica, 24-25% alumina, and 9.5-10% magnesium oxide (40% higher than E-glass) content.
Developed for aerospace applications.

Table 1. Glass fiber types and some of their physical and chemical specifications [19].

(b)

il wm

Figure 2. SEM views of E-glass fiber and tow. (a) E-glass fiber and (b) E-glass tow [20].

This provides good wetting properties between the fiber and the matrix without any addi-
tional high temperature or pressure. However, the low strain properties of thermoset resins
reduce the impact strength of the composites. The most widely used thermoset resins are
epoxy, polyester, phenolic, and vinyl ester [1, 2, 21].

There is a growing interest in development and production of the thermoplastic polymer—
based composites. The reason of this interest is the ability of thermoplastic composites to form
and remold easily in shorter process times compared to thermoset composites. Furthermore,
thermoplastic composites provide high fracture toughness, damage tolerance, and microcrack
resistance [22, 23]. Thermoplastic resins are about 500-1000 times more viscous than thermo-
set resins. This restricts the infusion tendency of resins to fibers. In addition, the need for high
pressures in thermoplastic composite process is also considered as another limiting factor.
Semicrystalline thermoplastic polymers such as polyether ether ketone (PEEK), polyphenyl-
ene sulfide (PPS), and liquid-crystal polymers (LCP) are mainly used in aviation due to their
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mechanical and chemical resistance at relatively high temperatures. Some other thermoplastic
polymers such as polypropylene(PP), acrylonitrile butadiene styrene (ABS), and polyamide
(PA) find use in the automotive industry. PP has a very common use in the production of ther-
moplastic composites due to its low cost, high specific properties, and reusability [24, 25]. The
properties of some of the thermoset and thermoplastic resins are presented in Table 2 [21].

Polyesters are used extensively in continuous and discontinuous composites and they are rel-
atively inexpensive with processing flexibility. They are cured by addition reactions in which
unsaturated carbon-carbon double bonds (C=C) are the locations where cross-linking occurs.
Typical polyester consists of at least three ingredients: a polyester, a cross-linking agent such
as styrene, and an initiator, usually a peroxide, such as methyl ethyl ketone peroxide (MEKP).
One of the main advantages of polyesters is that they can be formulated to cure at either room
temperature or elevated temperatures, allowing great versatility in their processing. Epoxies
are high-performance matrix systems for primarily continuous fiber composites and have bet-
ter high-temperature performance than polyesters and vinyl esters. Epoxies are used in resin
transfer molding, filament winding, pultrusion, hand layup, and other processes with various
high-modulus and high-strength fibers. The properties of the resultant resins are strongly
dependent on the cross-linking [2, 3]. Vinyl esters are similar to polyesters but are tougher and
have better moisture resistance [2, 26].

2.3. Nanoadditives

Nanoparticles have been identified in the last decade as an important class of materials for
various emerging applications in optics, electronics, or the biomedical area. Many of the
potential applications are based on two major changes when the scale of material structures
decreased. These are the high surface-to-volume ratio and the improvement of the electronic
properties [27]. Nanocomposites can be described as particle-filled polymers in which at least
one of the components is in nanometer dimensions [28]. The investigation of fullerenes (nano-
sphere) and carbon nanotubes (CNT) has opened a totally new window for the development
of polymer matrix composites with novel properties and applications [29]. Nanofillers have
a considerable potential in improving the properties of polymeric composites [30, 31]. The
stiffness, toughness, and abrasion resistance of nanocomposites depend on the size, shape,
ratio, and uniform distribution of the fillers in the polymers [32]. It can be possible to obtain

Polymer Resin Density (g/cm?®) Tensile modulus (GPa) Tensile strength (MPa)
Thermoset Epoxy 12-14 2.5-5.0 50-110

