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Preface

The development of the information society drives the increasing demand for

novel optoelectronic materials. Therefore, bismuth-related optoelectronic materials
are increasingly favoured due to the unique characteristics of bismuth. This book
mainly concentrates on the development of optoelectronic materials for the
applications of photon generation, amplification, detection and storage, although
there is still a lot of outstanding and innovative research work in this field.

The book contains 8 chapters contributed to by many excellent researchers. It is
organized in the following sections:

1. Introduction

2. Bismuth Optical Fibers

3. Bismuth Halide Perovskite Solar Cells
4.Bismuth-Related Data Storage Materials

Several sections and chapters of the book show how diverse bismuth-related
optoelectronic materials are becoming. It is expected that, in the near future,
many new bismuth-related optoelectronic materials under development will find
important applications in telecommunications, renewable energy, data storage,
and so on. All the authors are leading researchers in their respective fields. Their
chapters reflect the excellent research work and technology applications of

their own work and others. Hence this book, as a new entry to the open access
IntechOpen book library, will be useful for researchers, academics, engineers,
and students to access expertly summarized specific topics on bismuth-related
optoelectronic materials for research, education, and learning purposes.

We would like to take this opportunity to express our great appreciation to all

our colleagues and authors as well as collaborators for their support and great
contribution to this book. We also would like to thank the IntechOpen editors and
staff, especially Mr. Mateo Pulko, Mr. Luka Cvjetkovic, Ms. Marina Dusevic for
their excellent support throughout this book project.

Yanhua Luo
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University of New South Wales,

Sydney, Australia
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Chapter1

Introductory Chapter:
Bismuth-Related Optoelectronic
Materials

Yanhua Luo, Jianxiang Wen and Jianzhong Zhang

1. Introduction

21st century is the information era. In this rapidly developing information
society, more and more optoelectronic materials are needed to meet the increasing
demands, including the information generation, transmission, amplification, detec-
tion, storage, etc. Among many optoelectronic materials, Bi-related optoelectronic
materials are an essential category. The unique properties of bismuth enable the
diversity of functions and applications. As schemed in Figure 1, bismuth related
optoelectronic materials have demonstrated the great potential for the photon gen-
eration, amplification, detection and storage. For example, Bi-doped optical fibers
(BDFs) have already been proved as the promising active media for the creation of
BDF lasers and amplifiers in the near infrared (NIR) region from 1150 to 1800 nm,
including the regions of 1250 — 1500 nm and 1600-1800 nm, where efficient rare-
earth fiber lasers are absent [1]. In addition, Bi/Er and Bi/Er/Yb co-doped optical
fiber (BEDF and BEYDF) have further been developed for broader bandwidth [2, 3].
The BDF lasers can cover O, E, S, C, L and U bands, which are commonly used for
fiber-optic telecommunication [4, 5]. The optical amplificationin O, E, S, C, Land U
bands have also been achieved in both BDFs and BEDFs [6-8]. Regarding to the com-
mercialized bismuth-doped fiber amplifier (BDFA), OFS company reported that the
BDFA operating over the O-band (1272-1310 nm) extend 425 Gb/s 400GBASE-LRS
transmission beyond 50 km of G.652 fiber [8]. In the detection field, high perfor-
mance of the broadband photo detecting have been realized in many bismuth related
materials, like bismuth selenide nanowire [9], bismuth telluride nanoplate [10],
bismuth sulfide nanobelt [11], bismuth nanosheet [12], and bismuth film [13]. In
addition, bismuth halide perovskites have been demonstrated as one of the most
efficient and promising solar cells for its free of toxic Pb [14]. Bismuth thin film [15],
bismuth tellurite [16], bismuth-substituted iron garnet [17], etc. have exhibited great
potential for data storage. In addition, both Bi** substituted spinel nanoparticles [18]
and multiferroic BiFeO; [19] can be used for the data storage.

The applications of bismuth related optoelectronic materials above are mainly
derived from the unique characteristics of bismuth. It is well known that bismuth
is a post-transition metal element. Bismuth and its ions have multivalent states
ranged from +5 to 0, or even negative valence [20]. Its ions belong to 6p ions, whose
valence state is easily changed, particularly under high temperature and reduction
atmosphere [21]. Generally, Bi oxides are likely amphoteric (acidic - basic) for
lower valence or acidic for higher valence [22]. As Bi®? and Pb® are located nearby
with each other on the periodic table, they have many isoelectronic configurations,
e.g. Pband Bi*, Pb* and Bi?*, and Pb** and Bi**. Isoelectronic configurations not
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Bismuth
Related
Optoelectronic
Materials

Figure 1.
The functionality of bismuth related optoelectronic materials.

only allow the replacement of Pb with Bi, but also make their properties similar,
including density of their doped borate glasses [23], capability to generate the
non-bridging oxygens [24], diamagnetic property [25], the analogy of the photolu-
minescence [21], etc.

Although there are many reports of bismuth related optoelectronic materials at
present, this book mainly focuses on their applications for the photon generation,
amplification, detection and storage. The whole book can be structured into three
sections:

Section 1: Since the first demonstration of broad NIR luminescence in Bi doped
silica glass in 1999 [26], BDF and BEDF has been developed for the full utilization of
the huge unused bandwidth of the existing telecommunication network, in response
to the forecasted upcoming ‘capacity crunch’ In this section, the development of BDF
and the post-treatment effect by radiations, like laser, gamma ray and electron beam
have been described. Firstly, R. M. D. Alsingery et al. gave an overview of the devel-
opment of BDFs and their applications in the optical communication system. Then,
B. Zhang et al. systematically summarized the photobleaching effect of bismuth
active centers (BACs) related to the NIR luminescence in BDF and BEDF, in terms
of irradiation intensity/wavelength and temperature. Subsequently, J. Wen et al.
fabricated Bi co-doped silica optical fibers with atomic layer deposition (ALD) and
modified chemical vapor deposition (MCVD). In addition, gamma radiation effect
upon the fluorescence intensity/lifetime, the absorption, as well as Verdet constants
of BDFs fabricated have been investigated. Finally, A. Kir’yanov et al. studied effects
of electron irradiation on optical properties of bismuth doped phosphosilicate fiber.
The results reveal its overall resistance to irradiation in terms of emission and bleach-
ing contrast at excitation into the absorption bands of BACs. In addition, they found
anew effect of large dose-dependent Stokes shift, experienced by the fiber’s cutoff
wavelength due to the radiation induced refractive-index rise in its core area. The
studies of these researchers not only give more information about the configuration
and structure of BACs, but also offer an effective approach to regulate BACs.

Section 2: In response to the energy crisis, more and more photovoltaic materials
are developed. In recent years, the perovskite solar cells were developed with an
excellent power conversion efficiency of 25%, which has been considered as one of
the most efficient and promising solar cells. To overcome the remaining issues, like
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the presence of highly toxic lead and poor stability, bismuth has been introduced to
replace Pb in perovskite solar cells due to their similar property. In this section, K.
Ahmad overviewed the fabrication of bismuth halide perovskite solar cells. At the
end, some strategies for the improved performance are prospected.

Section 3: In recent years, with the rapid development of optical fiber com-
munication networks, Internet of Things, big data and cloud computing, the
amount of global data has shown the exponential growth. The global data volume
has already exceeded 45 ZB in 2019, and it is expected to reach 175 ZB in 2025
[27]. To meet the ever-increasing data storage, it is very important to develop the
new generation of data storage media for computing performance and the mag-
netic random access memories storage. In this section, K. C. Verma and J. Angadi
described the synthesis and characterization of two bismuth related data storage
materials: multiferroic BiFeO; and Bi’* doped manganese spinel ferrite nanopar-
ticles, respectively.

The ferroelectricity of BiFeOj is originated from 6s” lone-pair electrons of
Bi** and the G-type antiferromagnetic ordering resulted from Fe** spins order
of cycloidal below Neel temperature. So multiferroic BiFeO; allows the data to
be written electrically and read magnetically due to its magnetoelectric effect
observed at room temperature. Especially, the structure of BiFeO; can be con-
trolled through the selection of appropriate synthesis route, reaction conditions
and heating processes. To overcome the drawback of the disappearance of multi-
ferroicity in BiFeO;, several solutions are proposed like the replacement of dopant
ions, the control of ions concentration, BiFeO; composites as well as thin films,
especially multilayer structures.

The Mny ,Bi;Fe,O04 (x = 0.0, 0.05, 0.1, 0.15 and 0.2) nanoparticles were prepared
by the solution combustion method and their structural, microstructural and
magnetic properties are characterized. Rietveld refined X-ray diffraction (XRD)
patterns confirm the single-phase formation with space group Fd3m having spinel
cubic structure and the lattice parameters increase with the increase of Bi** concen-
tration. The magnetic hysteresis curves reveal the soft magnetic material nature of
these nanoparticles, demonstrating the great potential for absorbing electromag-
netic waves, storage media, etc.

As the most promising gain medium for the next generation photonic network,
the work presented in the Section 1 is evidently not enough. So, challenges and oppor-
tunities of the development of BDF and BEDF is further briefed in the following.

2. Challenges and opportunities of bismuth doped optical fiber
2.1 Background

Water-free fiber technology has enabled silica optical fibers to achieve ultra-
low loss transmission over the broad spectral range of 1200-1700 nm, where the
transmission loss is less than 0.5 dB/km as shown in Figure 2 [28]. Figure 2 also
shows the NIR spectral range of some rare earth ions often doped in fibers [28]. It
has already demonstrated that the construction of the efficient optical amplifiers
based on rare earths doped optical fibers for the extended bands is impossible.
Though many researchers have previously been focused on the development of
fiber amplifiers and lasers based on fibers doped with rare earth ions, e. g. Er’*,
Tm?*, Yb**, Nd**, Ho*, Pr**, for the extended bands, none of them has demon-
strated sufficient optical gain and enough bandwidth for the telecommunication
applications.
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Figure 2.
Spectral ranges of various doping elements, normalized emission spectra from each active center interested as
well as the low-loss spectrum of silica-based optical fiber.

Since the first demonstration of broadband NIR luminescence in Bi-doped
silica glass [26], many researchers have devoted to the investigation of bismuth
doped glasses or materials for the extended band [29-31]. The development in these
materials has spurred significant work in optical fiber form [28, 32], since the fab-
rication of the first BDF in 2005 [33]. Different from the well shielded shell of rare
earth ions, the electronic shell of bismuth is easy coupled with the external envi-
ronment, which finally influences the characteristic properties of BACs. According
to the local environments, there exist four types of BACs, which are BAC-Si,
BAC-Ge, BAC-P and BAC-A], relating to SiO,, GeO,, P,05:Si0; and Al,05:Si0,,
respectively [5]. The normalized luminescence spectra of these four BACs are plot-
ted in Figure 2 [34]. Seen from Figure 2, BDFs have demonstrated as the promising
active media for the NIR region from 1150 to 1800 nm [1]. Especially, through their
co-doping, more broader and stronger emission and gain can be achieved, like Bi/Er
[7,35-37], Bi/Tm [38, 39], etc. [40, 41].

2.2 Remaining challenges

Despite the great success in the development of the BDF technology for the
unused bandwidth, there remain many fundamental scientific and technological
issues and challenges, before these fiber lasers and amplifiers can be practically and
commercially used.

On the scientific side: The main challenge is that the nature of bismuth NIR
emitting centers is still not clear [1]. Difficulties mainly arise from Bi where its
d orbitals are easily coupled to the surrounding environment. But it is such cou-
pling, which allows the formation of broadband NIR emission center through the
tailoring of the external environment by additional dopants such as Ge, P, Al, etc.
Meanwhile, bismuth as the wonder metal, can proceed reduction reactions with
no other element and produce such a variety of products [42]. Especially, under
the high temperature, the change of the valent state of bismuth in Bi-doped glasses
occurs [43]: Bi** - Bi** - Bi* — Bi/Bi,, Bi,", Bi3, etc. - (Bi),, where Bi,, Bi,", Bi,
etc. are Bi clusters and (Bi),, is metallic colloid. As bismuth doped glasses and fibers
often undergo the high temperature in the fabrication process. For example, under
the high temperature treatment, the color of the doped core in the BEDF preform is
clearly changed as indicated in Figure 3 (the dark color is often taken as the evi-
dence of the formation of (Bi),). So many types of bismuth often co-exist in these
Bi doped glasses and fibers. Their properties, like unpaired electrons, radius and
fluorescence lifetime are different with each other as listed in Table 1.
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Figure 3.
Thermal treatment influence upon the fiber core in the BEDF preform: (a) annealing conditions; (b) the color
change in the core part with thermal treatment.

Valence Configuration Number of unpair Radius [A] Lifetime [ps] [46]
electrons [44] [45]

NIR Visi
B [Xe]5d"6s%6p® 3 1.56 >10° ~10
Bi"* [Xe]5d"6s%6p” 2 145 ~10 >10
Bi* [Xe]5d"6s%6p" 1 116 — ~10
Bi* [Xe]5d"6s> 0 0.96 — 1
Bi** [Xe]5d"6s! 1 — — —
B’ [Xe]5d™ 0 0.74 — —
Bi®* [Xe]5d’ 1 — — —
BiO — — 1.70 >10° >10
Bi,” — — — >10° ~10

Table 1.

Upaired electrons, radius and fluovescence lifetime of bismuth ions.

So far, a number of hypotheses are reported about the origin of the NIR emis-
sion center in Bi-doped glasses, like: Bi”, Bi’*, Bi~clusters, BiO, Bi,”, Bi,*" point
defects and others, but none of them have been directly confirmed [1]. Though the
recent report by Dianov et al. has confirmed that Bi-related NIR emitting centers
are clusters consisting of Bi ions and oxygen deficiency centers instead of Bi ions
themselves [1], the exact form of bismuth in BAC remains unclear. In addition, the
NIR luminescence has also been observed from Bi-doped CsI halide crystals [47],
fluoride glasses [48], etc. where no oxygen deficiency will exist in these materials.
Therefore, to conquer this challenge, further research is necessary to get reliable
results on the nature of Bi-related NIR emitting centers in Bi-doped glasses and
optical fibers of various compositions and fabrication techniques with different
processing conditions.

On the technological side: As the valence state of Bi in BDF/BEDF will change
during the fabrication process, so it becomes a technical challenge to control the
formation rate of BAC for the preparation of optical fibers. Both the valence state of
bismuth and oxygen deficiency centers are sensitive to the processing temperature
[43, 49]. In addition, bismuth oxide is easier evaporated during the collapsing
process of preform fabrication with the MCVD technique compared with rare earth
oxide. Hence, the control of the valence state of Bi as well as the formation rate
of BAC is hardly achieved in BDF/BEDF. So there often co-exist many types of Bi
ions or BAC in Bi-doped materials [50]. Though the full control of the formation of

7



Bismuth - Fundamentals and Optoelectronic Applications

BACs is very hard, reductive agents, like high-purity silicon powder or sucrose in
MCVD process [51] and SiC in melt and pour glass [52] have already been intro-
duced in the fabrication of the Bi-doped materials as bismuth NIR emitting centers
are formed in an endothermic redox chemical reaction [53]. In addition, post treat-
ments, like femtosecond laser [54], thermal treatment [55, 56], y-radiation [57], H,
reduction [58], etc. have also been tried to activate and control the BAC. Recently,
M. Melkumov et al. have tried to improve the performance of BDF by the optimiza-
tion of drawing and MCVD processing conditions [59, 60]. Though these solutions
can regulate the formation of BAC to some degree, the success rate still cannot

be quantified due to the unclear structure of the BAC. In addition, most of BDFs
with lasing and amplification are doped with very low content of bismuth (usu-
ally <0.1 wt.%) [5], which is often lower than the detection limit of mostly used
equipment-energy-dispersive X-ray (EDX) analyzer. However, the performance
improvement by the increment of Bi concentration is limited by the fast growth of
the background loss in fiber [5]. So the concentration increment and the control
growth of the background loss should be balanced for high performance BDF and
BEDF. All these technical issues are subject to further in-depth and systematic
research and development, such as the selection of dopants and their compositions,
and fabrication conditions, etc.
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Chapter2

Development of Bismuth-Doped
Fibers (BDFs) in Optical
Communication Systems

Rifat M. Dakhil Alsingery and Ahmed Mudhafer

Abstract

This chapter will provide background information in the development of BDFs
and their applications in optical communication systems. Herein, the main focus
is briefly described previous studies on BDFs that have attracted much interest
over the last two decades. This necessary information and concepts are very much
relevant to understanding this book, mainly due to the doping of Bi in the studied
bismuth and erbium-doped silicate fibers (BEDFs). The remaining chapter is
consisting of the following sections: Sec.2: General introduction about optical
fibers. Sec. 3 discusses the general spectral characteristics of BDFs. Sec.4: Including
the active centers (namely the bismuth (Bi) active centers (BACs)) responsible for
the spectral properties in Bi-doped fibers. Sec.4 Discusses the Bismuth Doped Fiber
Amplifier (BDFA).

Keywords: bismuth-doped fibers (BDFs), optical communication, Bi active centers
(BACs), bismuth doped fiber amplifier (BDFA)

1. Introduction

A previous work by C.Kato et al. stated that the loss of 20 dB/km in a dielectric
waveguide could be minimized if it uses pure dielectric material [1]. This encourages
many researchers to discover methods to minimize failure in optical silica fibers.
Since its proper mechanical and optical properties, silica was used as the material
for the improvement of optical fibers. A low-loss was established in 1970 by merging
with a 20 dB/km loss [2].

Besides, with ultra-pure precursors with impurities of ppb-order (parts per
billion), the growth of low-loss (0.2 dB/km) single-mode fibers about 1550 pm
is demonstrated to be possible [3]. Figure 1 displays the attenuating spectrum of
conventional single-mode fiber. The wavelength range of 1260-1625 nm is split into
several subwavelength bands. A specific ITU-T wavelength range is allocated to each
band, aslisted in Table 1.

After the introduction of low-loss fiber, erbium (Er)-doped (EDFA) technology
was introduced in 1987 as an advance to revolutionize optical fiber communication.
It allowed transatlantic fiber communication [5]. The progression of fiber develop-
ment to advance low-loss fiber in conjunction with EDFA technology led to the
use of the low-loss range for optical fiber communications from 1530 to 1625 nm
(C L band). Throughout the years, several techniques including dense wavelength
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1970 by merging with a 20dB / km loss[2].
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Figure 1.
Attenuation spectra of conventional SMF and all-wave fiber [4].

Bands o E S C L
Wavelength (nm) 1260-1360 1360-1460 1460-1530 1530-1565 1565-1625
Table 1.

ITU-T profile of optical wavelength bands in telecommunications.

division multiplexing (DWDM), wavelength multiplexing division (WDM), and
coarse wavelength multiplexing division (CWDM) with new modulation formats
as quadrature phase-shift keying (QPSK) as 16-QPSK, Quadrature Phase-shift
Keying (QPSK) and 64-QPSK used to increase capacities for existing silica optical
fibers, in the C + L band. Nonetheless, the stated transmission capacity of Standard
Single-Mode Fiber (SMF) achieves the non-linear Shannon limit [6]. Figure 2
shows growth in the global population’s use of the internet every ten years. More
than 60% of the world’s population is projected to be connected by 2020. The
enhanced internet connectivity and comprehensive Internet-based applications
such as cloud computing, social media, e-commerce, and e-learning are the drivers
of significant demand for fiber transmission. New approaches to improving the
potential for existing optical fiber networks must also be considered economically
rather than merely adding more traditional single-mode fibers to meet end-user
needs. Many researchers have proposed many approaches. One of these approaches
is using a low-loss window (1260-1625 nm) of silica optical fibers by improving
useful fiber lasers and amplifiers. The other is the development of new fibers such
as multi-mode fibers (MMF), multi-core fibers (MCF), and multi-element fibers
(MEF) for space-division multiplexing (SDM) in a C band from 1530 to 1565 nm. A
further challenge is looking for a different transmission band in a2000 nm wave-
length region with new fibers [6]. The early stages of fiber optic communication in
C-bands of about 1550 nm employed silica fibers with a loss of about 0.2 dB / km
and a peak of about 1380 nm as shown in Figure 1. Recently, Lucent technologies
and Optical Fiber Solutions (OFS) have delivered low-loss optical fiber in the entire
1260-1625 nm wavelength range. Such ultra-low-loss fibers are known as dry fibers
and give a bandwidth of about 53THz for optical fiber. The mitigation for these
ultra-low loss fibers in the 1260-1625 nm wavelength range is less than 0.4 dB/km,
as shown in Figure 1 [4, 8]. Besides, new optical networks have been developed.
For nearly every feature, they provide dramatically improved performance over
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Figure 2.
The bar chart shows the increase in internet users per each ten-year gap [7].

traditional single-mode fiber, including increased usable bandwidth, superior
macro-bend performance, and ultra-low dispersion polarization mode (PMD).