Phenolic 12-14 2.7-4.1 35-60

Polyester 1.1-1.4 1.6-4.1 35-95
Thermoplastic Polyamide 1.1 1.3-35 55-90

PEEK 1.3-1.35 3.5-4.4 100

PPS 1.3-1.4 3.4 80

Table 2. The specification of thermoset and thermoplastic matrix [21].
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materials with high toughness values by producing nanocomposites with high nanoparticle
ratio, homogeneous alignment, and high interface strength [33]. Interfacial bond properties
between nanoparticle and matrix in the composite are active research subject in the research
and development societies [31]. Nanosphere, single-walled, or multiwalled tubes were applied
to the composites by dispersing the nanoparticles in the resin using various techniques such
as shear mixing, ultrasonication, calendering, ball milling or ultrasonication-extrusion, and
transfer-printing. If nanofibers were used, they were attached, grown, or grafted onto fibers
or 2D fabrics. Full deagglomeration of CNTs using mixers is difficult to achieve. High flow
rates creating high-shear forces cause well distribution of agglomerated CNTs. However,
their breakage is not avoided and the presence of CNT agglomerates is usually observed
[34]. Various nanosized materials were developed by employing the up-to-date processing
as silica is one of the most important and most studied oxide nanoparticle types. Due to its
quite simple preparation, its chemical inertness, and the relatively inexpensive precursors, it
became a prominent compound in academics and in commercial applications [27]. Because of
its high specific component of surface energy, silica has a stronger tendency to agglomerate
than carbon black [35]. Figure 3 shows the SEM (scanning electron microscope) micrograph
of nanosilica and nano- and microcarbon spheres [20].

In the past few years, novel materials such as carbon nanotubes (CNTs) and related technolo-
gies have posed a strong candidacy for providing an integrated approach toward enhanced
structural integrity and multifunctionality [36]. The development of novel glass fiber—rein-
forced plastics (GFRPs) with electrical conductivity has opened up new opportunities for
damage sensing. Adding a small amount of carbon nanotubes to form an electrically conduc-
tive network is a promising approach to monitor damage initiation and propagation for glass
fiber-reinforced composites [37].

The pre-dispersed overcoating of nanotubes and the process modifications allow improve-
ment of the interface properties of 2D woven E-glass composites since the reinforcement
effect of nanotubes on z-direction [38]. The amine functionalized carbon nanotubes had
improved tensile strength compared to neat [39]. The modulus of composites is enhanced by
the addition of silicon carbide nanoparticles by considering dispersion of these particles in
resin, which highly depends on the coupling agents and dispersants [40]. Moreover, the weak

(a)

Figure 3. SEM micrograph of some nanofillers. (a) Nanosilica (magnification 50,000x); (b) nanocarbon (magnification
250,000x); and (c) nanocarbon (magnification 5000x) [20].
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bonds at the interfaces of silicon carbide nanoparticles and resin lead to stress concentration
rely on the particle geometry [41].

3. 2D fabrics and 3D preforms

3.1. Two dimensional (2D) fabrics

The most preferred 2D fabrics in textile structural composites are discussed as 2D woven
fabric, triaxial woven fabric, braided fabric and knitted fabric, uniaxial and biaxial knitted
fabrics, and nonwoven fabric. The most common fabric used in the textile structural compos-
ites is 2D woven fabric due to its more stable property compared to the knitted fabric. To form
the 2D woven fabric, there are two yarn sets as warp and weft interlace each other at right
angle. 2D woven fabric has three types of main patterns as plain, twill, and satin and also a
lot of derivative patterns. Because the plain woven fabric is formed by more interlacement
points between warp and weft, its structural characteristics become more rigid, less flexible,
and more durable. Twill woven fabric has inclined paths from right to left or from left to right
on the fabric surface due to its interlacements of warp and weft. In satin woven fabric, warp
has long floats, which are evenly distributed through the fabric. It has low crimp ratio. The
schematic views of weaves and microscopic view of E-glass plain woven fabrics are shown
in Figure 4 [20].