10 THz belongs to the Er amplification band between 1530 and 1625 nm with
53THz bandwidth provided by these dry fibers. A bandwidth can, therefore, be
increased four times by using dry fibers. All of these dry fiber technologies have
provided the ultimate flexibility in network construction and provided economic
approaches to optimize data transition capability. However, the industry requires
useful fiber amplifiers and lasers to use this utterly low-loss belt for optical com-
munications, which are central to communication between an optical fiber.
Regrettably, there are no active rare-earth (RE) doped fiber amplifiers and lasers
that support the band of 1260-1530 nm. Given numerous attempts to implement
various RE dopers in silica fibers to improve lasers and amplifiers in this wavelength
range, potential devices available for use are still lacking. The amplifiers develop-
ment and lasers in the 1260-1625 nm wavelength band, which uses bismuth (Bi)
and Er-doped fibers to use the ultra-low loss window of ultra-low loss optical fiber.

2. Bismuth-doped fibers (BDFs)

Doping of the core zone with RE material is necessary for optical fiber fab-
ricated to improve lasers and amplifiers. Various RE elements and their favorite
emission bands in silica host are shown in Figure 3. Conventional RE elements,
including ytterbium (Yb), Er, and holmium (Ho) or thulium (Tm), cover the wave-
length bands about 1000, 1500, and 2000 nm [10]. However, any RE-doped silica
does not cover the band between Er and Yb. The Energy level diagram of Yb, Er,
Tm is shown in Figure 4. neodymium (Nd) and Praseodymium (Pr)-doped fibers
explored extensively in silica host to improve lasers and amplifiers about 1300 nm.
Nevertheless, highly phonon energy in a silica host made the dopants ineffective.
They changed to a low phonon energy host, as fluoride glass enabled them reason-
ably active. Fluoride glasses, though, are not appropriate for splicing with tradi-
tional silica fibers as required in many applications for all-fiber compact devices.
Despite this, the fabrication of these fibers is complex and not mature sufficient,
in contrast to conventional changed chemical vapor deposition (MCVD)-solution
doping technique. Furthermore, as shown in Figure 4, in the case of Pr, ground-
state absorption (3H4-3F4), excited-state absorption (ESA) (1G4-1D2) at the signal
wavelength, and pump ESA (1G4-3P0) are prejudicial to improve effective lasers
and Pr-doped fiber amplifiers at 1300 nm.
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Energy level diagram of (a) YV**, (b) Er**, (c)Tm?* [10] (d) Pr** and (e) N5 [11].

For neodymium (Nd), the ESA at a signal wavelength (4F3/2-4G7/2) with a get
competition between 1005 nm (4F3/2-4F11/2) and 1.34 pm (4F3/2-4F13/2) are
detrimental to improve 1.3 um amplifiers and lasers [11]. The last research subjects
on BDFs covered the main areas of (i) design of BDFs with new materials and
compositions, (ii) studying the fabrication techniques and processes to make BDFs
with better properties, (ii) spectral characterization method to assess BDFs for
desired applications, (iii) post-fabrication techniques and their impacts on spectral
properties, (iv) applications of BDFs into gain media, or sensing device or any other,
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(v) evaluation of optical devices made with BDFs using various configurations and
operational conditions, (vi) studying the nature of BACs responsible for producing
the emission in BDFs, (vii) unraveling the energy levels of the active centers, and
many other similar topics. Among these subjects, the nature of BACs is essential for
understanding the spectral characteristics and their effects on applications; however,
the issue has not been resolved yet and required more addressing.

3. Characteristics and applications of BDFs
3.1 Spectral emission properties and Bi active centers (BACs)

Visible emissions from Bi-doped glasses and crystals were deeply clarified
[12-17]. Recently, broadband emissions in the near-infrared (NIR) region from
1200 nm to 1500 nm have been demonstrated in Bi-doped glasses (BDGs) by
Fujimoto et al. [18]. Peng also reported broad NIR emission from Bi glasses. et al.
as well [19]. With around 1300 nm of optical amplification shown produced by
the BDG.s [20]. The first Bi-doped fiber (BDF) and a laser-based on that BDF
were reported by Dianov et al. in 2005 [21]. Different BDFs and BDGs have been
improved for potential applications as lasers and amplifiers in the second telecom-
munication window range at around 1.3 pm. It was found that the bandwidth and
intensity of emission produced from the BDFs are influenced mainly by the host
type and other co-doping materials. Bi can produce emissions in various wave-
lengths in the NIR wavelength region over (1200-1500) nm, as reported in BDFs
and BDGs. For instance, emissions in several BDFs and BDGs (such as silicate,
germanate, alumino-silicate, alumino-phosphate, barium-aluminoborate types)
have been reported in earlier work [19, 22-27]. Typical emissions of Bi in some
recent work are presented in Figure 5.

Emissions in BDFs and BDGs are accompanied by active centers or BACs. BACs
largely determine the spectroscopic properties, performance, and operations of BDFs.
Hence, to design a fiber for a specific application, it is essential to know the BAC
details and their relationships to the spectral properties. As an approach to studying
the nature of BACs can be broadly categorized into two main groups: (a) spectral
analyses to determine the type of BAC and (b) instrumental analyses to identify
the chemical bonding and electronic states of Bi, which is responsible for forming a
particular type of BAC. The spectral analysis gives information about a specific BAC’s
spectral characteristics, determined mainly by the composition types in the fiber or
glass. Absorption, emission (luminescence or fluorescence), and emission lifetime are
some of the most common and basic spectral properties analyzed to identify the BAC
types. Besides, an emission-excitation spectroscopic graph described recently was
found to be very important to recognize the particular emission [29]. At the initial
phase of Bi fiber research, it was thought that Bi emission could be produced only
in the presence of Al [23]. However, later, Bi emission was detected in pure silica-
doped fibers without any Al co-doping, and lasing was realized in such BDFs [30].
The concept that BACs are linked with other ions in addition to Bi was subsequently
considered through the investigation into several Bi fibers and glasses, which were
fabricated with different compositions and their relations. Following this advance, Bi
fibers with the most straightforward glass compositions were made and BACs in them
were characterized, enabling the identification of certain BAC types, e.g., BAC-Si,
BAC-Al, BAC-Ge and BAC-P associated respectively with Si, Al, Ge, and P, along with
their respective characteristic spectral properties [29-33]. Instrumental analyses of
the BAC study concentrate on how to reveal possible valence and the electronic con-
figuration of specific BAC. This approach included analyses of the nuclear magnetic
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resonance (NMR), X-ray photoelectron spectroscopy (XPS), electron spin resonance
(ESR), X-ray diffraction, and extended X-ray absorption fine structure (EXAFS),

etc. [28]. Previous research gave rise to different hypotheses about BACs, such as

Bi+, Bi0, BiO, Bi clusters [31, 34, 35], and Bi3+ or Bi5+ by Fujimoto et al. [28, 32],
being responsible for the NIR emissions. Dianov recognized two experimental facts
related to BACs: (i) Bi3+ and Bi2+ emit visible emission. However, no NIR emission,
and (ii) NIR emissions are observed because of the reduction of Bi3+ and Bi2+ to a
lower oxidation state. Therefore, the probable origins of NIR emissions in Bi-doped
glass and fiber associated with low valence Bi ions and other dopants that form the
BAC-Si, BAC-Al, BAC-Ge, and BAC-P were investigated [25, 31, 34]. Following this,
the monovalent BACs formed by Bi+ were of definite interest in understanding the
NIR emission origin in BDFs. Bi+ was described as having a ground configuration of
6s26p2 and its energy level split by a spin-orbit coupling interaction into the ground
state 3P0 and the excited states 1S0, 1D2 and 3P2,1 corresponding to the energy bands
around 500 nm, 700 nm, 800 nm and 1000 nm [25, 36]. Recently, energy levels of
BAC-Si and BAC-Ge were described. The origin of NIR emission was reported as
likely from Bi-- = Si-Si = and Bi-- = Ge-Ge = complexes formed by the interstitial Bi
atoms (Bi0) and intrinsic glass defects and = Si-Si = and = Ge-Ge = oxygen vacancies
[29, 37]. The energy levels of BAC-Si and BAC-Ge recommended in previous work
are presented in Figure 6 shows the excitation and emission characteristics associated
with these particular BACs.

Although BAC-Si and BAC-Ge were described with much information about
their kind and spectral characteristics, in-depth knowledge of BAC-Al and
BAC-P lags far behind. BAC-Al and BAC-P showed notably different spectral
behavior in BDFs than those of BAC-Si and BAC-Ge. One of the essential distinc-
tive features is the Stokes shifts in the emission and excitation produced from
these two centers, while for BAC-Si and BAC-Ge, no such Stokes shifts were
pronounced [29]. Electron-photon interaction giving increase to the detrimental
emission processes joined with these two centers was expected as the reason for
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Reported energy levels of (a) BAC-Si and (b) BAC-Ge [31].

the Stokes shifts. Furthermore, BAC-Al was quite different from BAC-Si and
BAC-Ge based on their susceptibility to electron irradiation [38]. All of these
specifications made it hard to discover the complete energy diagram of these
active centers.

3.2 Luminescence properties of BDFs

The properties of near-infrared (NIR) broadband luminescence of Bi-doped
silica fibers are sensitive to the composition of glass in addition to the conditions
of fabrication. The partial shielding of the unfilled subshell 4f by filled 5 s and 5p
in RE ions prevents significant interaction from the host environment. In com-
parison to RE elements, Bi has filled internal subshells, and external 6 s and 6p
electrons interact significantly with the host, showing host-dependent absorption
and emission properties. Co-dopants can also dramatically alter the spectrum of
luminescence, as shown in Figure 7.

Herein, Bi-doped fibers with aluminosilicate hosts are described as Bi-doped
aluminosilicate fibers (BASEs). They have shown a luminescence peak at 1150 nm.
In contrast, Bi-doped fibers with phosphorus silicate and Germane silicate core
composition hereafter described as Bi-doped phosphorus silicate fiber and
Bi-doped German silicate fibers (BGSFs) are known to transfer the emission band
to a longer wavelength side of about 1300 and 1450. Recently, by using high GeO2
concentration (50 mol%) within the fiber core, the Bi emission window is extend-
ing to a covered wavelength band of 1600-1800 nm. Luminescence in Bi-doped
phosphor germane silicate fibers (BPGSFs) is broad compared to phosphorous (P)
and other Bi-doped fibers co-doped with germanium (Ge). This makes it possible
by changing the fiber core composition using Bi-doped optical fibers to show
lasers and amplifiers for cover the full spectrum region about 1150-1800 nm. In
Figure 6, the pump wavelength bands are referred to by the arrow. Wavelength
bands of the pump about 1050, 1230, and 1310 nm for BASFs, BPSFs, and BGSFs,
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Figure7.
The Spectrum regions covered via different Bi-doped fibers with various hosts [39].

respectively, usually are utilized. In the case of BGSFs with a high concentration of
Ge02, the pump wavelength band is about 1550 nm [39, 40].

3.3 Applications of BDFs

BDFs have many applications in different optical systems because of their wave-
length based discriminative transmission losses [41]. A 1651 nm single-frequency
laser diode is providing with a Bi-doped fiber power amplifier, and its performance
is evaluated experimentally [42]. This amplifier is using to increase the performance
of methane detection systems, such as remote stand-off systems or photoacoustic
spectroscopy (methane has a molecular absorption line of almost 1651 nm). Two
amplifier configurations are shown and output power of larger than 80 mW in both
cases. The results obtained provide valuable perspective for compact and straight-
forward fiber amplifiers in the spectral region of ~1630-1750 nm with a power
output of over 100 mW. The experimental set-up schematic diagrams are displayed
in Figure 8(a) and (b). Two configurations are investigating, both with signal and
pump radiation continues to using a WDM coupler to launch pump light at 1550 nm
into the BDF and offer the amplified radiation output at 1651 nm. Standard, com-
mercially available WDM coupler that is proposed to operating at 1625 nm and
1550 nm (from the Opto-Link Corporation). Its transmission is calculated to be
~95% at 1550 nm, but only ~65% at 1651 nm. A polarization-independent optical
circulator is using in a second configuration (Figure 8(b)) broadband as an alterna-
tive a WDM coupler. The circulator (including from OptoLink Corporation) has
been proposed for a wavelength of 1525-1610 nm. Nevertheless, its 1550 nm (port
1- port2) and 1651 nm (port 2 - port 3) transmissions were quite the same, almost
80 percent.

The Er-Doped Fiber Amplifier (EDFA) is currently one of the most crucial
elements for various fiber optic systems [43]. Nevertheless, driven by a continually
growing demand, network traffic, which has grown exponentially for decades,
would result in the overloading of these’capacity crunch” systems, since EDFA is
limited to 1530-1610 nm in the spectrum. New technology will need to be pursued,
and the development of optical amplifiers for new spectral regions can be a promis-
ing solution. Some of the fiber-optic amplifiers are made with materials doped with
rare-earth. Asaresult, full bands for the gain band of Er-doped fibers are still avail-
able in shorter (1150-1530 nm) and longer wavelength (1600-1750 nm) regions. A
novel fiber amplifier is operated at a spectrum region of 1640-1770 nm pumping via
commercial laser diodes at 1550 nm. This amplifier is achieved by use Bi-doped high-
Germania silicate fibers fabricating by an MCVD technique. The experimental set-up
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of a typical Bi-doped fiber amplifier is illustrated schematically in Figure 9. The
BDFA is built using a scheme with Bi-directional pumping (backward and forward
pumping). As a pumping source, commercial laser diodes are using with an ultimate
output power of 150 mW each. The active fiber was core-pumped through commer-
cial WDMs based on SMF-28. WDMs Transmission spectra are shown in Figure 8.
Optical isolators are spliced to the amplifier of the input and output. The first is using
to reduce the effect of amplified spontaneous emission (ASE) of a Bi fiber on the
signal source. The second prevented possible lasing. Bold points act as splices, where
an optical loss is ~1 dB because of the difference between the active fiber mode field
diameter and that of conventional fibers (SMF-28).

The proposed dual pumping scheme of 830 and 980 nm aims at broadening and
flattening Bi/Er multicomponent fiber (BEDF) spectral performance [44]. The distinct
BACs of germanium (BAC-Ge), aluminum (BAC-Al), phosphorus (BAC-P), and silique
(BAC-Si) have spectral properties characterized by single pumping, respectively, of

Figure 8.

Two BDF amplifiers configurations: (a) set-up with a WDM coupler using for pump light launch in BDF
and processing of amplified signals at 1651 nm; (b) optical civculator set-up. ISO-optical insulator, LD-diode
projector.

BDF

fiber laser == amplified

1SO CIR IS0 WDM WDM IS0 signal

i i FBGs
1790 nm *

Figure 9.

Experimental BDFA set-up. The figure left side shows a home-built light source producing a wavelength comb
of 1615 nm - 1795 nm, which is uniformly spaced with a phase of 15 nm. The figure right side illustrates the
amplifier itself. Notably, ISO: An optical isolator, LD: Laser diode operating at 1550 nm, FBG: Fiber Bragg
grating and CIR: Optical circulator.
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Figure 10.
Dual pumping experimental set-up for backward luminescence measurement.

980 nm and 830 nm. Depending on the BAC-AI (~1100 nm) and BAC-Si (~1430 nm)
emission slope efficiencies under the single pumping of 830 and 980 nm, the dual
pumping scheme with an optimizing pump power ratio of 25 (980 nm VS 830 nm) is
determined to realize flat, ultra-broadband luminescence spectra covered the wave-
length range 950-1600 nm. The dual pumping scheme is more illustrated on the on-off
gain BEDF performance. The gain spectrum is flattening and broadening over 300 nm
(1300-1600 nm) with an average gain coefficient of ~1.5 dBm™, due to the pump
power ratio of ~8 (980 VS 830 nm). The spectral covering is about 1.5 and 3 times more
expansive compared to single pumping of 830 and 980 nm pumping, respectively. Due
to the optical characteristic of the energy level diagrams of 830 and 980 nm, the advan-
tage of dual pumping is clarified. The proposed dual 830 and 980 nm pump scheme
with the BEDF multicomponent shows great promise potential in a range of broadband
optic applications, such as NIR-band tunable laser, a standard ASE source, and broad-
band amplifier. The luminescence measurement set-up is shown in Figure 10. The 980
and 830 nm pigtailed laser diodes (LD) were launched into the input end of 3 dB 808
couplers, and the 810/1310 WDM, the BEDF, was spliced with the output end of 1310
beam with ~1 dB splice loss. The backward optical spectral analyzer (OSA) was used to
record the emission signal to remove the effect of residual pump power. To monitor the
unabsorbed pump power, a digital power meter was placed at the end of BEDF, and A
short length (~40 cm) of BEDF was tested.

4. Bismuth doped fiber amplifier (BDFA)

Doped fiber amplifiers (DFAs) are optical amplifiers that use a doped optical
fiber as a gain medium to amplify an optical signal. They are related to fiber lasers.
The pump laser and the signal to be amplified are multiplexed into the doped fiber,
and the signal is amplified through interaction with the doping ions. As an example
is the (BDFA), where the core of a silica fiber is doped with Bi ions and can be
efficiently pumped with a laser. 1120 nm diode-pumped Bi-doped fiber amplifier is
fabricated by N. K. Thipparapu et al. [45]. Bi-doped aluminosilicate fiber is fabri-
cated using an MCVD solution doping and is distinguished by its gain and unsatu-
rated loss. The amplifier performance was compared with the traditional pumping
wavelength region of 1047 nm for a novel pumping wavelength of 1120 nm.
Unsaturable losses in 1047 and 1120 nm pump wavelengths were 65% and 35%,
respectively. At 1180 nm, the maximum gain of about 8 dB was observed for 100 m
fibers with pumping at 1120 nm. The 1120 nm pump produced an enhancement
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of gain of 70% compared with the 1047 nm pump. An additional 3.5 dB gain was
achieved at 1047 and 1120 nm simultaneous pumping. Figure 11 shows the sche-
matic experimental set-up used for the measurement of gain in Bi-doped fiber. The
set-up consists of an 1180 nm LD as input signal source and fiber pigtailed 1120 nm
LD and/or 1047 nm Nd-YLF laser as the pump source. To abstain from the wave-
length division multiplexers (WDMs) and back reflections to combining pump
and signal sources, Isolators (ISO) was used. The spectrum of the output and input
signal is taking through an OSA. The input signal was obtained little before the fiber
under trial. In contrast, the output signal is determined by consideration of the
WDM loss using to separating the pump from the signal.