The schematic views of triaxial woven fabric and braided fabric are shown in Figure 5(a) and (b).
As shown in Figure 5(a), triaxial weave has three sets of yarn as +bias, —bias, and weft yarn in
which these yarns take in interlacements [42]. This fabric has large gaps in the crossing region
of warp and weft due to interlacements and it restricts to make dense fabrics during 2D woven
fabric formation [44]. 2D braided fabric has one yarn set as braiders, which have +0° and -0°
orientations. As shown in Figure 5(b), these braider yarns are intertwined with each other to
make the 2D braided fabric structure [43].

Figure 6(a-g) shows the schematic views of weft and warp knitted fabrics and uniaxial and
biaxial knitted fabrics. The knitted fabric is constituted from yarn loops connected to each
other and to the neighboring rows and columns by various techniques. The basic knitting
types are weft knitting (Figure 6a) and warp knitting (Figure 6b) [45].

Figure 4. The schematic views of weaves and microscopic view of E-glass plain woven fabrics. (a) plain; (b) twill; (c) satin;
and (d) E-glass plain woven fabric [20].
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(a)

(a) (9)

Figure 6. (a) Weft knitted fabric; (b) warp knitted fabric; (c) weft inlaid weft knitted fabric; (d) warp inlaid weft knitted
fabric; (e) warp inlaid warp knitted fabric; (f) weft inlaid warp knitted fabric; and (g) 0°/90° inlaid weft knitted fabric
[45-47].

The uniaxial knitted fabric is a special type looped knitted fabric. It has big gaps, which lead to
low fiber-volume-fractions, high-elongation, and low stiffness. Because of these restrictions,
some structural modifications were performed by adding inlay yarns either in fabric length
(Figure 6(d) and (e)) or width (Figure 6(c) and (f)). The tensile strengths of uniaxial knitted
fabric composites improved in the direction of inlaid [46].

Biaxial knitted fabric is manufactured by introducing the warp (0°), weft (90°), or diagonal
(+45°) yarns into the weft (Figure 6(g)) or warp knitted fabrics, which resulted as the improved
mechanical properties of composites at the inlaid directions [48]. Nonwoven fabric is a web
structure made up of short fibers that are held together by various techniques [49]. Nonwoven
manufacture is that it is generally done in one continuous process directly from the raw mate-
rial to the finished fabric [50]. Figure 7 shows the view of nonwoven glass mat [51].

3.2. Three dimensional (3D) fabrics

2D fabric-reinforced composites are a biaxially oriented planar structure. However, unidirec-
tional fiber composite is an axially oriented planar structure. Both suffer from a delamination.
3D fabric preforms have been developed to make the delamination free composite.

Stitching can be used to make 3D fabrics using the 2D woven fabric [52]. 3D stitched fabric
is manufactured by stitching 2D fabric layers in thickness direction. It can be stitched at one
direction (0°), two directions (0° and 90°), and four directions (0°, 90°, and *bias) as shown
in Figures 8 and 9. Stitching can be made by sewing machine. The lock stitching is generally
used in stitched preform fabrication for composites [53, 54].
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Figure 7. Nonwoven glass mat [51].

@ (b)

Figure 8. Top views of stitched E-glass preforms. (a) One-directional machine stitched; (b) two-directional machine
stitched; and (c) four-directional machine stitched [53].

(b)

z

Figure 9. Schematic view of multistitched yarn paths. (a) Machine multistitched yarn path and (b) hand multistitched
yarn path [54].

3D orthogonal woven fabric has three yarn sets as warp, weft, and z-yarn (Figure 10(a)). These
yarn sets are interlaced to one another and oriented in three orthogonal directions to form the
fabric [59]. Warp yarns are placed in the direction of the fabric length, while the weft yarns are
inserted between the warp layers to form double picks. Z-yarns lock the other two yarn sets
and provide structural integrity [48]. Figure 10(a-d) shows some of the 3D fabrics [55-58].
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Figure 10. Some of the 3D fabrics. (a) 3D woven carbon fabric [55]; (b) multiaxis 3D woven carbon fabric [56]; (c) multiaxis
3D circular woven aramid fabric [57]; and (d) multiaxis 3D braided conical aramid fabric [58].