O-band has recently been widely used for low-cost data transmission. The
feature of O-band is that the transmitter wavelength(s) are laying close to the
zero dispersive fiber wavelength (1), and no compensation is therefore needed
for either optical or electronic chromatic dispersion. O-band transponder total
bit rate is enhanced to 425 Gb/s, for instance, using 8 LAN WDM 26.6 Gbaud/s
PAM-4 modulated channels [46]. Using WDM and complex modulation formats
minimize the power of both the receiver sensitivity and receiver per channel such
that optical amplification is appropriate. O-band signal boosting can be achieved
by employing Semiconductor Optical Amplifiers (SOA). However, they cre-
ate considerable distortions due to the modulation of self- and cross- gain [47].
Although most of dispersion broadened channels are amplified [48], SOAs are not
approbated for intensity modulation formats transmission like PAM-4 operating
near M0 with relatively small channel count. Praseodymium doped fiber amplifiers
(PDFA) with a bandwidth of 1280-1320 nm [49] were shown, but non-silica host
glass was required, which makes PDFA complicated and costly. O-band amplifica-
tion has been extensively studied in Bismuth-doped silica fibers [50]. A 150 m
long BDFA with bandwidths of 1320-1360 nm has been reported using a complex
dual-wavelength pumping system with only 6 x 10 Gb/s OOK channels [51]. Simple
silica-based BDFA with 80 nm 6-dB gain-bandwidth flexibly centered within
1305-1325 nm, and parameters comparable to EDFAs is developed by V. Mikhailov
etal. [52]. The amplifier can extend 400GBASE-LR8 transmission (8 x 26.6 Gbaud/s
PAM-4 channels) beyond 50 km of G.652 fiber. The active fiber core consists of
phosphosilicate glass doped with Bi (>0.01 mol%) produced using the MCVD
process. The preform was cladding by a Heraeus F300 tube while all the core
components, including P, Si, and Bi, were deposited from the gas phase. The index
difference between the fiber core and the cladding was approx. 6 x 10-3, and the
cut-off wavelength was near 1.1 um. As the core diameter of 7 um of fiber offered
reasonable slice capability with silica-based fibers, the regular automatic splicer was

= . @ -
e “f
by
s

1120nm/1047nm
£
3
8

Figure 11.
Schematic of the experimental set-up to measure gain in Bi-doped fiber (the 1047 nm pump with the dashed
line is used for Bi-dirvectional pumping; otherwise, that port of the WDM is used to monitor the excess pump).
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Figure 12.
Bi-fiber characterization set-up.

used to splice G.652and Bi- fibers. In order to investigate emission properties, 80
meters of Bi-fiber were subsequently pumped with a 3 dB wideband coupler with
lasers of 1155, 1175, 1195, 1215, and 1235 nm (Figure 12).
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Abstract

Bismuth-doped optical fiber (BDF) and bismuth/erbium co-doped optical fiber
(BEDF) have attracted much attention due to their ultra-broadband luminescence
in the near-infrared (NIR) region. The photobleaching effect on bismuth active
centers (BACs) related to the NIR luminescence has been systematically investi-
gated and summarized, in terms of irradiation intensity, irradiation wavelength,
and temperature. All these findings not only give the deep insights into the fun-
damental structure of BACs but also provide an effective way to control the BACs.
They play an important role for the development of BDF- and BEDF-based devices
with high performance and stability under laser exposure in future.

Keywords: bismuth-doped optical fiber (BDF), bismuth/erbium co-doped optical
fiber (BEDF), bismuth active center (BAC), laser irradiation, photobleaching,
irradiation intensity, irradiation wavelength, temperature

1. Introduction

Since Fujimoto et al. in 1999 first demonstrated that bismuth-doped silica glass
could generate broadband luminescence covering the near-infrared (NIR) region
[1], the bismuth-doped materials have attracted considerable attention due to their
ultra-wide luminescence [2-8]. Especially, the bismuth-doped and bismuth/erbium
co-doped optical fibers (BDFs and BEDFs) have been developed for tunable fiber
laser, amplifier, and ultra-broadband light source operating in the range from 1000
to 1800 nm [9-15].

Although great endeavor has been made to improve the performance of BDFs
and BEDFs, challenges still exist, and they have become obstacles to many practical
applications. One of the key challenges is that the fundamental structure of bismuth
active centers (BACs) and the nature of their NIR luminescence remain unclear. Based
on the previous researches, it was generally accepted that the formation of BACs
greatly depends on the material compositions [12, 15]. With different doping elements
such as aluminum, phosphorus, silicon and germanium in the glass environment, there
are four types of BACs in the BDFs, namely BAC associated with aluminum (BAC-Al),
BAC associated with phosphorus (BAC-P), BAC associated with silicon (BAC-Si),
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and BAC associated with germanium (BAC-Ge), respectively [16-19]. Multiple
absorption peaks of these BACs have been observed in BDFs and BEDFs, for example,
BAC-Al (510, 700, and 1050 nm), BAC-P (460, 750, and 1300 nm), BAC-Si (420,
830, and 1400 nm), and BAC-Ge (463, 925, and 1600 nm) [17, 18]. The typical NIR
luminescence bands of these BACs locate at ~1100 nm (BAC-Al), ~1300 nm (BAC-P),
~1400 nm (BAC-Si), and ~ 1700 nm (BAC-Ge), respectively [15, 17].

To better reveal the nature of the NIR luminescence in BDFs/BEDFs and the
configuration of BACs, various post treatments, such as ionizing radiation, laser
irradiation, and thermal treatment, have already been applied [20-25]. Thereinto,
as aresult of laser irradiation, the photobleaching of BDFs/BEDFs leading to the
gradual decay of the luminescence of BACs is quite obvious. In this chapter, the
photobleaching effect on BACs observed in BDFs and BEDFs has been reviewed.
More specially, this effect is demonstrated and analyzed in detail from the angle
of BAC type, irradiation intensity, irradiation wavelength, and temperature. In
addition, the photobleaching mechanism for each BAC is also discussed. The
investigation of this photobleaching process gives not only the deep insights into
the structure of BACs but also more information of photostability of BDFs/BEDFs.
With further understanding of the BACs, it helps to develop an effective way to
control the BACs and obtain better and more stable optical performance of BDF
and BEDF for practical applications.

2. Phenomenon of photobleaching

The photobleaching effect observed in some luminescent materials is featured by
the gradual decay of luminescence after laser irradiation. This effect can be referred as
a process of laser irradiation-induced luminous centers destruction and/or converting
into the nonluminous center. This process is called the photobleaching effect [26].

The photobleaching effect has been found in many materials. For example,
it was reported that the green fluorescent protein could be bleached under laser
irradiation [27]. The Sm** emission in epitaxial CaF, film could be bleached
partially under 633-nm irradiation [28]. The similar photoinduced reduction of
luminescence has also been observed in Nd**:LiYF, and YVO,:Bi**/Eu®* nanoparticles
[29, 30]. In addition, a large number of dyes present the photobleaching characteris-
tics [31-34]. In general, the photobleaching effect is caused by breaking of covalent
bonds or nonspecific reactions between the luminous center and surrounding
molecules. Especially, some photobleaching-based techniques such as fluorescence
loss in photobleaching and fluorescence recovery after photobleaching have been
developed and used for molecular marker, in vivo cell tracking, and investigation of
molecule diffusion in biology [27, 35-37].

The photobleaching effect also exists in the glass materials. Exposure to 977 nm
light irradiation led to the absorption decrease of Yb** in ytterbium-doped silica
fiber [38]. In addition, the darkened Yb-doped fiber could be photobleached when
irradiated by 355 and 633 nm laser [39, 40]. The similar photobleaching effect has
also been observed in the thulium-doped fibers [41].

As for the bismuth-doped materials, the BAC-related NIR luminescence was
reduced under laser irradiation in bismuth-doped silica-based glasses, TICdCl;
crystal and Sr,BsO9Cl:Bi crystal [42-44]. In the case of BDFs/BEDFs, a number of
studies on the photobleaching of various BACs have been reported [19, 21, 45-54].
Herein, the photobleaching effect on BAC-Si, BAC-Ge, BAC-Al, and BAC-P in
BDFs and BEDFs is demonstrated in relation to irradiation intensity, irradiation
wavelength, and temperature, respectively. The underlying mechanisms of these
photobleaching effects in BDFs and BEDFs are also discussed below.
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3. Photobleaching of BAC-Si

The photobleaching of BAC-Si in BEDF under 830-nm laser irradiation has been
reported in [46]. By the 830 nm laser irradiation with an intensity of 0.12 MW/cm?,
the luminescence spectra of 50 cm BEDF at different irradiation time were shown
in Figure 1a. It is evident that the NIR luminescence of BAC-Si peaking at ~1420 nm
decreases continuously with the longer exposure time. In addition, the absorption
of BAC-Si peaking at ~816 nm demonstrates the similar trend, gradually decaying
when exposed to the 830 nm laser as shown in Figure 1b. The decrease of both
the NIR luminescence and absorption clearly indicates the degradation of BAC-Si.
Interestingly, after the irradiation, both the absorption and luminescence of BAC-Si
gradually recover to the initial value in 48 hours at room temperature (RT). This
recovery behavior implies that the photobleaching of BAC-Si under 830-nm irradia-
tion in BEDF is reversible in the mild condition.

To characterize the photobleaching effect on BAC-Si, the stretched exponential
function (SEF) has been used, which is expressed as [55]:

I(¢)=1, +(1, —Il)e{g 1)

where I; and I are the luminescence intensities at bleaching saturated time and ini-
tial time, 7 represents the bleaching time and f stands for the stretched parameter. In
addition, the bleaching ratio g, defined by bleached part of the luminescence (Io-I;)
divided by the initial luminescence before irradiation (1), is used to quantify the pho-
tobleaching degree [47]. Figure 2 shows the typical luminescence variation at 1420 nm
irradiated by 0.12 MW/cm” 830-nm laser, which is well fitted by SEF in Eq. (1).

3.1Irradiation intensity dependence

It has been found that the irradiation intensity (power) has a significant effect
on the photobleaching of BACs. Higher irradiation intensity provides more photons,
which may lead to stronger photobleaching effect. The irradiation intensity depen-
dence of photobleaching of BAC-Si in BEDF was investigated under 830-nm laser
irradiation, and the variation of irradiation intensity was achieved by changing the
incident power ranged from 0.39 to 35 mW [47]. Figure 3a demonstrates the time
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Figure 1.
(a) Luminescence spectra of the BEDF under 830-nm irradiation in 60 minutes of exposure time; (b) BEDF
insertion absorption spectra before and after irradiation (20 minutes to 48 hours) [46].
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Variation of luminescence intensity at 1420 nm as a function of irradiation time [46].

evolution of BAC-Si luminescence at 1420 nm under different irradiation power. It is
obvious that the luminescence of BAC-Si decays more severely as the irradiation power
increases. Furthermore, the luminescence at 1420 nm, time constant 1/z, and bleach-
ing ratio rp vs. irradiation power is plotted as Figure 3b. It is worth noting that both
the bleaching ratio and bleaching rate tend to be saturated as the irradiation power
increases. Such trend is similar with the variation trend of luminescence at 1420 nm. It
hints that the excitation of BAC-Si may participate in the photobleaching process.

3.2 Irradiation wavelength dependence

The photobleaching of BAC-Si was observed in BEDF under 710 and 1380 nm irra-
diation. As shown in Figure 4, the luminescence of BAC-Si is significantly bleached
under irradiation of 710 nm, but almost no change under 980-nm irradiation. The inset
of Figure 4 indicates that the BAC-Si luminescence can be slightly bleached under
1380-nm irradiation, which is much weaker than that 710 nm irradiation. In addition,
the luminescence of BAC-Si in BDF can be bleached under 532- and 407-nm irradia-
tion [45]. The photobleaching effect on BAC-Si with different irradiation wavelengths
is further summarized and listed in Table 1. Seen from Table 1, except for 980 nm,
the photobleaching of BAC-Si can be obtained under all the other applied irradia-
tion wavelengths even the irradiation intensity for some wavelengths is quite small.
Generally, it is believed that the shorter wavelength provides larger photon energy.
With the increasing photon energy, a greater number of BACs are degraded, resulting
in the stronger photobleaching effect. However, even though light at 980 nm has more
photon energy than that at 1380 nm, no obvious photobleaching effect is observed
under 980-nm irradiation. Considering the fact that 980 nm is unable to excite BAC-Si
to the upper energy level, therefore, it is suggested that the photobleaching effect
on BAC-Si can only happen when the irradiation wavelength is capable of pumping
BAC-Si to excited state. The detailed mechanism will be discussed in Section 3.4.

3.3 Temperature dependence

The temperature dependence of photobleaching effect on BAC-Si in BEDF was
studied in the range from 77 to 673 K [47]. The bleaching ratio of BAC-Si under
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0.36 MW/cm® 830-nm irradiation as a function of temperature is plotted as Figure 5.
As the temperature rises from 77 to 673 K, the bleaching ratio of BAC-Si increases from
34 to 66% and then tends to be saturated. This result indicates that the heating of BEDF
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Figure 3.
(a) Evolution of BAC-Si luminescence at 1420 nm under different irvadiation power; (b) luminescence, time
constant, and bleaching ratio vs. irvadiation power [47].
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Luminescence spectra excited by 0.2 mW 830-nm laser before and after 710- and 980-nm irvadiation. The inset
presents the variation of luminescence at 1420 nm with irradiation wavelengths of 710 and 1380 nm [47].

Sample Irradiation A (nm) Intensity (MW/cm?) rp Ref.
BDF 407 1 0.85 [45]
BDF 532 15 0.8 [45]
BEDF 710 0.36 0.55 [47]
BEDF 830 0.36 0.57 [47]
BEDF 980 0.36 — [47]
BEDF 1380 0.005 0.06 [47]
Table 1.

Summary of irradiation wavelength influence upon photobleaching of BAC-Si.
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to the high temperature can accelerate the electron movement, leading to the stronger
photobleaching of BAC-Si.

3.4 Photobleaching mechanism of BAC-Si

Based on the fact that the excitation of BAC-Si is an essential condition for the
photobleaching [47], the photobleaching process is deduced to be expressed as:

hv kT
X * X +(x+1) -
Bigyc_si = Bigyc_si = Bipac_s +e s (@))]

*3

where Big, ., stands for the Bi ion in a BAC-Si with a valence state of +x, ¢
symbolizes the excited state of the active center, and sv and kT are the photon energy
and thermal energy, respectively. As shown by Eq. (2), the photobleaching mecha-
nism of BAC-Si can be described as: first, the Bi ions absorb the 830 nm photons and
are pumped to the upper excited state corresponding to 816 nm; second, with the
help of thermal energy, some Bi ions release the electrons which are seized by the
surrounding material defects (e.g., self-trapped holes, STH), arousing the decay of
luminescence and absorption. As seen from Table 1, the BAC-Si could also be
bleached under 1380-nm irradiation with a slight bleaching ratio of 0.06. The Bi ions
absorb 1380 nm photons and then are excited to the lower excited state, and then the
electrons can transfer from a small part of Bi ions at the lower excited state to the
nearby defects. Compared with Bi ions at the upper excited state, this electron
movement pathway at the lower excited state is more difficult.

4. Photobleaching of BAC-Ge

Photobleaching of BAC-Ge has been found in bismuth-doped optical germano-
silicate fibers [45]. After 30 minutes’ irradiation of 532-nm laser with an intensity of
1.2 MW/cm?, both the absorption and the luminescence related to BAC-Ge signifi-
cantly change as shown by the absorption and luminescence spectra of BDF before and
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after the irradiation. The dramatical decrease of absorption at 925 and 1650 nm and
luminescence at 1700 nm clearly indicate the destruction (photobleaching) of BAC-Ge.

The photobleaching of BAC-Ge can also be fitted well by SEF in Eq. (1). The
variation of luminescence at 1700 nm excited by 1550 nm under 532-nm irradiation
has been demonstrated in [19, 45]. The decay curve of BAC-Ge luminescence at
1700 nm shows the exponential trend. Moreover, there is no recovery behavior after
the photobleaching at RT. However, by thermal annealing of the bleached BDF,
BAC-Ge could be recovered [19, 45, 53]. After 532-nm laser irradiation, the lumi-
nescence of BAC-Ge almost disappears. Annealing the bleached BDF at 600°C, the
luminescence of BAC-Ge at ~1700 nm significantly increases, even more than the
pristine value, as shown in Figure 6. The evident increase of the luminescence of
BACs by thermal treatment has been observed in unirradiated BDFs and BEDFs [22,
24,25, 56-59]. All these results indicate that the thermal treatment can not only lead
to the recovery of irradiated fibers but also activate the new BACs.

4.1Irradiation intensity dependence

The irradiation intensity dependence of photobleaching of BAC-Ge has been
studied under 532-nm irradiation with intensity ranged from 0.5 to 2 MW/cm? [48].
The bleaching rate 1/7 calculated by the SEF as a function of irradiation power under
532-nm irradiation is plotted as Figure 7. Seen from Figure 7, the relationship between
the bleaching rate and irradiation power in log-log scale is almost linear with a slope of
~1.7. The fitting slope is close to 2, which suggests that the photobleaching of BAC-Ge
under 532-nm irradiation is likely to be a two-photon process. In addition, the bleach-
ing rate increases with the irradiation intensity, indicating that more photons obtained
by higher irradiation intensity results in faster photobleaching of BAC-Ge.

4.2 Irradiation wavelength dependence
The irradiation wavelength dependence of photobleaching of BAC-Ge differs

from that of BAC-Si. As mentioned above, the photobleaching of BAC-Si only
happens when the irradiation photon is able to excite BAC-Si. The photobleaching
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Figure 6.
Evolution of photoluminescence spectra of a BDF at different stages of the experiment: Pristine, irvadiated, and
annealed [19, 53].
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of BAC-Ge in BDFs has been observed when irradiated by 244, 407, 532, 639, 975,
and 1460 nm [21, 45, 48, 51, 53]. In [48], the variation of BAC-Ge luminescence

at 1700 nm in BDF under irradiation at different wavelengths with the irradiation
intensity kept at ~0.5 MW/cm® has been demonstrated. Clearly, shorter irradiation
wavelength provides higher photon energy, leading to stronger photobleaching of
BAC-Ge. From this result, the photobleaching of BAC-Ge is almost unrelated to the
resonant radiation wavelength. The mechanism of photobleaching of BAC-Ge will
be discussed in detail in Section 4.4, which may be different from that of BAC-Si.

4.3 Temperature dependence

The temperature also has an influence upon the photobleaching of BAC-Ge. The
BDF was irradiated under 532 nm with an intensity of 0.5 MW/cm? at room tem-
perature (300 K) and liquid nitrogen temperature (77 K), respectively [48]. Seen
from Figure 8, the photobleaching of BAC-Ge is suppressed significantly when the
temperature is cooled down to 77 K. It is noticeable that the photoionization of the
germanium-related oxygen deficient center (GeODC) decreases at low temperature
[60]. Especially, it has already been confirmed that the BAC in bismuth-doped
materials should be some cluster making up of Bi ion with the oxygen deficiency
center (ODC) rather than Bi ions themselves [61]. Therefore, it is reasonable to
deduce that the photobleaching of BAC-Ge may be related to the photoionization
of GeODC. It was also found that the 1550-nm laser had no photobleaching effect
upon BAC-Ge under 80°C but was able to bleach BAC-Ge when the temperature of
BDF was elevated to hundreds of degrees [54]. Such combined effect of thermal
treatment and laser irradiation on BAC-AI has also been observed in BEDF [52].

4.4 Photobleaching mechanism of BAC-Ge

It is known that the most convincing model of the nature of BAC is a Bi ion
close to a structural defect, and the defect is most probably to be an ODC [62].
Furthermore, the mechanism of photobleaching of BAC-Ge is assumed to be the
photoionization of GeODC. The photobleaching process of BAC-Ge induced by the
destruction of GeODC by laser irradiation can be expressed as follows:
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Variation of BAC-Ge luminescence at 1700 nm in BDF irradiated by 532 nm at 300 and 77 K [48].
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The hypothesis is supported by the following facts: (1) the irradiation intensity
dependence of bleaching rate demonstrates that photobleaching of BAC-Ge is likely
to be a two-photon process [48]; (2) the GeODC can be photoionized under UV
light irradiation [63]; and (3) the behavior of photobleaching of BAC-Ge is similar
to the photoionization of GeODC at low temperature [48].

These results also suggest that the Bi ion adjacent to the ODC is the credible
structure of BAC. According to this mechanism, it is believed that the number of
the GeODC in the fiber should have an impact on the photobleaching of BAC-Ge.
In this case, the doping concentration of Ge may affect the formation of GeODC,
resulting in different photobleaching phenomena with various core compositions
in [21]. This doping concentration dependence of photobleaching effect may also
apply to the photobleaching of BAC-Si, BAC-Al, and BAC-P.

In addition, it is worth noting that the photobleaching of BAC-Si under 532-nm
irradiation can be explained utilizing this hypothesis [45]. Therefore, more than
one mechanism of photobleaching of BACs under different irradiation wavelengths
should exist.

5. Photobleaching of BAC-Al

Compared with BAC-Si and BAC-Ge, the understanding of the fundamental
structure of BAC-Al is still limited. A number of studies on photobleaching of
BAC-Al have been taken to explore the nature of BAC-AL It has been reported that
the BAC-Al can be bleached with various irradiation conditions in bismuth/erbium
co-doped aluminosilicate fibers [49]. Figure 9 shows the absorption spectra of
BEDF in the range from 650 to 750 nm before and after the irradiation. It is clear
that the absorption of BAC-Al at ~700 nm decreases after the irradiation of 532,
633, 710, and 830 nm laser (for irradiation at 980 nm, the bleaching effect is not
that obvious.). Unlike BAC-Si, after the irradiation, there is no obvious recovery
behavior of BAC-Al at RT. Even the bleached BEDF is annealed at high tempera-
tures; there remains no observable recovery of BAC-AL
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Absorption of BEDF before and after ivvadiation at various wavelengths [49].

5.1 Irradiation intensity dependence

The photobleaching of BAC-Al also largely depends on the irradiation intensity
(49, 52]. The intensity dependence of photobleaching of BAC-Al under 532-nm irra-
diation has been demonstrated in [49]. As irradiation intensity increases from 0.06 to
0.16 MW/cm?, both the bleaching rate and bleaching ratio increase, indicating a faster
and stronger photobleaching process. Moreover, the irradiation power dependence
of bleaching rate in log-log scale shows a linear trend with a slope of ~1.8, as shown
in Figure 10. The fitting slope close to 2 also demonstrates that the photobleaching of
BAC-Al under 532-nm irradiation is likely to be a two-photon process.

5.2 Irradiation wavelength dependence

The BAC-Al can be bleached under irradiation at both resonant and nonresonant
wavelengths. The different irradiation wavelengths (532, 633, 710, 830, and 980 nm)
have been applied for the investigation of the photobleaching of Al-doped BEDF
[49]. At RT, there is no obvious reduction of BAC-Al luminescence under 980-nm
irradiation while the photobleaching of BAC-Al takes place under irradiation of all
the other wavelengths. Especially, the stronger photobleaching of BAC-Al can be
obtained by increasing the photon energy (reducing the irradiation wavelength)
with a growth of the bleaching rate and a reduction of the unbleached ratio as shown
in Figure 11. This irradiation wavelength dependence suggests that the Al-related
ODC (AIODC) may take part in the photobleaching process instead of the Bi ion.

5.3 Temperature dependence

Similar to the BAC-Si and BAC-Ge, the photobleaching of BAC-Al is suppressed
at low temperature. It has been reported that the bleaching ratio of BAC-Al under
0.12 MW/cm? 532-nm irradiation is reduced from 10 to 5% as the temperature falls
down from RT to 77 K [49]. In addition, the temperature aggravated photobleaching
of BAC-Al has been observed in BEDF [52]. Under 0.34 MW/cm? 980-nm irradiation,
the BAC-Al luminescence at 1191 nm has little change at 293 K but decreases obvi-
ously at higher temperatures (423-623 K). The bleaching ratio of BAC-Al dramatically
increases with the rising temperature, especially at 623 K, up to 35% of luminescence
is bleached, as shown in Figure 12. The increasing temperature provides more
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thermal energy, making it possible for the electron to escape from the BAC-AL The
results imply the strong temperature dependence of photobleaching of BAC-AI,
indicating the important role of thermal energy in the photobleaching process.

5.4 Photobleaching mechanism of BAC-Al

Considering that the BAC-Al can be bleached under irradiation of both resonant
and nonresonant wavelengths, it is believed that the degradation of BAC-Al under
irradiation is due to the photoinduced effects on AIODCs [49], which is much similar
with BAC-Ge. Subsequently, the electron released from the AIODC is captured by the
nearby defects, arousing the destruction of BAC-AL. In addition, the suppression of
photobleaching of BAC-Al at the low temperature arising from the decreasing phonon-
assisted rate for relaxation of AIODC, and the electron movement may support the
view of participation of AIODC. However, unlike GeODC, the information of photo-
ionization of AIODC is still limited, and there may exist more than one mechanism of
photobleaching of BAC-Al. Therefore, the mechanism of photobleaching of BAC-Al
still needs further investigation for deep understanding of the origin of BAC-AL

6. Photobleaching of BAC-P

Only one photobleaching relevant study on the BAC-P has been reported so
far. The study demonstrates that the luminescence of BAC-P at 1300 nm in BDF can
be bleached under 1 MW/cm? 407-nm irradiation [45]. The evolution of the lumines-
cence of BAC-P is plotted as Figure 13, which is possibly linked with P-related ODC
(PODC). Of course, more investigation on photobleaching of BAC-P needs to be taken
in terms of irradiation intensity, irradiation wavelength, and temperature dependences
to get in-depth knowledge of the photobleaching of BAC-P and its structure.
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Figure 13.
Evolution of BAC-P luminescence at 1300 nm in BDF under 407-nm irradiation with an intensity of
~1 MW/cm? at room temperature [45].

7.Inductive analysis

The photobleaching effect exists in all four types of BACs. Since photobleaching
effect varies case by case and is largely dependent on the irradiation conditions,
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here, Table 2 summarizes a series of photobleaching of BACs observed in BDFs and
BEDFs, along with their fiber compositions, BAC type, and irradiation conditions.
The samples are doped with different compositions, such as Si, Ge, Al, P, Bi, and Er.
The irradiation wavelengths are from 244 to 1460 nm, and the irradiation power
varies from 0.005 to 1.5 MW/cm®. The exposure temperature of the sample is in the
range of 77-673 K.

In general, the bleaching ratio increases with irradiation intensity. Higher
irradiation intensity provides more photons, leading to stronger photobleaching
effect. It is worth noting that for both BAC-Si and BAC-Al, the bleaching ratio tends
to saturate as the irradiation intensity increases [47, 52]. More interestingly, the
photobleaching effect could happen under irradiation of some wavelengths even the
irradiation intensity is quite small. However, for some irradiation wavelengths, even
the irradiation intensity is large, there is still no obvious photobleaching phenome-
non. For example, the luminescence of BAC-Si decays 20% after 830-nm irradiation
with an intensity of 0.005 MW/cm? but has no change when exposed to 0.36 MW/
cm? 980-nm irradiation [47]. This indicates that the irradiation wavelength affects
more on the photobleaching than the irradiation intensity.

The photobleaching effect significantly depends on the irradiation wavelength.
As for BAC-Ge and BAC-Al, the photobleaching effect could happen by the irradia-
tions at both resonant and nonresonant wavelengths, and larger bleaching ratio can
be achieved by shorter irradiation wavelength [48, 49]. However, as for BAC-Si,
only the wavelengths that are able to excite BAC-Si to the upper level could lead to
the photobleaching [47]. According to Table 2, it is worth noting that irradiation
wavelengths that can cause the photobleaching effect are always shorter than the
luminescence peak wavelength of BACs. Therefore, it is supposed that the premise
of photobleaching is that the photon energy for the photobleaching is larger than
the excitation energy between the ground state and the first excited state of BACs.

Higher temperature evidently accelerates the electron movement rate. It is
believed that the photobleaching of BACs is due to the electron escape. Therefore,
the photobleaching of BACs becomes stronger at high temperatures, as demon-
strated in [47, 48, 52, 54]. It is remarkable that for some irradiation wavelengths, the
luminescence has little change at room temperature but is bleached significantly at
higher temperatures [52, 54]. The increasing temperature provides enough thermal
energy and assists the electron to flee from the BACs; however, the phonon energy
is not sufficient for electron escape at room temperature.

8. Summary

Since the first observation of NIR luminescence in bismuth-doped glass, the
bismuth-doped materials have attracted great attention due to their ultra-broad-
band luminescence. Especially, the bismuth-doped and bismuth/erbium co-doped
optical fibers have been developed for the potential applications as optical amplifier
and fiber laser. A number of researches have been taken focusing on the photo-
stability of bismuth active center (BAC) in these BDFs/BEDFs. The results have
demonstrated that the laser radiation can evidently cause the photobleaching of all
types of BACs (BAC-Si, BAC-Ge, BAC-Al, and BAC-P), leading to the change of
optical characteristics of the fiber. For BAC-Si, BAC-Ge, and BAC-Al, the photo-
bleaching is much dependent upon the irradiation intensity, irradiation wavelength,
and temperature. The recovery behavior of bleached BAC-Si and BAC-Ge can be
achieved with the aid of phonon-assisted relaxation after the irradiation. It is noted
that the BAC-Ge and BAC-Al can be bleached under irradiation at both resonant
and nonresonant wavelengths; however, the photobleaching of BAC-Si can only
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happen when the irradiation photon is able to excite the BAC-Si to the upper energy
level. These differences indicate that the photobleaching of BACs is driven by
multiple possible mechanisms. In bismuth-doped germanosilicate fiber, the possible
mechanism of the photobleaching effect is the photoionization of GeODC, which
participate in the formation of BAC-Ge. In addition, the fabrication process, mate-
rial compositions, treatment conditions, as well as doping concentration of Si/Ge/
Al/P have a great impact on the formation of their related ODCs (GeODC, AIODC,
PODC, etc.) and ultimately affect the photobleaching of related BACs. All these
investigations on photobleaching of BACs in these BDFs/BEDFs not only provide
their photostability information but also give an insight to reveal the fundamental
structure of BACs, which can be utilized to control the BACs in BDFs and BEDFs for
the practical applications as an optical amplifier and fiber laser.
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Radiation Effect on Optical
Properties of Bi-Related Materials
Co-Doped Silica Optical Fibers
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Abstract

Three kinds of Bi-related materials co-doped silica optical fibers (BRDFs),
including Bi/Al, Bi/Pb, and Bi/Er co-doped fibers, were fabricated using atomic
layer deposition (ALD) and modified chemical vapor deposition (MCVD). Then,
the effect of irradiation on the optical properties of BRDFs was investigated. The
experimental results showed that the fluorescence intensity, the fluorescence
lifetime of BRDFs at the 1150 nm band, increased significantly with low-dose treat-
ment, whereas it decreased with a further increase in the radiation dose. In addi-
tion, the merit M, values of the BRDFs, a ratio of useful pump absorption to total
pump absorption, decreased with an increase of the radiation doses. The Verdet
constants of different doped fibers increased up to saturation level with increases in
the radiation dose. However, for a Bi-doped fiber, its Verdet constant decreased and
the direction of Faraday’s rotation changed under low-dose radiation treatment. In
addition, the Verdet constant increase of the Bi-doped silica fiber was much faster
than that of other single mode fiber (SMF) and Pb-doped silica fibers treated with
high-dose radiation. All of these findings are of great significance for the study of
the optical properties of BRDFs.

Keywords: Bi-related materials, optical properties, gamma-ray radiation,
silica optical fiber

1. Background and meaning

Bismuth oxide is an important material with many promising applications [1, 2]. In
particular, bismuth-doped optical fibers, as a promising active medium for amplify-
ing and lasing in the 1.1-1.8 um range [3, 4], have been extensively studied, ever since
their broadband near-infrared (NIR) fluorescence properties were first reported by
Fujimoto et al. [1]. Thereafter, an amplification at the 1300 nm band in Bi-doped silica
glass was realized [2] and an optical amplifier and fiber laser were achieved [4-6].
Previous investigations have demonstrated that the valence state of Bi ions varies
in glass materials [7-11]. However, the valence conversion mechanism of Bi-related
materials for silica optical fibers remains unclear.

In addition, the effects of radiation on the fluorescence properties of Bi-doped
glass or optical fibers have been previously studied [12-18]. In Refs. [16-18], the
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radiation-induced photoluminescence (PL) effect of Bi-doped silica optical fibers
was investigated and the relationships between the radiation-induced optical prop-
erties and defect centers in Bi-doped silica fibers (BDFs) were reported. Moreover,
the fluorescence intensity was enhanced by UV irradiation [11, 12]. Shen et al. [14]
also reported fluorescence enhancement from exposing Bi-doped borosilicate glass
to a radiation environment. The photo-bleaching effect on Bi-doped glass fiber with
a 532-nm laser treatment was studied [15]. These results provide deeper insight into
the nature and formation mechanism of PL [19]. Furthermore, the magneto-optical
properties of the Bi-doped silica fibers were studied before and after irradiation,
and radiation-induced magneto-optical phenomena were found [20-22]. Finally,
thermal effects on the luminescence properties of Bi co-doped silica fibers were
studied [23-25].

However, the nature of the NIR fluorescence properties in Bi-doped glass
or silica optical fibers is still unclear. Although many studies have reported the
luminescent properties of Bi co-doped fibers, there are few reports on the effect of
irradiation on the optical properties of Bi-related co-doped silica optical fibers.

In this chapter, three kinds of Bi-related co-doped silica optical fibers, including
Bi/Al, Bi/Pb, and Bi/Er co-doped fibers, are fabricated using atomic layer deposition
(ALD) combined with a modified chemical vapor deposition (MCVD) process. The
optical properties of bi-related materials co-doped silica optical fibers (BRDFs)
that are influenced by irradiation are investigated, including luminescence, lifetime
decay, magnetic-optical, and unsaturable absorption, and the changes in these opti-
cal properties are compared.

2. Fabrication of Bi-related co-doped silica optical fibers

Currently, the fabrication technologies of different doped fibers such as rare
earth-doped fibers mainly use a solution-doping chemical vapor deposition tech-
nique. However, the technology lacks uniformity and consistency, and doping
materials are easily volatilized and form clusters in a high-temperature environ-
ment, which limits the excellent performance of the fabricated doped fibers.
Recently, a novel doping method, ALD technology, has been developed. It is not
only an advanced deposition technique [5, 26-30] that allows for ultrasmall dopants
of a few nanometers to be deposited in a precisely controlled way but also a chemi-
cal vapor deposition technique based on the sequential use of self-terminating gas—
solid reactions. In particular, the novel technology involves a self-limiting surface
reaction, whose advantages include a low-temperature process, good uniformity,
favorable dispersibility, high doping concentration, and wide range of materials
used. To date, there have been only a few reports [30-34] regarding the preparation
of rare earth optical fibers by ALD.

ALD technology typically involves a cycle of four steps that is repeated as many
times as necessary to achieve the required doping concentrations. As an example,
we perform ALD on AL,Os, using Al,(CH;)3 (Trimethylaluminum, TMA) and H,0
as the reactants. The detailed deposition process is shown in Figure 1. Step 1: A
pulse precursor vapor of TMA reacts with the inner surface of the substrate tube.
With the optimized choice of precursors and reaction conditions, the reaction of
this step is self-limiting. Step 2: Purging all residual precursors and reaction prod-
ucts. Step 3: Low damage by remote exposure of the surface to reactive oxygen radi-
cals, where these radicals oxidize the inner surface and remove surface ligands. This
reaction is also self-limiting because of the limited number of surface ligands. Step
4: Reaction products are purged from the chamber. Only Step 3 varies, between H,O
and O, plasma by thermal processing. As each cycle of the ALD process deposits

52



Radiation Effect on Optical Properties of Bi-Related Materials Co-Doped Silica Optical Fibers
DOI: http://dx.doi.org/10.5772/intechopen.93495

o Reaction TMA @  Reaction H,0 o) By-Product

oo
ath. T e o ofe o

— |
Step 1 Step 2
: }
* Next cyvele
]

“ o0 %d o
o @ @ @ ® @ oo P
| Ap— i

Step 4 Step 3

Figure 1.
Specific process of ALD technology deposition.

alayer of sub-angstrom thickness, the atomic scale ranges of deposition can be
controlled through the process.

The reaction of X(thd); (X: metal ions, such as Bi, Pb, and Er; thd: 2,2,6,6-tet-
ramethyl-3,5-heptanedionato) and H,O can be described by Egs. (1)—(3) [35]. The
whole reaction can be written as follows:

2X(thd), +3H,0 > X,0, +6H - thd 1)

which involves two processes: process A in Eq. (2) is the hydroxyl on silicon react-
ing with the X source to obtain Si-O-X(thd),; process B is obtaining Si-O-X(OH),
by the reaction in Eq. (3) of H,0 and Si-O-X(thd), with the termination of ==OH
groups. On repeating the ABAB (A and B represent different reaction processes,
respectively) operations, an X-doped layer with the desired thickness is obtained.
Similarly, Al,O; can be deposited using these following analogous reactions.

A: Si-OH+X(thd) —Si-O-X(thd), +H-thd @

B: Si-O-X(thd), +2H,0—>Si-0-X(OH), +2H-thd ®3)

The fabrication process of the BRDFs can be divided into four steps, as shown in
Figure 2. First, a porous soot layer is deposited inside the silica substrate tube using

Silica tube ALD deposit MCVD deposit Collapse
Bi, Er, Pb core layer

O-0-0000@®-

MCVD deposit MCVYD MCVD Fiber
SiO, soot layer Semi-transparent vitrification

Figure 2.
Fabrication process of the BRDFs based on ALD + MCVD technology.
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the MCVD method. In this process, chemical reactions in the gas phase generate a
fine soot of silica that coats the inner surface of the substrate tube, which is then
sintered into a semi-clear soot layer. Second, Bi, Pb, or Er ions are introduced on
the surface of the porous soot layer using the ALD technique (TFS-200, Beneg,
Finland). This results in the formation of bismuth oxide, lead oxide, and erbium
oxide with the precursors of bis (2, 2, 6, 6-tetra-methyl-3, 5-heptanedionato)
bismuth (IIT) (Bi(thd)s), bis (2, 2, 6, 6-tetra-methyl-3, 5-heptanedionato) lead
(III) (Pb(thd))s, and bis (2, 2, 6, 6-tetra-methyl-3, 5-heptanedionato) erbium (III)
(Er(thd)); (supplied by Shanghai J&K Scientific Ltd), respectively. They mainly
react with water or ozone to form the metal oxidation layer, the O; that originated
from the O,. Third, germanium oxide is doped into the fiber preform core by the
MCVD process, and then a Bi-related co-doped optical fiber preforms with a
Ge-doped higher index core that is formed by collapsing on an MCVD lathe heated
by a high-temperature oxyhydrogen flame. Finally, the preform is drawn into a
doped optical fiber with a Bi-related material.

3. Effect of radiation on optical properties

For optical fiber material, a perfect structure is visualized as a co-doped ion
random network of SiO, tetrahedrons joined at the corner, and different ions are
doped into irregular vitreous silica, forming a stable network structure [36]. It is
important to accumulate further knowledge regarding the influence of radiation on
optical fiber materials, including material network structures, defect centers, and
optical properties. Radiation as an effective method can induce changes in the opti-
cal properties of materials. It mainly involves the process of high-energy particles
interacting with fiber materials, including the photoelectric effect, the Compton
effect, the electron pair effect, and more. For BRDFs, irradiation significantly
improves their optical properties, which mainly accounts for the variation in the
valence states of Bi (Bi**, Bi?*, Bi*, Bi’, defect centers, Bi clusters, Bi>", dimers, or Bi
atoms). Here, gamma rays are selected as the irradiation source, mainly due to their
short wavelength and strong penetrating ability. The effects of gamma ray irradia-
tion on the optical properties of BRDFs, including Bi/Al co-doped silica fibers
(BADFs), Bi/Er co-doped silica fibers (BEDFs), and Bi/Pb co-doped silica fibers
(BPDFs), are investigated.