A multiaxis 3D woven fabric, method, and machine were developed by Mohamed and Bilisik
[60]. The multiaxis 3D woven fabric has five yarn sets as +bias, —bias, warp, weft, and z-yarn.
#Bias yarns are placed on the front face and back face. These yarns are locked to the other yarn
sets by the z-yarns (Figure 10(b)). Multiaxis 3D circular woven fabric, method, and machine
were developed by Bilisik. The 3D circular woven fabric has axial and radial yarns along with
circumferential and #bias yarns (Figure 10(c)). Cylindrical preform can be made with thin and
thick wall sections depending upon end-use requirements [61]. In multiaxis 3D braided fabric,
braider yarns are intertwined with the axial yarns, whereas #bias yarns are oriented at the
surface of the structure and locked by the radial yarns to the other yarn sets (Figure 10(d)). The
properties of the multiaxial 3D braided structure in the transverse direction can be enhanced
and the nonuniformity in the directional Poisson’s ratios can be decreased [58, 62].

4. Composite

Several methods are developed in order to make composite based on 2D fabric and 3D pre-
forms. The fiber properties, type of fabric formation and matrix, end-use requirement, and
shape/size characteristics of the part influence the composite fabrication processes. Figure 11
shows the schematic views of some of the composite fabrication techniques [20, 63].

Hand layup is the most commonly used composite fabrication method. It is still preferred
because of highly flexible in design and suitable for the production of a wide variety of raw
materials. The fabric layers are laid according to the desired thickness, and after each layer is
laid, the resin is added by brush to spread the resin to wet the fibers. Then, the part is usually
cured at room temperature and removed from the mold (Figure 11(a)). Resin transfer mold
(RTM) is a recently introduced composite fabrication method to produce near-net shape parts.

(a) (b) - (c)

Figure 11. Schematic views of some of the composite fabrication techniques. (a) Hand layup; (b) resin transfer molding
[63]; and (c) vacuum-assisted resin transfer molding [20].
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The preform is placed in the gap between the molds. Then, the mold is closed and the gaps in
the preform are filled by wetting all the fibers with resin. This process usually takes place under
high pressure. The part is removed from the molds after curing (Figure 11(b)). The vacuum-
assisted resin transfer molding (VARTM) method is more cost-effective since it does not require
a metallic mold. The preform is placed on the mold and covered with sealing tape with flexible
vacuum film. The resin passes through the structure under vacuum and it is possible to produce
high performance composite structures with high fiber volume fractions (Figure 11(c)) [1-3].