3.1 Radiation effect on luminescence characteristics

The radiation-induced PL properties of BADFs were investigated in [19]. The PL
spectra in the inset of Figure 3 reveal two emission bands at approximately ~1150
and ~ 1410 nm, corresponding to the aluminum-related Bi active center (BAC-AI)
and the silicon-related Bi active center (BAC-Si), respectively. Figure 3 illustrates
that the fluorescence intensities of BAC-Al increased by 0.73, 2.25, and 1.35 dB at
1150 nm with 1.0, 2.0, and 3.0 kGy of irradiation, respectively. The fluorescence
intensities of BAC-Al in the BADF samples increased with the increase in radiation
dose (0-2.0 kGy) and then decreased when the radiation dose exceeded 2 kGy.
Moreover, the change in the fluorescence intensity of BAC-Si trended similar to that
of BAC-Al; however, the fluorescence intensity of BAC-Si increased considerably
more. Furthermore, the fluorescence intensity of BAC-Si was approximately four
times stronger than that of the unirradiated fiber sample.

For BEDF, five BEDF samples were irradiated with cumulative doses of
approximately 0.3, 0.5, 0.8, 1.5, and 3.0 kGy at room temperature. The radiation
dose rate was 800 Gy/h. Under excitation at 980 nm (pump power is 1.8 mW),
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Figure 3.
Fluorescence intensity of BAC-Al and BAC-Si as a function of radiation dose; inset ave the PL spectra of the
BADF samples before and after y-ray irvadiation.

the fluorescence spectra of BEDF samples were measured, as shown in Figure 4.
For BAC-Al, as the radiation dose was increased, the fluorescence intensity first
increased and then decreased. With a 0.3 kGy dose of irradiation, the fluorescence
intensity of BAC-Al in the BEDF sample is slightly higher than that of the pristine
fiber, as shown in Figure 4(a). However, when the radiation dose was less than
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Figure 4.

Fluorescence spectra of BEDF samples at different bands with different vadiation doses. (a) 1100, (b) 1550 nm,
and (c) the variations of the fluorescence intensity at 1100, 1450, and 1550 nm.
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0.5 kGy, the fluorescence intensity of BAC-Al was significantly lower than that of
the pristine fiber. In addition, the fluorescence intensity of BAC-Si in BEDF showed
the same trend in Figure 4(c) (red curve). The fluorescence of Er ions at 1550 nm
was also observed, as shown in Figure 4(b). For Er ions, the fluorescence intensity
decreased with an increase in the radiation dose and fluorescence enhancement at
low-dose radiation (<0.5 kGy) such as Bi ions did not appear..

For BPDF, five BPDF samples were irradiated with cumulative doses of approxi-
mately 0.3, 1.0, 1.5, 2.0, and 3.0 kGy at room temperature. The radiation dose rate
was 800 Gy/h, which is the same as in the other experiment. The fluorescence spec-
tra of BPDFs at different doses under 830 nm pumping are shown in Figure 5(a).
Comparing the PL spectra before and after irradiation, the shape did not change
significantly. The fluorescence spectra of the fiber samples range from 1100 to
1600 nm with a peak at 1420 nm, which is derived from BAC-Si. The change in the
fluorescence peak of BAC-Si is shown in Figure 5(b). With an increase in the radia-
tion dose, the fluorescence intensities of BAC-Si first increased and then decreased
with a further increase in the radiation dose. Moreover, when the radiation dose
was 1.5 kGy, the fluorescence intensity of BAC-Si was two times that of the unir-
radiated BPDF. That is to say, low-dose irradiation can promote the formation of
BAC-Si, enhancing the fluorescence intensity. For radiation doses up to 3.0 kGy, the
fluorescence intensity of BAC-Si was still higher than that of untreated fiber. This
indicated that the BPDF samples had a certain degree of radiation resistance, which
has great potential for photonic applications of optical fiber amplification devices in
harsh radiation environments.

3.2 Radiation effect on fluorescence lifetime

The luminescence decay curves of the Bi-related active centers in BEDFs
and BPDFs were measured using a fluorescence spectrophotometer (Edinburgh
FLS-980, England) equipped with an nF900 flash lamp. The fluorescence lifetime
decay curves of BAC-Al in BEDF samples before and after radiation are shown
in Figure 6(a). In order to compare the fluorescence decay curves of the BEDF
samples with different radiation doses, a single exponential function was used
to fit them. The relationship between fluorescence lifetime and radiation dose is
shown in Figure 6(b). When the radiation doses were 0, 0.3, 0.5, 0.8, 1.5, and
3 kGy, the fluorescence lifetimes of BAC-Al were 564, 599, 585, 560, 559, and
553 ps, respectively. These results demonstrated that their lifetimes increased at
low radiation doses (0-0.3 kGy) that were increasing, whereas at higher radiation
doses (0.5-3 kGy), their lifetimes were decreased.
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Figures.
(a) PL spectra of BPDF samples with different vadiation doses and (b) variation of the fluovescence intensity
at 1420 nm.
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(a) Luminescence decay curves with different vadiation doses and (b) variation in the fluorescence lifetime.

For comparative analysis, the fluorescence lifetime of the Er’* ions at 1534 nm
was also measured, as shown in Figure 7(a); when the radiation doses were 0, 0.3,
0.5, 0.8, 1.5, and 3 kGy, the fluorescence lifetimes of the Er’* ions were 11.26, 11.13,
11.11, 11.10, 10.73, and 10.23 ms, respectively. The fluorescence lifetimes of Er’* ions
decreased with increasing of radiation doses, as shown in Figure 7(b).

For the BPDF samples, the luminescence decay curves of BAC-Al are presented
in Figure 8(a). The single exponential function is a close fit. The luminescence
lifetimes of BAC-Al were 740, 699, 573, and 500 ps for radiation doses of 0, 0.3, 1.0,
and 3.0 kGy, respectively. Further, under the radiation conditions, the lifetimes of
BAC-Al decreased rapidly, as shown in Figure 8(b). It is inferred that the radiation
increases the probability of the non-radiative transition, which may be attributed
to the faster process whereby the electron in the excited state returns to the ground
state or to the role of lead ions. To confirm this hypothesis, a more detailed experi-
ment is required in the future.

3.3 Effect of radiation on unsaturable absorption characteristics

Unsaturable pump absorption (o) is ideally determined by the direct measure-
ment of the remaining absorption of pump light. The saturable pump absorption
(o), which is a measure of the effective pump absorption of the fiber used for the
radiative emission, decreases with the increasing pump power. The pump absorption
consists of o, and o,. In fact, we focus more on the merit M,, defined as
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Figure7.

(a) Luminescence decay curves of Er’* active center in BEDF with diffevent radiation doses and (b) variation
of the fluorescence lifetime.
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(a) Luminescence decay curves of BAC-Al in BPDF samples with different radiation doses and (b) variation of
the fluovescence lifetime.

M, = a5/ (05 + 0s), which represents the ratio of useful pump absorption, o, to the
total pump absorption at the pump wavelength. This fraction is a key indicator of
useful pump absorption and has a direct correlation to laser efficiency. Here, the
unsaturable absorption characteristics of BEDFs at 980 nm before and after irradia-
tion were investigated, as shown in Figure 9(a). When the radiation doses were 0,
0.3, 0.5, 0.8, 1.5, and 3 kGy, the o values of the BEDF were 40.6, 37.0, 40.7, 43.5,
46.8, and 49.6 dB/m, respectively. As the radiation dose increased, o first decreased
and then increased, as shown in Figure 9(b). According to the relationship between
s and the radiation dose, the decrease of a, in the sample at a low radiation dose
(0.3 kGy) may be attributed to the local structural change of Bi ions. Moreover, when
the radiation dose was below 3.0 kGy, the o, of the BEDF (3.6 dB/m) was smaller than
that of the unirradiated BEDF. At the same time, their corresponding M, values were
also calculated as 58.6%, 57.5%, 54.8%, 53.3%, 52.2%, and 50.2%. Hence, the M, of
BEDF continuously decreased with an increase in the radiation dose.

The unsaturable absorption characteristics of the BPDF and Bi-doped silica
fibers are shown in Figure 10. The unsaturable absorption of the Bi-doped silica
fiber (o,s) and the Pb/Bi co-doped silica fiber (ay) at 830 nm were approximately
18 and 8 dB/m, respectively, and their corresponding saturable absorptions were
72 dB/m (o) and 45 dB/m (o), respectively.
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(a) Unsaturable absorption characteristic of BEDF samples with different vadiation doses and (b) variation of
the oy, and M,
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Figure 10.
Unsaturable absorption characteristic of Pb/Bi co-doped fiber (black curve) and Bi-doped fiber (ved curve) at
830 nm.

The derived merit M, of the Pb/Bi co-doped silica fiber was approximately 85.1%,
which was larger than that of the Bi-doped silica fiber (80.0%). A high merit M,
meant that a large proportion of the pump photons would participate in the excitation
of the active ions, promoting the desirable luminescence process at the corresponding
bands. As such, the larger the M, value, the higher the laser efficiency. Compared
with the fiber-doped Bi ions only, the Pb/Bi co-doped silica fiber exhibited improved
unsaturable characteristics. This would be beneficial for fiber lasers and amplifiers.

After the BPDF samples were treated with different radiation doses, the unsatu-
rable absorption characteristics were measured as shown in Figure 11(a), and both
oys and o changed significantly. With an increase in radiation dose, o, trended
with a gradual increase, whereas a; decreased and exhibited a small fluctuation.
Furthermore, M, trended similar to s, as shown in Figure 11(b). For the BPDF, the
radiation effect on o, was small, similar to the effect of radiation on the fluores-
cence lifetime of the Er** ions.

3.4 Effect of radiation on magnetic-optical property

To further study the influence of radiation on the characteristics of Bi ions, the
effect of radiation on the magnetic-optical properties of the Bi-doped silica fiber
(BDF) was investigated by comparing it with other silica fibers, such as SMF and
Pb-doped silica fiber.
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(a) Unsaturable absorption characteristics of BPDF at 830 nm with different radiation doses and (b)
unsaturated absorption coefficient and M, value with the function of radiation dose.
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The Faraday rotation degree of the BDF in different magnetic fields ranging
from 0 to 118 mT was measured. The slope of the Faraday rotation curve, marked
as B;, where i = 1-7, in Figure 12(a), determined the Verdet constants of the cor-
responding fiber samples. The Faraday rotations of the fiber samples were pro-
portional to the intensity of the applied magnetic field. The slope of the rotation
angle of BDF (f,) before irradiation was larger than that of SMF (B,). After the
irradiation, the trend of the slope of the rotation angle changed from f, to B, clock-
wise, and then from s to ; anticlockwise. The Verdet constant (1.64 rad/(Tm))
of the BDF before irradiation is 26.0% larger than that of SMF (1.29 rad/(Tm)),
and the Verdet constant value is positive, indicating that the BDF material has
diamagnetic properties. After radiation, the Verdet constant of the SMF increased
with increasing radiation doses, as shown in Figure 12(b); however, those of the
BDF decreased at low radiation doses (<0.3 kGy). In particular, after 0.3 kGy of
irradiation, the Verdet constant of the BDF became negative, showing that the
BDF material has a paramagnetic property. Its Verdet constant value was positive
and increased with the increase in radiation doses from 0.5 to 3 kGy. The Verdet
constant of the BDF after 3.0 kGy of irradiation became 1.87 rad/(Tm), which is
23.84% larger than that of SMF with 1.51 rad/(Tm) and 44.96% larger than that of
SMF without radiation.

For the irradiated SMF and Pb-doped silica fibers, their Verdet constants always
increased with an increase in the radiation dose, as shown by the red and black
curves in Figure 13. With a further increase in radiation doses, the Verdet constant
of the SMF became essentially constant, which may be due to the fact that the con-
centration of Ge-related defect centers induced by radiation tended to be saturated.
For the Pb-doped silica fiber, the Verdet constant also increased with an increase
in the radiation dose (0-1.5 kGy). The Verdet constant of the Pb-doped silica fiber
was higher than that of the SMF. This result indicated that gamma-ray radiation
enhanced the Verdet constants of the fiber samples, especially for Pb-doped silica
fibers. Irradiation not only induced Ge- and Si-related defect centers such as Si’, Ge’
color centers, but also led to new Pb-related defect centers in the Pb-doped silica
fibers. These defect centers increased the electron transition probability of Pb** in
'Sy — 'P; and contributed further to the orbital electron spin. This may be why the
increase of the Verdet constant for Pb-doped silica fiber is faster than that for the
SMF with an increase in the radiation dose (1.5-2.5 kGy). Therefore, it is supposed
that gamma rays improve the magneto-optical properties of fibers.

For the BDF irradiation, with the increase in the radiation dose, the Verdet
constant of the BDF decreased first and then increased. In particular, under
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Relationship between Faraday rotation and (a) magnetic field density and (b) radiation doses.

60



Radiation Effect on Optical Properties of Bi-Related Materials Co-Doped Silica Optical Fibers
DOI: http://dx.doi.org/10.5772/intechopen.93495

1.8 2.0

1.7 1 A
= ] 1.5
gl 61 \ / g
E1.54 —. . L1.0 S
s g
% - £
141 - L0.5 =
2 3
g =
£ Lo.0 S
gl.l 4 — = — Ph-doped silica fiber %
- —e—SMF [ 55

114 —4— Bi-doped fiber

1.0 1.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Radiation doses (kGy)

Figure 13.
Verdet constants of Bi-doped silica fiber, Pb-doped silica fiber, and SMF with different radiation doses.

0.3 kGy, the Verdet constant had a negative value, as shown by the blue curve in
Figure 11. The change in the Verdet constant may mainly result from Bi ions, which
present the formation of multiple valence states in the fiber, such as Bi’, Bil*, Bi**,
Bi*, and Bi**. Furthermore, among various valence states, the conversion may

be possible under radiation treatment. These different valence states have differ-
ent outer electronic shell structures. Bi** (6s%) and Bi>* (5d'°) ions, which have no
unpaired electrons in their outer electronic shells, showed diamagnetic properties.
In contrast, Bi® (6s’6p), Bi* (6s’6p), and Bi** (6s’6p") showed paramagnetic prop-
erties because of unpaired electrons in the 6p layer, contributing to the intrinsic
magnetic moment. These detailed results have already been reported in [22, 37].
Furthermore, the Verdet constant increase of the Bi-doped silica fiber was faster
than that of the SMF and Pb-doped silica fiber with the increase in the radiation
dose (1.5-2.5 kGy). Therefore, it is believed that gamma rays clearly improve the
magneto-optical properties of the BDF.

4, Conclusion

In this chapter, certain types of BRDFs, including Bi/Al, Bi/Pb, and Bi/Er
co-doped optical fibers, were fabricated using the ALD and MCVD process.
Then, the radiation effects on their optical properties were investigated. The
fluorescence intensity and fluorescence lifetimes of the BRDFs at 1150 nm
with low-dose radiation increased significantly, whereas they decreased with
a further increase in the radiation dose. The merit M, values of the BRDFs, a
ratio of useful pump absorption to total pump absorption, decreased with an
increase in the radiation doses. However, the Verdet constants in different doped
fibers increased and reached saturation with the increasing radiation dose. The
incremental increases of the Verdet constants for the Pb-doped and Bi-doped
fibers were faster than those for the SMF with an increase in the radiation dose
(1.5-2.5 kGy). Moreover, the Verdet constant decreased and the direction of
Faraday’s rotation changed at low radiation doses. Hence, the increase in the
Verdet constant increase for BDF is much faster than that of other fiber samples
treated with high-dose radiation. All these results are of great significance for the
study of the optical properties of BRDFs.
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Chapter 5

Effects of Electron Irradiation
on Optical Properties of
Bismuth-Doped Phosphosilicate
Fiber

Alexander V. Kir’yanov and Arindam Halder

Abstract

The basic optical properties of yttrium-phosphosilicate fiber doped with bismuth
(Bi) are assessed in both pristine state and that established after bombardment by a
beam of high-energy electrons. The fiber has been developed and fabricated with a
target to use it for laser applications in visible/near-infrared (VIS/NIR) domain. In
this chapter, the main attention is paid to the dramatic changes in absorption spectra
of the fiber under electron irradiation. Meanwhile, we reveal its overall resistance to
irradiation in terms of emissive potential and bleaching contrast at excitation into the
absorption bands of bismuth-related active centers. Besides, we report a new effect
of large dose-dependent Stokes shift, experienced by the fiber’s cutoff wavelength,
which arises due to refractive index rise in its core area. The laws obeyed by the fiber’s
characteristics vs. dose are examined for possible applications in dosimetry.

Keywords: bismuth, yttrium-phosphosilicate fiber, electron irradiation, optical
properties, cutoff wavelength

1. Introduction

Silica-based fibers doped with semi-metals, e.g., bismuth (Bi), have become
a popular object for sensing ionizing radiation (dosimetry), including electron
beams: recently some of the Bi-doped fibers (BDFs) were primarily examined
in this regard [1-8]. Sensing dose of ionizing radiation using optical fiber is an
important issue: dose-induced changes in its characteristics are worth assessing
as they may serve a base for making cost-effective, remotely monitorable sen-
sors, easily located in harsh environments such as proximity to a nuclear reactor
[9]; optical fibers can be also used for plasma diagnostics in fusion reactors
[10]. The relevance of choosing BDFs for sensing relies on the understanding
that Bi is highly susceptible to interaction with nuclear particles, e.g., energetic
(further “p”) electrons. Since high-energy “primary” p-electrons are virtu-
ally non-dissipating at propagation through silica fiber, the basic effect behind
the transformations arising in its material and optical properties is creating
p-induced carriers, viz., “secondary” free holes/electrons. Given that Bi is a heavy
semi-metal, it becomes—when used as dopant—a powerful source of secondary
carriers, eventually stabilized in core glass network generating plenty of defect
centers. Such centers (a part of which is associated with the presence of Bi ions) are
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responsible for the increasing dose-dependent-induced absorption (IA) in BDFs
and, accordingly, modifications of absorption and emission bands of Bi-related
active centers (BACs). So far, BDFs with core glass of various chemical composi-
tions were examined in this regard. Particularly, it was demonstrated that BDFs
with aluminosilicate and germanosilicate hosts are highly susceptible to different
types of ionizing radiations [1-8], with the result being notable growth of IA in
visible/near-infrared (VIS/NIR) and severe changes in the absorption bands of the
respective BACs. Say, it was found that Bi/Ge and Bi/Si BACs fade while Bi/Al BACs
are born posterior to p-irradiation. However, the case of Bi-doped phosphosilicate
fiber remained untouched.

In this chapter, we present a review of our recent studies of the basic material
and optical properties of a homemade Bi-doped yttrium-phosphosilicate (BYP)
fiber in pristine state [11-13] and after irradiating by a beam of p-electrons [14].
The review’s main scopes are dose-induced transformations in absorptive, emissive,
and waveguide characteristics of the fiber. The data presented below can serve a
base for its use for dosimetry purposes.

2. Optical properties of BYP fiber in pristine state

BYP fiber (its cleaved-end image is shown in Figure 1) was drawn from the pre-
form, fabricated by employing modified chemical vapor deposition process along
with solution-doping techniques; the details are reported in [11, 12].

The basic characteristics of BYP fiber are summarized in Table 1.

The cross-sectional distributions of the doping elements (P, Y, and Bi) within
the core region of BYP preform were measured using electron microprobe analy-
sis and are plotted in Figure 2; their contents were found to be 5.26, 0.14, and
0.07 wt.%, respectively.

The basic waveguide properties of the fiber, viz., numerical aperture (NA),
~0.11; core diameter, ~4.42 pm; and refractive-index (RI) difference, ~0.004, were
managed to fulfill single-mode propagation of light beyond ~600 nm, which is
potentially perspective for amplifying/lasing in VIS/NIR [13].

The RI transversal distribution of BYP fiber was obtained using a fiber profilom-
eter and is shown in Figure 3.

Figure 1.
Cross-sectional image of BYP fiber.
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Dopants’ Core/cladding diameters NA Cutoff wavelength
concentrations (wt.%) (pm) (nm)
BYP P=526 4.4/123.3 0.12 645
fiber Y =014
Bi=0.07

Table 1.
Optical properties of BYP fiber.
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Figure 2.
Cross-sectional distributions of the dopants in BYP fiber preform.
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Figure 3.
RI profile of BYP fiber.
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The fiber’s spectral attenuations in straight and coiled positions were mea-
sured, and their difference was found; the result is shown in Figure 4. As seen
from the figure, the stop wavelength of spectral oscillations is at ~645 nm (in
fact, it is the cutoff wavelength A.), beyond which the fiber supports single-mode
propagation (LPy; mode).

The absorption, or loss, spectrum ag (L) of BYP fiber (the solid line in Figure 5)
was measured using a white-light (WL) source with fiber output and optical spec-
trum analyzer (OSA) by the cutback method. As seen, the main spectral features
of its spectral attenuation (i.e., the broad absorptions bands in VIS/NIR) match the
ones known for Bi-related (Bi/P and Bi/Si) BACs. As also seen from the figure, these
bands are superimposed with the background (base) loss, steadily growing toward
shorter wavelengths, a well-known feature for BDFs. This background loss was
recently shown to be explained by Rayleigh scattering (RS) on Bi nanoparticles in
the core region [12]; see the dashed line in Figure 5.

Photoluminescence (PL) spectra of BYP fiber were recorded in “forward”
geometry at in-core pumping using a set of low-power laser diodes (LDs) with fiber
outputs. The pump wavelengths explored were 405, 520, 633, 720, 905, and 976 nm
(see the arrows in Figure 5, the colors of which are congruent with the spectral
subdomains where excitation lights fall in). Lengths (Ly) of fiber samples were
chosen to provide comparable optical densities (OD = ayLy) at these wavelengths,
in accord with spectrally variable extinction in the BAC bands. Note that OD was
chosen to be ~2.5, providing effective pump absorption and, in the meantime, a
little effect of PL reabsorption. The resultant PL spectra are shown in Figure 6, all
recorded at the same incidence power at each pump wavelength (~3.5 mW). Such
pump level was chosen, on the one hand, to provide population inversion in the
system of BACs sufficient to get pronounced PL power and, on the other hand, to
guarantee safety of registration with OSA. As seen, BYP fiber demonstrates pro-
nounced PL in VIS/NIR, characteristic to BACs in phosphosilicate fibers [1, 11-13],

A s
S A BYP fiber
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o 4
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- p—y °G$ :
T ] |
=] ¢ |
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IE Iﬁ °§ Don EE
1 & <@®eq
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g % |2 =645nm
— -1 —_
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Figure 4.
Transmission difference (straight to coiled positions) of BYP fiber, revealing the spectral position of the cutoff
wavelength (~645 nm,).
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with maximum at ~1200-1300 nm slightly depending on the excitation wavelength.
Say, when pumped at 405 nm, BYP fiber demonstrates the PL bands centered at

760 and 1280 nm. In turn, when pumped in NIR (at 730 and 905 nm), it emits the
second band only, whose gravity center is barely shifting to shorter wavelengths
with increasing pump wavelength.

The behavior of nonlinear, viz., in function of pump power P;,, absorption, or
loss, of BYP fiber, parametrized for the same set of pump wavelengths, is illustrated
in Figure 7. Experimentally, pump light from a LD was launched through splice to a
fiber sample with length L (chosen as reciprocal of ay; hence, Ly were different for
each kind of excitation). Its nonlinear transmission was measured as Ty, = P,,,/P;,
(where P;, and P,,, are the input and output pump powers, respectively), and non-
linear absorption (loss) was then found as ay;, = —10log(Tn.)/Ly. The dependences
any, vs. P, obtained for different pump wavelengths, are plotted in Figure 7.

— BYP fiber loss
spectrum (experiment)
— — base loss found

100

£ h N through modeling of
& ~ Rayleigh scattering
o Y
- ~
o 104 A,-4
0
]
o
|

1- [

T T T T T T T T T T T T T T T
400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

Wavelength, nm

Figures.
Experimental absorption spectrum of BYP fiber (solid line) and modeled RS loss spectrum. The excitation
wavelengths used in the experiments are marked by arrows of different colors.
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Figure 6.
PL spectra at BYP fiber’s output, obtained at different excitation wavelengths (405, 520, 633, 720, and 905 nm);
lengths of fiber pieces used are given in the inset.
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Dependences of nonlinear loss any, vs. launched pump power Pin in BYP fiber, built for all excitation
wavelengths (highlighted by relevant colors). The small-signal absorptions (a0) at these wavelengths were
found from Figure 5. The residual losses (aF) ave marked by the dashed lines.

Note that the plateaus (marked as o in the figure), to which the dependences
approach at higher pump powers, attribute the unbleached, or residual, absorp-
tions. As seen, for the shorter wavelengths, the loss plateaus (ap-values) lie above
those for the longer ones.

Unbleached loss in the BYP fiber might arise in the system of BACs due to
a line of processes such as excited-state absorption (ESA), up-conversion in
clustered BACs, scattering on nano-inclusions, etc., thanks to a “cumulative”
effect of the mentioned contributions. Generally, it is difficult to undoubtedly
segregate the true origin of the effect. Meanwhile, as demonstrated in [12] for
the BDFs invented by our team, RS loss may stand behind the phenomenon. For
example, for BYP fiber, if the residual losses ay are plotted in double loga-
rithmic scale vs. excitation wavenumber (reciprocal of wavelength 1: 10*/2),
the data obey the ~4~* law with high accuracy. This points on that RS can be a
good explanation for growth of the residual (unbleached) loss with decreasing
wavelength, ap(1).

3. Optical properties of BYP fiber after electron irradiation

A controllable linear accelerator emitting p-electrons with a narrow-band
energy spectrum (~6 MeV) in a short-pulse (~5-ps) mode was used for irradiat-
ing BYP fiber [1]. Its samples ~2 m in length were placed inside the accelerator’s
chamber for the growing fluence of p-irradiation. Prior to optical measurements,
the irradiated samples were relaxed for a month at room temperature to minimize
the role of short-decay components in IA; for the same reason, the measurements
were done during the following short period of time (2-3 weeks). Five irradiation
fluxes (doses) (“1” to “5”) were chosen to exemplify the type of changes in optical
properties of the fiber, established after -bombardment: 3 x 10, 1 x 10'%, 3 x 10",
1x 107, and 1 x 10" em™ [69, 230, 6.9 x 10%, 2.3 x 10%, and 2.3 x 10* Gy(Si0,)]; its
pristine state is referred to as “0” [14].

The basic trends in dose-related modifications of the optical properties of BYP
fiber can be captured from Figures 8-15.
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Figure 8.
(a) Cross-sectional images of BYP fiber, obtained for different irradiation doses; the arrow highlights dose
increasing. (b and c) insights to cove region for BYP fiber in pristine state and after experiencing maximal
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irvadiation dose (“5”), respectively.
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Figure 9.
(a) Attenuation spectra (ao) in VIS/NIR vs. wavelength and (b) IA spectra (Aa) vs. wavenumber for

2

BYP fiber in pristine state (curves “0”) and after growing p-irradiation dose (curves “1”to 5”). (c) Dose
dependences of small-signal absorption (ao, solid curves) and IA (A, dashed curves), measured at
wavelengths 905, 730, and 530 nm.

In Figure 8, we demonstrate how f-bombardment affects WL transmission of
the fiber. It is seen that it suffers darkening (steadily increasing with growing irra-
diation dose) within the core area but its un-doped silica cladding is barely affected
by irradiation.

In Figure 9, the absorption spectra vs. wavelength (a) and wavenumber (b) are
shown, measured for BYP fiber in pristine state and after p-irradiation with doses
1to5 (curves “0” to “5”). As seen, IA magnitudes (Aa) are very large in the fiber,
especially in UV/VIS where IA reaches >2000 dB/m at maximal dose 5.
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(a—c) PL spectra of BYP fiber at optical excitation at 405 (a), 730 (b), and 905 (c) nm with launched powers
~25, ~20, and ~100 mW, respectively. (d) Dose dependences of relative (to pristine state) PL powers in the
maxima of BAC bands shown in panels (a—c).

It is natural to ascribe the dramatic IA rise in BYP fiber to Bi/P co-doping (dop-
ing with Y plays a minor role as “light” Y atom is nearly irresponsible for creating
defect centers by nuclear particles.) The spectrally dependent IA in the fiber can
be explained likewise that in p-irradiated aluminosilicate BDFs [1, 2], its rise in
VIS seemingly originates from extra Bi/P BACs generated, while its gravity center
shift toward UV is related to growth of P-centers. Besides, possible contribution in
the latter trend may stem from growth of RS (yet occurring in pristine BYP fiber;
see [13]) due to irradiation-induced nanoscale degradation of core glass. However,
given that IA spectra of irradiated BYP fiber are essentially structureless, it is
nearly impossible to separate the evoked mechanisms. The dose-dependent trends
for overall loss (ap) and IA (4a), specified for wavelengths 530, 730, and 905 nm
[see the dashed vertical lines in Figure 9(a) and (b)] are resumed in Figure 9(c).
Tentatively, the monotonic changes with the dose of both quantities are promising
for dosimetry.

In Figure 10(a)-(c), we exemplify the spectral transformations in BAC PL at
pumping the fiber at 530, 730, and 905 nm for the growing dose of p-irradiation. In
turn, we summarize in Figure 10(d) the dose-related changes in PL power. In this
case, the same set of equipment and measurement techniques were employed as
when studying pristine BYP fiber (refer to Figure 6 and the text therein). As seen
from Figure 10, the emissive potential of BYP fiber at either excitation wavelength
decreases but barely with dose (not exceeding ~15% at the highest received dose 5,
~10" cm™). Seemingly, this happens because of generating of extra emission-active
Bi/P BACs during irradiation (like it happens with Bi/Al BACs in Bi-doped alumi-
nosilicate fiber [1, 2]), a process leveling the deteriorating effect of IA growth on
other defect centers. Thus, BYP fiber is quite resistant to p-irradiation, suggesting
its usefulness for remote dosimetry, e.g., at a nuclear plant.

In Figure 11, we specify for BYP fiber the bleached part of absorption under
pumping at different wavelengths [405 (a), 730 (b), and 905 (c) nm], parametrized
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Figure 11.

Nonlinear absorption coefficients of BYP fiber in pristine state and after different doses of p-irradiation
(curves 1to 5) vs. launched LD pump power at 530 (a), 633 (b), 730 (c), and 905 (d) nm.
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Prospects for dosimetry using BYP fiber, based on (a) IA rise at 905, 730, and 530 nm and (b) Bi-related
emission drop at excitations at 905, 730, and 405 nm vs. f-irradiation dose (symbols and dashed lines
corvespond to experimental data and their fits, respectively). The dose laws are provided near the experimental
dependences: in (a) the slopes of the linearized fits within different spectral domains and in (b) the formula for
fitting. All characteristics ave given against dose in Gy[SiO,].

for different irradiation doses (see the symbols of different colors in the panels).
The experiments were done by the same way as described above for the pristine BYP
fiber (see Figure 7 and the text therein). As seen from Figure 11, all the depen-
dences any, (Pi,), including the values of small-signal (ay) and residual (ar) losses
for the wavelengths examined, are all shifted upward with increasing irradiation
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Main frame: transmission difference spectra of BYP fiber in pristine state and after diffevent irradiation doses,
measured at arvanging it straight and coiled (for diameter of 5 cm); the cutoff wavelengths A are defined by
intersections of the black dashed lines with the hovizontal axis. Inset: dose dependences of cutoff wavelength ).
(left axis, open violet circles, left axis) and RI difference dn (right scale, orange-filled circles).
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Figure 14.
Results of simulation of bending losses for LPy, and LP,, modes of BYP fiber bended for 30-cm diameter in
pristine state and for the growing doses from 2 to 5 (the arrows highlight dose increasing).

dose; however, the longer the excitation wavelength, the effect is weaker. We
suppose that the growth of unbleached loss ay with dose is explained by boosted
scattering in the system of BACs (see above) or/and by P;-centers produced during
irradiation [15, 16]. In the meantime, the growth of bleached part of absorption

ao with dose arises due to generation of extra Bi/P BACs, which prevails that of
residual loss ag. This trend seems to be advantageous for laser applications of BYP
fiber in harsh environments.

76



Effects of Electron Irvadiation on Optical Properties of Bismuth-Doped Phosphosilicate Fiber
DOI: hittp://dx.doi.org/10.5772/intechopen.92797

-55
£ | dose ==
M 60
5
e ]
)
=
g J
© BYP fiber:
= 797 1A bending loss
. (experiment) LP
01
-75

BI:IJIJ | BlIJD . 10|lJD I 11|00 l 12I!J'D l 13IUIJ . 14IIJU
Wavelength, nm

Figure 15.

Experimental transmission spectra of 12-cm BYP fiber samples, similarly bended, being in pristine state and
for the growing doses from 2 to 5 (the arrows highlight dose increasing); the spectral ranges wherve dominate IA
and partial escaping to cladding of LP,, mode are on the left and right, respectively.

In Figure 12, we provide a resume of the basic set of data (reported above) as a
base for farther dosimetry assessments of BYP fibers. Note that here the changes in
the characteristics under scope are related to irradiation dose counted in Gy[SiO,]
(instead of fluence in cm ™), for comparison of some of them with those previously
published for Bi,Y-free phosphosilicate fibers [17, 18].

Regarding the IA growth with dose in BYP fiber, it is seen from (a) that in
log—log plot this quantity changes with dose up to ~5 kGy[SiO,] by a nearly linear
law but with slope reduced by approximately two orders of value from NIR to
VIS. Notably, this trend in NIR range (where BAC absorption is less prominent
than in VIS) is less expressed than that reported for un-doped phosphosilicate fiber
exposed to X-rays in [17].

Regarding the reduction of NIR PL specific to BACs (within 1.1-1.3 pm) with
dose, it is seen from (b) that it steadily diminishes with slope, slightly dependent
upon pump wavelength used. The found law inherent to BYP fiber can be used for
dosimetry for a wide interval of doses (tens Gy[SiO,] to tens kGy[SiO,]).

Another property of BYP fiber, viz., the character of modal wave guidance, was
found to severely change with irradiation dose, too. In this regard, a new effect
of large Stokes shift, experienced by cutoff wavelength of the fiber vs. dose, was
uncovered; its main sides can be revealed from Figures 13-15.

Experimentally, we measured bending loss of BYP fiber at each stage of
B-irradiation. Probing the fiber with WL, we found spectrally dependent losses in
its pristine and irradiated (with different doses) states when it is placed straight and
coiled (for ~5-cm diameter); then we found their difference. The resultant spectra
are shown in the main frame of Figure 13. Note that the last to the Stokes side oscil-
lations in the figure correspond to the first cutoff wavelengths (4.) of the fiber after
its exposure to different doses (these are marked by the dashed black lines). Beyond
these spectral points, only fundamental LPy; mode is guided in the fiber. As one
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can reveal from the figure, A, continuously moves to the Stokes side with dose, with
maximal shift observed for dose 5 (~75 nm relatively to its position in pristine state
of the fiber): refer to the inset in Figure 13.

We may infer that the described phenomenon can be eventually explained
by dose-dependent rise of BAC-related absorption in core region of BYP fiber,
which, in accordance with Kramers-Kronig relations, ought to be accompanied
by strong change (growth) of RI. Since darkening of the fiber in core area is
measured by hundreds of dB/m around the cutoff wavelength (see Figure 9)
while un-doped silica cladding is barely affected by irradiation (see Figure 8),
we consider in the first approximation that core-cladding RI difference vs. dose is
entirely defined by the changes arisen in the fiber core. A.-values, shown by violet
symbols in the inset to Figure 13, can be recalculated into RI differences (én),
shown by orange symbols (see the right axis in the same plot). Seemingly, the
found effect is pronounceable in BYP fiber due to weak RI difference (~4.3 x 107%)
in its pristine state.

Let us gain insight into the bending loss issue by modeling of the waveguide
properties of BYP fiber. Handling the measured RI profile of BYP fiber [11], we
performed, using the software Optiwave, an analysis of the modes supported in its
core region. An example of the results, obtained for the losses suffered by modes
LPy; and LPy; modes, is demonstrated in Figure 14.

It is seen from Figure 14 that the modeling results for bending loss for LPy;
mode, viz., both the initial spectral position of cutoff wavelength in pristine BYP
fiber and its movement with irradiation dose to longer wavelengths, qualitatively
agree with the experiment (compare with Figure 13). Besides, the modeling results
for bending loss for LPy; (fundamental) mode reveal a positive role of p-irradiation
in the enhancement of transmittivity of this mode in the NIR. Also, our modeling
allows one to understand one of the factors behind these trends, namely, better
confinement of both LPy; and LP;; modes in the core area of the fiber with increas-
ing irradiation dose [14].

To further cross-check the modeled and experimental circumstances of wave-
guiding and transmittivity in BYP fiber, Figure 14 can be compared with Figure 15
showing the transmission spectra of the fiber in pristine and irradiated states,
coiled for diameter 30-40 cm. As seen from Figure 15, the pattern of WL transmit-
tivity is a superposition of two basic trends, highlighted by the gray arrows: on the
one hand, above ~1 pm, it is the rising of LPyp; mode transmission due to enhanced
confinement in the core region (compare with Figure 14), and, on the other hand,
below ~1 pm, it is the worsening of transmission (merely due to IA).

The results shown above can be adopted, using the principles of modal interfer-
ence, for making a simple BYP fiber-based sensor of ionizing radiation.

4, Conclusions

The general pattern of the changes in the basic optical characteristics of
bismuth-doped yttrium-phosphosilicate fiber as the result of its irradiation by a
beam of high-energy electrons is presented. Despite the dramatic rise of induced
absorption in the fiber as the result of electron irradiation, we reveal its remarkable
resistance, even at the highest doses of exposure, in terms of the emissive poten-
tial in VIS/NIR. The found laws of dose-dependent changes in the fiber’s optical
properties can be useful for dosimetry in harsh conditions, e.g., at a nuclear plant. It
is separately emphasized for this type of bismuth-doped fiber the presence of a new
effect, consisting in significant Stokes shift, experienced by its cutoff wavelength,
proportional to the irradiation dose. As demonstrated, this effect, mainly associated
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with an increase of the fiber’s refractive index as the result of electron irradiation,
can be also useful for the dosimetry purposes.
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Bismuth Halide Perovskites for
Photovoltaic Applications

Khursheed Ahmad

Abstract

In the last decade, energy crisis has become the most important topic for
researchers. Energy requirements have increased drastically. To overcome the issue
of energy crisis in near future, numerous efforts and sources have been developed.
Therefore, solar energy has been considered the most promising energy source
compared to other energy sources. There were different kinds of photovoltaic
devices developed, but perovskite solar cells have been considered the most efficient
and promising solar cell. The perovskite solar cells were invented in 2009 and
crossed an excellent power conversion efficiency of 25%. However, it has a few
major drawbacks, such as the presence of highly toxic lead (Pb) and poor stability.
Hence, numerous efforts were made toward the replacement of Pb and highly stable
perovskite solar cells in the last few years. Bismuth halide perovskite solar cell is one
type of the replacement introduced to overcome these issues. In this chapter, I have
reviewed the role of bismuth halide perovskite structures and their optoelectronic
properties toward the development of perovskite solar cells.