5. Properties of preforms and composites

3D glass woven preforms improve the out-of-plane properties of the composites. 3D stitched
woven preforms also enhance the out-of-plane properties without decreasing the in-plane
properties of the composite [64]. It is pointed out that the fracture mechanism of the stitched
composite plates is affected by the loading direction in tensile test, but the stiffness of the
structure is not significantly affected by the stitching [65]. The tensile strengths of stitched
composite, in which twisted stitching yarns are utilized, is lower compared to the stitched
composite having with untwisted stitching yarns [66]. It is demonstrated that stitching pre-
vents the crack propagation [66, 67]. The stitching causes local irregularities and undula-
tion in the preform, which leads to a nonuniform fiber volume fractions and reduces the
in-plane properties of the composite [68, 69]. In unstitched composites, delamination-based
cracks are observed as a form of layer separation. However, in stitched composites, mode-
I failure is improved and catastrophic delamination is eliminated in which the composite
becomes damage tolerance material. It is stated that the tensile strength of stitched compos-
ites is dependent on the parameters as stitching yarn type and stitching density. The +45°
directional off-axis tensile strengths of the 2D unstitched woven E-glass/polyester compos-
ites are 84.1 MPa and 75.4 MPa, while the +45° directional off-axis tensile strengths of the
3D stitched woven E-glass/polyester composites vary from 86.5 to 70.0 MPa and from 83.5
to 64.1 MPa. The tensile strengths of four directional densely stitched composite is almost
15 and 6% lower than those of the unstitched composites at +45 and —45 directions, respec-
tively. The similar trend is obtained for the +45° directional off-axis tensile modulus of com-
posite structures. The +45° directional off-axis tensile modulus of the 2D unstitched woven
E-glass/polyester composites is 5.9 GPa and 6.2 GPa, while the +45° directional off-axis ten-
sile modulus of the 3D stitched woven E-glass/polyester composites vary from 6.4 to 4.0 GPa
and from 6.3 to 3.7 GPa. The tensile modulus of four directional densely stitched composite
is almost 32 and 40% lower than those of the unstitched composites at +45 and -45 direc-
tions, respectively. These results show that when the stitching direction and stitching density
in structures increase, their off-axis tensile strengths and modulus decrease since the multi-
stitching process causes more filament breakages [70]. The warp and weft directional specific
tensile strengths of the unstitched composites are higher than those in the multistitched com-
posites due to stitching that causes filament breakages during insertion of the z-yarn. The
stitching yarn types, stitch directions, and the stitch density generally influence the in-plane
tensile properties of the multistitched E-glass/polyester woven composites. The warp-weft
directional tensile strengths of the 2D unstitched woven E-glass/polyester composites are
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303 MPa and 285 MPa, while the warp-weft directional tensile strengths of the 3D stitched
woven E-glass/polyester composites vary from 353 to 229 MPa and from 345 to 209 MPa. The
tensile strength of four directional densely stitched composite is almost 25 and 27% lower than
those of the unstitched composites at warp and weft directions, respectively. The warp-weft
tensile modulus of four directional densely stitched composite is almost 35 and 35% lower
than those of the unstitched composites at warp and weft directions, respectively. However,
the warp-weft damaged areas of four directional densely stitched composite after tensile fail-
ure are almost 70 and 82% lower than those of the unstitched composites at warp and weft
directions, respectively. The warp and weft directional damaged areas of multistitched com-
posites decrease when the stitching directions in the out-of-plane of the structure increased.
Therefore, the stitching yarns lock the in-plane directional warp and weft yarns in the layered
woven structure and confine the damage areas at narrow regions, which considers as damage
tolerant materials [71]. Furthermore, the off-axis tensile modulus of the multistitched compos-
ites decreases with the increase of the stitching direction and stitching density [70].

The warp and weft direction specific bending strengths and modulus of the unstitched/
nanocomposites are higher than those of the stitched composites since the stitching perhaps
causes filament breakages during needle piercing action. The warp-weft specific strengths
of four directional densely stitched composite are almost 25 and 31% lower than those of
the unstitched composites at warp and weft directions, respectively. On the other hand, the
warp and weft directional damaged areas of the unstitched composites are higher than mul-
tistitched and multistitched/nanocomposites. The addition of the nanosilica to the stitched
structures increases the damage tolerance [72]. One of the critical property of the stitched
composite is also through-the-thickness directional shearing. The short-beam strengths of
hand-stitched composites in the warp and weft direction increase slightly as the stitching
direction increased from two directions to four directions. In addition, the warp and weft
directional short-beam strengths of machine-stitched structures with high-modulus stitching
yarns (Kevlar® 129) are higher than those of the machine-stitched structures stitched with
low-modulus stitching yarns (Nylon 6.6) [73]. The tensile and impact behaviors of stitched
E-glass/polypropylene woven composites are studied. The stitching in the through-the-thick-
ness direction increases impact damage tolerance especially at low temperatures. It is claimed
that there is a relation between stitching fiber fracture work and energy absorption based on
fiber volume fraction in stitched composites [74]. The mechanical properties such as the ten-
sile and compression and compression-after-impact (CAI) strength of noncrimped fabric are
not degraded by the stitching parameters, whereas the tensile and compression strength and
the tensile fatigue behavior are reduced as a result of pronounced localized fiber undulations
due to stitching [68]. Stitched layered composite has slightly higher compression and CAI
strengths than the integrally woven composite [75]. In addition, it is found that the strength
of overlap joint during preforming is improved by using high-density chain stitching [76].
The damage initiation force for 3D noninterlaced stitched composite is lower than for the 2D
unstitched woven composite due to weak resin-rich regions around the stitch loops. Densely
stitched composite with more stitched-induced matrix cracks upon impact loading is due to
the presence of weak resin-rich pockets around the stitching yarns [77-80]. The noncrimp
stitched carbon fabric composite shows a quasi-isotropic behavior, while 2D woven compos-
ite demonstrated an anisotropic behavior. Stitching in the noncrimp carbon fabric has only
a minor effect on its strength properties. Damage sites are mainly observed in the resin-rich
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Unstitched Unstitched/Nano
face Back face Front face Back face

Multi-stitched Multi-stitched/nano
Front face Back face Front face Back face

Figure 12. Damaged areas of composite after low-velocity impact test [82].

zones created by the stitching [81]. The low-velocity impact properties of the multistitched/
micro-/nano-E-glass/polyester woven composites are studied. It is observed that the material
type (silicate or carbon or metal), the material particle size (nano or micro), amount of materi-
als (weight, %), stitching density (step/cm), and stitching type (hand or machine) influence
the damaged areas of composites. Figure 12 shows the damaged areas of composite after low-
velocity impact test. The damaged areas of multistitched/nanosilica (5 wt.%) composite after
low-velocity impact test are almost 60 and 48% lower than those of the unstitched composites
on front and back faces, respectively [82].

The multistitched and multistitched/nano-E-glass/polyester woven composite show a bet-
ter damage resistance performance compared to those of the unstitched or unstitched/nano-
composites. The multistitching suppresses the impact energy relatively at a small area of the
composite. In addition, adding the nanomaterial to the multistitched structure can further
enhance the damage resistance performance [82].

6. Glass fabric and glass composite applications

The glass fiber—reinforced composites are used in a variety of forms to assure the required
properties of usage areas as space, aerospace, automobile, energy, marine, electronic compo-
nents, and defense-related special areas. The composites are designed according to service
environments of usage areas in mechanical, impact, flammability, and electrical properties.

6.1. Aviation and aerospace

Although the volumes of fiber-reinforced polymer composites used for aircraft applications were a
relatively small percentage, they found their most advanced applications in the fabrication of civil
or military aircrafts [83]. For instance, the Boeing 787 made large use of composite materials in its
airframe and primary structure. The use of composites, especially in the highly tension-loaded
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part of the fuselage, greatly reduced maintenance labor and cost. Figure 13 shows the percent-
ages of used composite materials along with metals in commercial civilian airplane (Boeing 787)
[84]. Typical glass fiber-reinforced composite applications in aircraft were engine cowlings, lug-
gage racks, instrument enclosures, bulkheads, ducting, storage bins, and antenna enclosures. In
addition, it was also widely used in ground-handling equipment [85].

6.2. Automotive

Glass fiber composite used in automotive is primarily driven by the demand for lightweight
components, fuel efficiency, and recycling [86]. The two most common types of glass fibers
used in automotive composites were the E-glass, which was cost-effective and had good ten-
sile properties. Second one was S-glass, which had 40% higher tensile properties compared to
the E-glass. But, it was expensive [87]. All glass fiber-based composites were used in automo-
tive as primary or secondary structural parts of interior headliner, underbody system, and air
intake manifold, instrument panel, bumper beam, and engine cover [88]. Figure 14 shows the
glass fiber-based composite panels in car and trucks [63].