Keywords: methyl ammonium bismuth halide, perovskites, light absorbers,
photovoltaics, perovskite solar cells

1. Introduction

In the last few decades, researchers/scientists have focused to find out the most
efficient and promising technology to fulfill the energy requirements globally [1-7].
There are various renewable energy sources, but solar energy is a never-ending
source. Photovoltaic or solar cell is a device that converts solar energy into electrical
energy. In 2009, perovskite solar cells (PSCs) were developed, which exhibited the
good open circuit voltage with decent power conversion efficiency (PCE) [6]. The
term “perovskite” was created for calcium titanate (CaTiO;) by Russian mineralogist
L.A. Perovski [6]. However, another class of perovskite has also been discovered with
molecular formula of ABX;, where A = organic or inorganic cation such as CH;NH;*
or Cs*, B=Pb** or Sn%*, etc. and X = halide anions. Miyasaka and co-workers have
prepared methyl ammonium lead halide (MAPbX3; MA = CH;NH;*, X = 1" or Br")
perovskites and used as visible light sensitizer in dye-sensitized solar cells (DSSCs)
[6]. The fabricated device showed an interesting PCE of 3%. However, the use of
liquid electrolyte destroyed its photovoltaic performance due to the dissolution of
MAPDX; in the liquid electrolyte. Later, various strategies were developed to solve this
issue, and a solid-state hole transport material was employed to overcome the dissolu-
tion of perovskites [8-19]. Later, some other strategies were made to further enhance
the photovoltaic parameters of the perovskite solar cells. Lee et al. in 2012 reported
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an improved PCE of 10.9% by introducing solid-state perovskite solar cells [20]. In

a short span of time, perovskite solar cells attracted researchers globally. In 2019,

the highest PCE of 23.3% was reported for Pb halide perovskite solar cells [21]. This
enhanced PCE is really impressive and has the potential for practical applications of
perovskite solar cells. MAPbXj has also been used in other applications such as photo-
detectors, light-emitting-diodes, batteries and supercapacitors due to the presence of
excellent optoelectronic properties in the perovskite materials [22-26]. MAPbX; has
been considered the key material for the development of high-performance perovskite
solar cells due to its excellent absorption coefficient. MAPbX; perovskite worked as

a light absorber in perovskite solar cells. However, the presence of highly toxic Pb in
the MAPDbXj structure is a major drawback and a challenge for the scientific com-
munity to replace it with less toxic or nontoxic element. The presence of toxic Pb also
restricted the practical use of perovskite solar cells. Thus, in the last 5 years, Pb has
been replaced with Sn and Ge and showed good performance, but poor stability dis-
missed their performance [27, 28]. The perovskite structures possess general formula
of ABX; as discussed above. The optical properties of the perovskite materials can be
tuned by changing the A, B or X ion present in the ABXj structure. The size of the A,
B or X should satisfy the Goldschmidt tolerance factor (¢) equation given below:

A +rX)
t)= — =2 1
(®) V2B +rX.) ™

where rA and rB are ionic radii of the A and B, while rX is the ionic radii of the X
present in the ABXj; structure. The perovskite materials showed good stability when
tolerance factor is equal to 1. Recently, bismuth (Bi), antimony and copper, which
are less toxic metals, have been used for the fabrication of Pb-free perovskite solar
cells [29-32]. The Bi is a nontoxic element and has the similar properties and ionic
size to those of Pb. The ionic radii of the Bi also satisfy the tolerance factor rule and
enhanced the stability of the Bi-based perovskite materials. Moreover, it was found
that Bi-based perovskite materials possess higher absorption coefficient, which
makes them an efficient light-absorbing material for solar cell applications. Thus,
Johansson et al. employed a ternary Bi-based perovskites with a molecular formula
of A;Bily (A = MA® or Cs*) for Pb-free perovskite solar cells [33]. Buonassisi et al.
also employed solvent engineering approach using A;Bi,ly perovskite material and
the PCE of 0.71% was obtained [34]. Later, various approaches have been made to
improve the performance of the Bi-based perovskite solar cells, and the highest PCE
of 3.17% was achieved by applying vapor deposition approach [35]. In this chapter,

I have reviewed the fabrication of perovskite solar cells. Recent advances in Bi-based
perovskite solar cells and future prospective have also been described.

2. Fabrication of perovskite solar cells

Generally, perovskite solar cells are composed of different components such as
electrode substrates (usually indium-doped tin oxide [ITI] or fluorine-doped tin
oxide [FTO] glass substrates), perovskite light absorber layer, electron transport
layer, hole transport layer and metal contact layer. Firstly, FTO or ITO glass sub-
strates were cleaned and patterned with zinc powder and 2 molar hydrochloride
solution to avoid short circuit in the device. Further, an electron transport layer was
spin coated and annealed at ~500°C. Further, perovskite layer was deposited and
annealed at temperature of ~ 70-120°C. Later, a hole transport material (HTM)
layer was deposited followed by the deposition of metal contact layer of Au or
Ag using thermal evaporation. The fabrication of perovskite solar cells has been
illustrated in Figure 1.
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Figure 1.

Schematic illustration for the fabrication of perovskite solar cells.

The performance of the fabricated perovskite solar cells is investigated by
various techniques such as photocurrent-voltage (I-V), external quantum effi-
ciency (EQE), incident-photon-to-current-conversion efficiency (IPCE), photo-
luminescence spectroscopy, etc. Generally, the photovoltaic performance of any
perovskite solar cells is estimated in terms of power conversion efficiency (PCE),
fill factor, open circuit voltage and photocurrent density using I-V measurements.
Photoluminescence spectroscopy revealed the electron lifetime of the generated
electron in the perovskite structure, which is used to check the recombination reac-
tions. It is believed that the perovskite solar cells with lower recombination reaction
rate or high electron lifetime provide better performance in terms of efficiency.

3. Origin of bismuth halide perovskite solar cells

Since 2009, perovskite solar cells attracted enormous attention due to their
excellent performance and simple fabrication process. However, the presence of
highly toxic Pb remains a challenge. In recent years, bismuth has been employed
to replace Pb from perovskite solar cells. Bismuth has been explored and Pb-free
perovskite structures have been synthesized and employed for the development
of Pb-free perovskite solar cells. Ahmad et al. employed new Pb-free perovskite
light absorbers for perovskite solar cell applications [29-31]. The performance
of these perovskite solar cells was less than 1%. In 2019, Lan et al. used FA;BiI,
(FA = CH(NH,),) perovskite material for perovskite solar cell applications [36].
In this work, the authors also prepared MA;Bi,Is (MA = CH;NH;") perovskite
for perovskite solar cell applications. The X-ray diffraction (XRD) patterns of
the FA;BiyIs and FA;Bi,ly were found to be well-matched with the previous Joint
Committee on Powder Diffraction Standards (JCPDS) data.

Ghasemi et al. [37] also prepared a new bismuth-based perovskite mate-
rial phenethylammonium bismuth halides ((PEA);Bils, (PEA);Bi,Brg and
(PEA),Bi)Clyg). The authors have prepared the crystal structures of these perovskite
materials under facile conditions. The crystal structures of the (PEA);BiIs,
(PEA);Bi,Brg and (PEA),Bi,Cljy have been presented in Figure 2. Furthermore,
they have been investigated for their physiochemical properties for optoelectronic
applications.

The crystal structures of (PEA);Bi,ly, (PEA);Bi)Brg and (PEA)4Bi,Cly showed the
monoclinic crystal system with space group of P2y/n, P2;/n and P2,/c, respectively.
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Figure 2.
Crystal structures of (PEA);Bi,l, (a and b), (PEA);Bi,Br, (c and d) and (PEA) ,Bi,Cl,, (e and f).
Reproduced with permission [37].

These perovskite structures were composed of octahedral halide anionic clusters
associated with PEA" cationic groups. In the crystal structures, Bi atom is situ-
ated in the center of each octahedron, whereas halide anions are in the corner of
every face-sharing octahedron. The prepared perovskite structures possess zero-
dimensional (0D) structure. The calculated XRD of (PEA);Bi,ly from the single
crystal structure and measured XRD of the powder sample have been presented in
Figure 3a. The measured XRD of (PEA);Bi,ly was well-matched with the calculated
XRD pattern. The UV-vis spectra of the (PEA)3Biyls, (PEA);Bi,Bry and (PEA)
have been plotted in Figure 3b. The band gap of the (PEA);Bi,ls, (PEA);Bi,Brg and
(PEA) 4Bi,Clyo was calculated by Tauc relation as shown in Figure 3c. The direct
band gap of the prepared (PEA);Bils, (PEA);Bi,Brg and (PEA),Bi,Clyy perovskite
structures was found to be 2.23, 2.66 and 3.28 eV, whereas indirect band gap was
2.38,2.79 and 3.38 eV, respectively.

The UPS of the (PEA);Bi,ly perovskite structure has been presented in
Figure 3d, which provides better information of the energy levels of the (PEA);Biylo
perovskite structure. Further, perovskite solar cells were fabricated and cross-sec-
tional scanning electron microscopic (SEM) image of the device has been presented
in Figure 4a, whereas the photocurrent density (I)-voltage (V) curves have been
depicted in Figure 4b. The SEM image showed the connection between the inter-
layers of the perovskite solar cell components. The I-V curves of the fabricated
perovskite solar cells with (PEA)3Bi)ls and (MA);Bi,ly perovskite light absorbers
showed good open circuit voltage, but the performance was poor. The open circuit
voltage of the (PEA);Biyls-based perovskite solar cell was high with improved
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Figure 3.

Calculated and experimental XRD (a) of (PEA);Bi,l,, UV-vis spectra of (PEA);Bi,l,, (PEA);Bi,Br, and
(PEA) Bi,Cl,, (b), Tauc velation of (PEA);Bi,l,, (PEA);Bi,Br, and (PEA) Bi,Cl,, (c) and ultraviolet
photoemission spectroscopic (UPS) curve of (PEA);Bi,l, (d). Reproduced with permission [37].
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Figure 4.

Cross-sectional SEM images of perovskite solar cell device (a), I-V curve (b) of perovskite solar cells and
XRD patterns of the (PEA);Bi,1, perovskite structure exposed to air for different time. Reproduced with
permission [37].

photocurrent density compared to the (MA);Bi,ly-based perovskite solar cells.

The PCE of the (PEA);Bi,ls-based perovskite solar cells were found to be 0.23%
with high open circuit voltage of 614 mV. However, the open circuit voltage for the
(MA)3Biyls-based perovskite solar cell was found to be 515 mV with PCE of 0.09%.
The obtained results were found to be poor in terms of PCE.

Kulkarni et al. [38] also developed the Pb-free perovskite solar cells using
(MA);Bi,Io perovskite structure with novel strategies. Kulkarni et al. have employed
N-methyl pyrrolidone (NMP) additive as morphology controller. In this work,
different amount of NMP was added to observe the effect of NMP on the surface
morphology of (MA);Bi)ls perovskite.
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The XRD patterns of the (MA);Bi,ly without and with different amount of
NMP were recorded and the obtained results have been presented in Figure 5. The
obtained XRD patterned was well-matched with previously reported JCPDS data.
This confirms the formation of (MA);Bi,ls phase. However, the addition of NMP
increases the peak intensity, which resulted in the orientation change. The other
parameters also suggested that addition of NMP increases the crystallinity of the
(MA)3Biyls. Therefore, it can be said that the prepared (MA);Biyls perovskite in
the absence of NMP has poor crystalline phase or poor crystallinity. Furthermore,
to investigate the effect of NMP on the morphological features, SEM images were
recorded and have been presented in Figure 6.

The SEM image of (MA);Bi,Iy without NMP (Figure 6a) showed the hexagonal
flakes with high exposure of TiO, and nonuniform surface. However, in case of
(MA);Biyly with NMP 12.5% (Figure 6b) showed large crystals, but poor uniform
surface was observed. When 25% NMP (Figure 6c) was added, the surface mor-
phology further changed. And the addition of 50% NMP drastically changed the
surface morphology with larger grains as shown in Figure 6d. This suggested that
12.5% NMP was not sufficient to control the surface morphology of the (MA);Bi,ls.
Moreover, (MA);Bi,ly with 25% NMP covers the whole surface of the electrode
substrate uniformly.

Further, perovskite solar cells were fabricated using (MA);Bi,ls without and
with NMP (at different percentage) under same conditions. The I-V and IPCE
curves of the fabricated perovskite solar cells have been presented in Figure 7a
and b respectively. The photocurrent density (Js.) and PCE histograms were also
presented in Figure 7c and d, respectively. The perovskite solar cell device fab-
ricated in the absence of NMP showed PCE of 0.19% and open circuit voltage of
530 mV. However, the improved PCE of 0.31% was obtained for the perovskite solar
cells fabricated with the addition of 25% NMP. In other cases, perovskite solar cells
fabricated with 12.5% and 50% NMP showed lower performance, which may be due
to the poor coverage of surface morphology.
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| —— With 25 pL/mL NMP
| ———With 50 pL/mL NMP

| #
—————r———————r——
WO 128 0 TS 200 34 M0

2theta (deg ) #

Intenaity (o)

Intensity (a.u.)

T " T = ]

10 ' 20 30 40 ' 50
2 theta (deg.)

Figures.
XRD of (MA);Bi,I, without and with different amount of NMP. # peak for FTO and * for TiO,. Reproduced
with permission [38].
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permission [38].
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NMP. Reproduced with permission [38].

In another work, Yu et al. [39] have prepared new perovskite solar cell device
architecture of perovskite solar cells with mixed halide bismuth-based perovskite
light absorber.

The authors have prepared a series of mixed halide-based perovskite structures.
They have employed novel and simple strategies to prepare the Pb-free perovskite
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solar cells. The optical images of the Cs3Bi,ly Bry perovskite series (x = 0, 1, 2, 3, 4,
6 and 9) have been presented in Figure 8a, which show the different colors of the
prepared thin films, and this change in the color of the perovskite thin film was due
to the change in the halide composition. Further, optical properties were checked by
recording absorption spectra of the prepared thin films of Cs;Bi,ly Bry perovskite
series (x = 0, 1, 2, 3, 4, 6 and 9). The band gap of the Cs;Bi,ly was lower than that of
the Cs;Bi,Bry as confirmed by the absorption spectra (Figure 8b).

The XRD patterns of the Cs;Biyls (Bry perovskite series (x = 0, 1, 2, 3, 4, 6 and 9)
have been presented in Figure 8c. The obtained results showed strong and well-
defined diffraction peaks, which suggested the high crystalline nature of the pre-
pared Pb-free perovskite structures. The obtained XRD results were well-matched
with previous JCPDS card number 23-0847. This confirms the successful formation
of the prepared Pb-free perovskite structures. Further, perovskite solar cell devices
were fabricated with these perovskite light absorbers. The schematic graph for the
energy level values of the Pb-free perovskite solar cell components has been dis-
played in Figure 9a.

The schematic diagram showing that the electrons generated in the perovskite
structure is transferred to the hole transport layers. The cross-sectional SEM image
of the fabricated perovskite solar cells showed all the component layers of the
perovskite solar cells in Figure 9b. Further, perovskite solar cells were fabricated
by using different light absorbers Cs;Bi,ly and Cs;Bi,I¢Br;. The I-'V measurements
(Figure 10a) and external quantum efficiency (EQE) were measured (Figure 10b)
of the fabricated perovskite solar cells. The I-V curve of the Cs;Bi,ly showed poor per-
formance, whereas the I-V curve of Cs;Bi,I¢Br; showed improved performance. The
highest PCE of 1.15% was achieved for the Cs;Bi,I¢Br;-based perovskite solar cells.
The integrated J,. for the Cs;Bi,I¢Brs-based perovskite solar cells has been presented
in Figure 10b, which showed the J. value of 3.11 mA/cm?. However, the PCE of
0.23% was obtained for the Cs3Bil-based perovskite solar cell device. The enhanced
performance of the Cs;Bi,I¢Brs-based perovskite solar cells attributed to the lower
band gap and higher absorption property of Cs;BiI¢Br; perovskite structure.

These obtained PCE were quite interesting, which is believed due to the tuning
of the perovskite structure and better absorption activity of the Cs;Bi,I¢Brs. Further
improvements are still required to enhance the performance of the bismuth-based
perovskite solar cells.
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Figure 8.
Optical images (a), UV-vis spectra (b) and XRD patterns of Cs;Bi,I;Bry (x = 0, 1, 2, 3, 4, 6 and 9).
Reproduced with permission [39].
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IV curves (a) and EQE (b) of the fabricated perovskite solar cells. Reproduced with permission [39].

4. Future prospective

It is well understood that Pb-based solar cells could not be commercialized
due to the poor stability and toxic nature of Pb. Thus, Bi-based perovskite solar
cells were developed under benign approaches as listed in Table 1. Since 2017,
various approaches were made to construct the highly stable Pb-free PSCs. In this
regard, Ghasemiet et al. [37] prepared (PEA);Bi,ly perovskite light absorber and
constructed the PSC device. The developed device exhibited PCE of 0.3%. Kulkarni

S. No. Light absorbers Jsc (mA/cm?) Voo (mV) PCE (%) References

1 (PEA)3Bi)g ~0.81 614 0.3 [37]

2. (MA);Bi,ly ~04 515 0.09 [37]

3. (MA);Bi,ly ~0.87 530 03 [38]

4. Cs3BiyI¢Brs3 311 ~650 115 [39]

5. Cs3Biblg ~0.501 ~750 0.23 [39]
Table 1.

Photovoltaic parameters of Bi-based perovskite solar cells.
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et al. [38] also employed novel and unique approaches to improve the surface
morphology of the (MA);Bi,ly perovskite film, and the developed PSC device
showed PCE of 0.3%. Yu et al. [39] also tuned the optical properties of the Cs;Bilo
perovskite structure. Thus, the designed and synthesized Cs;Bi,I¢Br; perovskite
material-based PSC device showed enhanced PCE of 1.15%. These obtained results
showed the excellent optical properties of the Bi-based perovskite materials and
suggested their potential as light absorbers in the construction of PSCs.

The Bi-based perovskite structures have wide band gap ~2.2 eV, which limits
their absorption properties. Moreover, poor surface morphology of the Bi-based
perovskite structures has been the other drawback, which resulted in the poor
performance. Hence, the following strategies could be the key points to further
improve the performance of the Bi-based perovskite solar cells:

1. Introducing new device architecture of the perovskite solar cells may improve
the performance of the perovskite solar cells.

2.The performance of the Bi-based perovskite solar cells could be enhanced by
developing the novel charge extraction/electron transport layer.

3.Some new approaches can be applied to prepare the high-quality thin films of
the Bi-based perovskite structures, which further help to improve the photo-
voltaic parameters.

4.Solvent engineering and doping of Bi-based perovskite structure may also
improve the performance of the perovskite solar cells.

5. Conclusions

The origin and advances in the field of perovskite solar cells have been reviewed.
Perovskite solar cells could be the future energy source with low cost. The replace-
ments of the toxic Pb with different metals have been investigated to produce
Pb-free perovskite structures for the development of Pb-free perovskite solar cells.
Bismuth, which is a nontoxic element, has been widely employed for the devel-
opment of highly stable and Pb-free perovskite structures. Bi-based perovskite
structures have shown promising performance and their performance may be
further improved by incorporating unique approaches and efficient charge extrac-
tion layers.
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Chapter 7

Synthesis and Characterization of
Multiferroic BiFeO; for Data
Storage

Kuldeep Chand Verma

Abstract

Multiferroic BiFeO3 deals with spintronic devices involved spin-charge processes
and applicable in new non-volatile memory devices to store information for computing
performance and the magnetic random access memories storage. Since multiferroic
leads to the new generation memory devices for which the data can be written electri-
cally and read magnetically. The main advantage of present study of multiferroic
BiFeOj is that to observe magnetoelectric effects at room temperature. The
nanostructural growth (for both size and shape) of BiFeO; may depend on the selec-
tion of appropriate synthesis route, reaction conditions and heating processes. In pure
BiFeO;, the ferroelectricity is induced by 6s” lone-pair electrons of Bi** ions and the G-
type antiferromagnetic ordering resulting from Fe’* spins order of cycloidal (62-64 nm
wavelength) occurred below Neel temperature, Ty = 640 K. The multiferroicity of
BiFeOj is disappeared due to factors such as impurity phases, leakage current and low
value of magnetization. Therefore, to overcome such factors to get multiferroic
enhancement in BiFeOs, there are different possible ways like changes dopant ions and
their concentrations, BiFeO3; composites as well as thin films especially multilayers.