6.3. Boats and marine

Glass fiber both continuous TOW or discontinuous short forms has been the main material
for the recreational boating industry, which was employed as hulls with a minimum number
of assembled parts. Glass fiber-based composites have gained acceptance in pleasure craft
because of light weight, vibration damping, corrosion resistance, impact resistance, low con-
struction costs, and ease of fabrication, maintenance, and repair. Current leading-edge manu-
facturing technologies were driven by racing vessels, both power and sail [85, 89].

@ Other

Steal {primarily landing gear)

@mm

Aluminium

Advanced Composites

Figure 13. Composite materials used in civilian aircraft (Boeing 787) [84].
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Figure 14. Glass fiber-reinforced composite body panels for truck and car [63].

6.4. Electronics

Glass fiber/epoxy composites have been the foundational structural substrate in printed circuit
boards since 1980. They supported the transistors, resistors, and integrated circuits at all digi-
tal technologies. Glass composite board connected them electrically via conductive pathways
etched or printed on their surfaces [90]. They were also used as insulators for high-voltage
energy cabin components, a cable, or cable-coated material to transit the electrical energy [91].

6.5. Wind energy

In the sector of energy generation, glass fiber composites were utilized in manufacturing wind
generators. The blades of the generators were generally made of epoxy resins reinforced with glass
or carbon fibers. Their high mechanical strength and modulus made them attractive material for
the wind blade in turbine generators [26]. Figure 15 shows the wind blades placed in the sea [92].

6.6. Ballistic

2D S2-glass fabric and 3D S2-glass preform composites were employed in ballistic armor. 3D
S52-glass ballistic plate has better energy absorption properties due to z-yarn insertion in the
through-the-thickness direction. This provided additional energy absorbing as a mechanism
of high-strain interlayer deformations. In addition, 2D 52-glass fabric plate with or without

Figure 15. Wind blades placed in the sea [92].
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Figure 16. Glass fiber-based ballistic plate and bulletproof jacket [93].

stitching or 3D S2-glass preform composite plate has certain specific energy-absorbing advan-
tages over the ceramic or metal armor plate. Figure 16 shows the glass fiber—based ballistic
plate and bulletproof jacket [26, 93, 94].

7. Future trends

Biaxial 2D woven fabrics have been widely used as simple and complex-shaped structural
composite parts in various technical areas. In addition, biaxial weaving methods and tech-
niques are well developed. 3D glass fabrics have multiple layers and show no delamination.
3D woven glass preform as well as multilayered stitched fabrics will be expanded in the field
of especially marine and industrial applications as a form of composite structure. However,
the multiaxis 3D weaving technique is at an early stage of development and needs to be fully
automated. This will be a future technological challenge in the area of multiaxis 3D weaving.

8. Conclusion

In this chapter, two dimensional glass fabric (2D) and three dimensional (3D) glass preforms,
fabrication methods, and application areas were reviewed. Glass fabrics were readily avail-
able and important, but they were specific segmented basic materials. 2D E-glass fabrics
were traditionally employed in various industrial areas. 3D glass fabrics have multiple lay-
ers and no delamination due to out-of-plane directional fibers. Various techniques were also
developed for 3D glass preforms. 3D orthogonal and stitched as well as multiaxis 3D knit-
ted and 3D braided glass preforms are commercially available. On the other hand, various
unit cell base models on 3D glass preform and composites were developed to define their
geometrical and mechanical properties. Multiaxis 3D glass fabrics have multiple layers, and
their in-plane properties are enhanced due to the bias yarn layers. However, the multiaxis
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3D woven preform technique is at an early stage of development. Recently, 3D woven and
stitched glass preforms were made by adding single or multiwalled nanotubes and nanofi-
bers to enhance their mechanical, thermal, and electrical properties. This will open up new
material classes as well as application areas for near future.

9. Sources of further information and advice

Many studies have been carried out on the characterization and modeling of 2D and 3D glass
preform composite structures, but limited information is available on the 3D fabric archi-
tecture and nanoadded glass fiber composites. Recent literature and books can be useful for
having more information on these areas as indicated in Refs. [95-97].
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