Keywords: electric-driven magnetic switching, chemical synthesis,
magnetoelectric, ferroelectric polarization

1. Introduction

Spintronic devices that electrically store non-volatile information are the poten-
tial candidates for high-performance, high-density memories due to their
interdependence between magnetization and charge transport phenomenon. Since
the capacitor stored information in the form of charges and the electric field moved
these charges to transmit information. However, the magnetic recording is caused
when the magnetic field used to read or write the information stored in the form of
magnetization by measuring local orientation of spins. The behavior started to
change in 1988, when the discovery of giant magnetoresistance provides a way for
efficient control of charge transport through magnetization [1, 2], for example, the
hard-disk recording. Hard disk drives (HDD) with a capacity of 10 MB were sold
for ~$5300 in the 1980s, and were unaffordable for many during Apple and IBM PC
era. However, HDDs with 16 TB capacity are available at the time of writing (2020).
The computers in 1980s had memory of hundreds of kB that recently 8 GB random
access memory (RAM). Even mobile gadgets have a dynamic random access mem-
ory (DRAM) capacity of ~4 GB, at the time of writing. This is possible by use of
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charge property of the electron as well the spintronics devices make use of the spin
property of an electron. Flash memory is an example, as it is a non-volatile memory
as used in mobile applications [3]. However, the electrically induced bistable
magnetization switching at room temperature - a necessary requirement for mag-
netic data storage - is the multiferroics [4]. The room-temperature manipulation of
magnetization by an electric field using the multiferroic BiFeOj; represents an
essential step toward magnetoelectric (ME) control for spintronics devices [5].

1.1 Multiferroic memories for data storage

Multiferroic might hold the future for the ultimate memory device. The demon-
stration of a four-state resistive memory element in a tunnel junction with
multiferroic barriers represents a major step in this direction [6-9]. For example,
the thin films of lanthanum bismuth manganite remain ferromagnetic and ferro-
electric down to thicknesses of 2 nm and, when used as a multiferroic tunneling
junction, act as a four-state resistive system. Their spin-filter device as shown in
Figure 1(a) is the tunnel junctions, which has tunnel barrier height is spin depen-
dent because the bottom level of the conduction band in the ferromagnetic barrier is
spin-split by exchange model. This allows the tunneling of electrons that to be
efficiently filtered according to their spin. Gajek M et al. [10] suggested the large
tunnel magnetoresistance in junctions that have a ferromagnetic electrode. The
combination of these two effects - magnetoresistance plus electroresistance - yields
a four-state resistive memory element. In comparison to the information stored in a
capacitor, the resistive memories, on the other hand, can be read more simply, for
example, by monitoring the source-drain current in a field-effect transistor. In
order to make a multiple-state ME memory, one must be able to access the four
states formed by electric polarization P and magnetization M, i.e. (+P, +M),

(+P, =M), (=P, +M), and (P, —M) [6].

1.2 Spin-transfer-torque magnetic random access memory

The spin-transfer-torque magnetic random access memory (STT-MRAM)
devices stored information due to use of magnetic orientation in the ferromagnetic

(@)
A
Energy
Word line
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electrode | |
Top
7 electrode
Barrier
Thickness
Figure 1.

(a) Tunnel junction (electrons tunnel from bottom electrode through barrier into top electrode): Schematic [6].
(b) Spin-transfer-torque magnetic random access memory (STT-MRAM) bit cell. A magnetic tunnel junction
(1), a tunmel barrier (I1) and a free-layer element (1I1), with both layers magnetized perpendicular to the plane
of the junction (arrows). Bit is selected by a word line and transistor [7].
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nanoparticles. For example, hard disk drives (use magnetic states to store informa-
tion). In addition to hard disk drives, the STT-MRAM is a device that written and
read electrically without any moving parts. The function of spin-transfer is to write
information and such information is read by measuring the device resistance. The
magnetoresistance plays role to measure percentage change in resistance between
parallel and antiparallel magnetic spins of the electrodes of the magnetic tunnel
junction. Such magnetic tunnel junction is made up by a ferromagnetic metal/
insulator/ferromagnetic material [7]. Figure 1(b) shows a 1-bit STT-MRAM cell
constituted by free layer and reference layer that are magnetized perpendicular to
the plane of the junction [7]. The cell is constituted with a word line with a
transistor that required for each cell. The biasing voltage could operate the cell with
respect to bit lines and such read bias voltage measured the cell resistance to
determine the bit state to be low of 100 mV. However, the write bias voltage is
higher to allow the magnetic moment of the free layer taken to be reversed by using
spin transfer torque.

1.3 Multiferroic BiFeO3

The multiferroic BiFeO; (BFO) has high Curie temperature, T. ~ 1103 K and
Neel temperature, Ty ~ 643 K results into simultaneously ferroelectric and antifer-
romagnetic orders at room temperature. The ferroelectricity in BFO is originated by
6s” lone pair electrons of Bi** via structural distortion, however, magnetism resulted
with Fe-O-Fe superexchange interactions [11]. But the reported study pointed out
BFO with low spontaneous polarization and saturation magnetization because
superimposition of a spiral spins structure of BFO by antiferromagnetic order. In
such spiral spin structure, the antiferromagnetic axis rotates BFO crystal with
62 nm long wavelength, which cancels out the macroscopic magnetization as well as
affects ME coupling value. The superexchange between the octahedrally coordi-
nated Fe* through the O ligand is responsible for the resulting antiferromagnetism.
The presence of oxygen vacancies and the valence fluctuation (Fe’*/Fe’*) believed
to be the main disadvantages causing large electrical leakage in BFO.

1.3.1 BiFeOg structure

The BFO structure is characterized with two distorted perovskite units
connected by their body diagonal to build a rhombohedral unit cell as shown in
Figure 2(a). For such BFO structure, the two octahedral oxygen connected along
(111) plane are rotated clockwise and counterclockwise at 13.8°. However, Fe jon is
shifted 0.135 A along same axis from oxygen that present at the octahedral position.
The large displacement of Bi ions with respect to the FeOg responsible to induced
ferroelectric polarization [12-14]. The spins in this BFO structure are incommensu-
rate to form antiferromagnetic order. There is also some canting moments to give
weak ferromagnetism due to Dzyaloshinskii-Moriya (DM) effect because the
moments may oriented perpendicular to the (111) polarization direction to influ-
ence symmetry properties.

1.3.2 Lone-pair mechanism supporting multiferroicity

The spatial asymmetry that caused by anisotropic unbounded valence electrons
around Bi** might to give lone pair mechanism (Figure 2(b)) responsible into room
temperature ferroelectric polarization of BFO [12]. In BiFeOs, a pair of Bi** valence
electrons of the 6 s orbital not involved sp hybridization to generates a local dipole
which resulting into ~100 pC cm ™ ferroelectric polarization below T¢ = 1103 K. A
long-range periodic antiferromagnetic structure arises below Ty = 643 K. The main
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Figure 2.

(a) Rhombohedral (R3c) structure of BiFeO;. (b) Ferroelectricity of BiFeO; due to lone-pair electrons
(iso-surface: ved) [12]. (c) Pseudocubic unit cell of BiFeO;, (d) spin cycloid of canted antiferromagnetic
alignments [13].

driving force of the ferroelectric phase transitions seems to be the stereochemical
activity of the Bi 6 s lone-pair, resulting into a displacement of Bi and O sublattices.
However, the Fe sublattice is also displaced and makes a sizeable contribution to the
total electric polarization.

1.3.3 Fervoelectric and magnetic order in BiFeOs

Bulk BiFeOj crystallized into a slightly distorted rhombohedral structure which
commonly described by the pseudocubic unit cell (Figure 2(c)). The displacement
of Bi ions relative to the FeOg octahedra gives rise to a strong ferroelectric polariza-
tion (100 pC cm ) along one of the [111] directions [13]. However, the magneti-
zation in BiFeOj; involved G-type antiferromagnet order with a cycloidal
wavelength, A ~ 62-64 nm was investigated by high-resolution neutron diffraction.
As shown in Figure 2(d), the normalized position of the spin cycloid propagation
and the ferroelectric polarization vector might to induce ME coupling effect.

2. Synthesis of multiferroic BiFeO3

The some synthesis methods used for BiFeO; are summarized in Table 1. Some
of the listed methods are the derivatives of wet-chemical that deals with chemical
reactions in the solution phase using precursors at proper stoichiometric conditions.
Each wet-chemical synthesis route differs from the others in the sense that one
cannot find a general rule for these kinds of synthesis approaches. Such wet syn-
thesis schemes mostly used for fabrication of 2D nanomaterials. The wet-chemical
processes offer a high degree of controllability and reproducibility of the 2D
nanostructures. The solvothermal synthesis, template synthesis, self-assembly, ori-
ented attachment, hot-injection, and interface-mediated synthesis are wet-chemical
routes. However, the solvothermal and hydrothermal processes are mostly used to
synthesize 2D nanostructures due to their simple and scalable steps.
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Synthesis Reaction Precursor Reaction condition Shape Shape/size Ref.
method time salts control
Wet chemical Hours Bi HNOj; used to adjust Good 13-70 nm [15, 16]
methods (NOs)3.5H,0, pH, Ethylene glycol particles

Fe(NO3);3 & carboxylic acid

are a polymerizing
agent, annealed at

400°C/2 h
Sol-gel method Hours/ BisHoN4O,,, Precursor Good 10 nm [17]
day Fe(NO3);3 concentration particles

adjusted in
0.05-0.2 M using
acetic acid &
ethylene alcohol,
annealed at

200-500°C
Co- Minutes  Fe NaOH used as a Poor 200-250 nm [18]
precipitation (NO3)3-9H,0, precipitating agent, particles
method Bi,03 maintain pH 12,

annealed at
400-600°C/1 h

Hydrothermal = Hours/ Bi Precursor salts Very 45-200 nm [19]
process days (NO3)3-5H,0, dissolved in acetone, good diameter wires
FeCl;-6H,0 pH adjusted 10-11

by ammonia

solution, Precursor

solution transferred

into teflon-lined

steel autoclave and

heated at 180°C for
72h
Solution Hours Fe Tartaric acid and Good 22-31 nm [20]
evaporation (NO3)3.9H,0, nitric acid used as particles
method Bi precipitating and
(NO3)3.5H,0, oxidizing agent,
HNO; crystallization of the

final powder take-
place at 650°C/2 h

Microwave- Minutes  Bi NaOH solution and  Good 20 nm [21, 22]
assisted (NO3)3.5H;0, polyethylene glycol diameter wires
hydrothermal Fe were added to the

synthesis (NO3)3.9H,0  precursors to obtain

brown precipitates,
solution irradiated
by 300 W of MW
irradiation for

30 min at 190°C
with 2450 Hz

Self-catalyzed  Hours a-Fe,03, 5 mol of tartaric acid Poor 100 nm [23]
fast reaction Bi,03, (C4HgOg) added to particles
process the precursors and

heated at 250°C to

begin to ignite and
violently burn, final
powder annealed at

650°C/2 h

Conventional ~ Hours/ Bi,03, Fe,03,  Synthesis of BiFeO;  Poor 100-200 nm [24]
solid state days Co304 powder from Bi,O; particles
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Synthesis

method time

Reaction Precursor

salts

Reaction condition Shape

control

Shape/size

Ref.

reaction and
thin film
deposition of
BiFeOs;-
CoFe,04

and Fe,03 and
heated at 800°C,
CoFe,04 powder
prepared from
Co30,4 and Fe,03
using ball milling for
24 hours and heated
at 1200°C/3 h, RF
magnetron
sputtering used for
thin film deposition

Chemical Hours
combustion

method

Bi(NO3)s,
Fe(NO3);3

Precursor solution Poor
mixed in

polyethylene glycol,

Urea added at 70°C

and the combustion
take-place, annealed

at 600°C/5h

50-500 nm
nanostructures

(12]

Polymer- Hours
directed

solvothermal

Bi(NOs);
5H,0,
Fe(NO;);
.9H,0

Precursor salt
dissolved in HNO3
and dipped by
ethanol containing
1gof PVP, and
added 1.2 g of
NaOH, transferred
precursor solution
into Teflon liner

Very
good

steel autoclave
and heated at
180°C/6 h

1-D
nanoparticles-
assembled
microrods

[25]

Sol-gel Hours/
template

process

days

Bi
(NO3)3.5H,0,
Fe(NO3)s.
9H,0

Porous nanochannel
alumina (NCA)
templates used,
precursor salts
mixed in nitric acid

Very
good

to get transparent,
Citric acid &
deionized water
added, pH adjusted
to be natural by
using ammonia, urea
added in 1/20th
ratio, NCA
templates added and
heated at 80°C/20 h
and annealed at 650°
C/5h

Nanotubes
150- 190 nm

[26]

Sonochemical  Hours

technique

Bi(NOs);
.5H,0, Fe
(NO3)3 .9H,0,
Mn
(OOCCHs),
.4H,0, Cr
(NO3); .9H,0

In sonicated solution Good
of Bi and Fe, add

5 ml of tetraethylene

glycol and sonicated

for 10 min, pH

adjusted to 8 by

adding ammonia

and irradiated with a

high intensity

(100 W cm™?)

Nanorods
diameter
20-50 nm

[27]
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Synthesis
method

Reaction Precursor
time salts

Reaction condition

Shape
control

Shape/size

Ref.

ultrasonic radiation
of 20 kHz, final
product heated at
400°C/1h

Anodized
alumina
template
technique

Hours Bi(NO3)3
-5H,0,
Fe(NO3);3

-9H,0

Precursor salts are
mixed in 2-
methoxyethanol,
pH 4-5 by adding 2-
methoxyethanol and
nitric acid, anodized
aluminum oxide
template immersed
in precursors for

12 h and heated at
750°C/12 h

Very Wires ~50 nm

good

in diameter

(28]

Sol-gel based
electrospinning

Bi(NOs);
.5H,0,
Fe(NO;3);
-9H,0

Hours

Precursors salts are
neutralized with 2-
methoxyethanol,
pH 3-4 adjusted with
Ethanolamine,
Ethanol, glacial
acetic acid, and poly
vinyl pyrrolidone
(PVP) added,
solution was
electrospun and the
ultrafine fibers spun
were collected in
glass flake or Pt/Ti/
SiO,/Si substrate,
final heating at 550°
C/2h

Nanofiber
diameter in
100-300 nm

Very
good

Table 1.

List the synthesis methods used to fabricate BiFeO;.

3. Results and discussion

3.1 Structural analysis of BiFeO3

3.1.1 X-ray diffraction of Pb substituted BiFeO;

Figure 3(a) shows the X-ray diffraction (XRD) pattern of Bi; ,Pb,FeOs [x = 0
(BFO), 0.05 (BPFO5), 0.075 (BPFO75) and 0.1 (BPFO10)] nanostructures mea-
sured at room temperature [11]. All reflections are indexed to a rhombohedral
structure of R3c space group. This is based on the character of the single (012) peak
at around 22° and the splitting of the (104) and (110) peaks around 32°. The
splitting of XRD peaks indicate the structural distortion due to tilting of FeOg
octahedrons. The calculated lattice constants are a(A) = 5.578, 5.577, 5.573 and 5.574
and c(A) = 13.862, 13.893, 13.905 and 13.915, respectively for BFO, BPFO5, BPFO75
and BPFO10. The increase in lattice constant, ¢ and decrease in 2 may be due to
change in Fe-O bond lengths and Fe-O-Fe bond angles which have a significant
effect on multiferroic properties.
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(a) XRD pattern of Bi, xPbyFeO; multifervoic [11]. (b) Glancing angle X-ray diffraction (GAXRD) pattern
of BiFeO;/BaTiOy [thickness of BTO = 100 nm; while BFO = 50 nm (BFBT-5), 100 nm (BFBT-10), 150 nm
(BFBT-15), and 200 nm (BFBT-20)] [30]. (¢) Raman spectra of BiFeO; [31].

3.1.2 Crystalline structure of BiFeOs/BaTiOj3 bilayer interface

Glancing angle XRD patterns, recorded at incident angle 1°, on different
BFO/BTO bilayer thin films sputtered on Pt/TiO,/SiO,/Si(100) substrates shown in
Figure 3(b) [30]. Both BFO and BTO layers were found to be polycrystalline in
nature without any impurity phase. The (110) plane of BFO appeared in 6-26 mode
only which was not be observed in GAXRD mode. It can be inferred that the bottom
BTO layer promotes the formation of pure perovskite phase and high degree of
(110) orientation in film texture.

3.1.3 Raman spectra of BiFeOs; nanoparticles

The Raman spectrum of BFO obtained using 488 nm excitation wavelength
depicted in Figure 3(c) [31]. The spectra have been deconvoluted into 10 individual
components for BFO (3 A modes and 7 E modes). It was studied by DFT calculation
of first principle that the low frequency Raman modes below 167 cm ™" are due to Bi
atoms, and the modes between 152 and 262 cm ™" are due to Fe atoms [31].
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However, oxygen atoms dominated with higher frequency modes above 262 cm .
The shifting and broadening of Raman modes with standard values suggests the
presence of disorder and oxygen vacancies, and the internal microstrain due to Fe
ions which might to change resulting magnetism.

3.2 Microstructural studies of BiFeO3
3.2.1 FESEM image 0fBi0_9Pb0_1F€Og

Figure 4(a) shows the FESEM image of Big 9Pbg ;FeO3 nanostructure [11]. The
diameter of the nanorods, D = 125 + 4 nm, and length, L = 900 + 20 nm. However
for pure BFO, the nanoparticles (D = 75 £ 2 nm) are formed [11]. This morpholog-
ical variation with Pb doping into BFO is explained due to variation in the valence
states of Fe ions due to oxygen vacancies. The substitution of Pb”* into Bi>* ions
induces Fe?*/Fe®" ions in the BFO matrix that can influence lattice defects (oxygen
vacancies) in the rhombohedral BFO phase. It results into an anisotropic growth
along the c-axis.

3.2.2 BiFeO3-CoFe;0 self-assembled nanocomposite

Figure 4(b) shows a top-view SEM image of a square array with period 83 nm
[32]. The bright rectangular islands visible in this image correspond to (111)-faceted
tops of the CoFe,0, pillars, while the darker area corresponds to single crystal

| BTO33/BEOGT

AR @o ! ™
BTO67/BFO33 ;

MgO

EET TR
-

200,00 e— .------ _.. ......

Figure 4.

(a) FESEM image of Bi, oPb, ,FeO; [11]. (b) Top-view SEM image of BFO-CFO nanocomposite [32].

(c and d) AFM surface images of BTO33/BFO67 and BTO67/BFO33 [33]. (e) STEM dark-field image of
(BaTiO;-BiFeO;) x 15 grown on MgO [34].
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BiFeO; matrix. This BFO-CFO nanocomposite was grown by pulsed laser deposi-
tion. The film thickness was between 50 and 100 nm.

3.2.3 Atomic force microscopy images of BTO/BFO thin films

The BiFeO3 and BaTiO; were used to grow homogeneous composite thin films
and multilayer heterostructures with 15 double layers by pulsed laser deposition
[33]. The thin films are composites grown directly from mixed PLD targets with
67 wt% BTO/33 wt% BFO (BTO67/BFO33) and 33 wt% BTO/67 wt% BFO (BTO33/
BFO67), respectively. Figure 4(c) and (d) are the AFM surface images of these two
different composite films and the nanoparticle sizes are in the ranges 40-100 nm
and 100-200 nm, respectively.

3.2.4 Scanning transmission electron microscopy (STEM) of BaTiO3-BiFeO3

Multiferroic (BaTiO3-BiFeOs3) x 15 multilayer heterostructures show high ME
coefficients, opg up to 24 V.em™ ! Oe™ ' at 300 K [34]. The STEM and SAED
mapping results of the (BaTiO;-BiFeO;) x 15 multilayer are depicted in Figure 4(e).
The STEM cross section is shown 15 double layers BaTiO3-BiFeOj3 at smooth inter-
faces. The octahedral tilt involves both clockwise and counter clockwise rotations
around [111], which is parallel to ferroelectric dipole displacements to R3m phase.
The difference between the lattice parameters of the tetragonal BaTiO; and rhombo-
hedral BiFeOj; layers can be detected by reflection splitting along the growth direction
(inset in Figure 4(e) top).

3.3 Ferroelectric behavior of BiFeO3

The BiFeOs is a rhombohedrally distorted perovskite material, which means that
the ferroelectric polarization can have orientation along the four pseudo-cubic
diagonals (<111>) [35-38]. The largest relative displacements are those of Bi rela-
tive to O, consistent with a stereochemically active Bi lone pair that might to induce
ferroelectricity of BiFeOs.

3.3.1 Ferroelectric polarization of Pb doped BiFeOs nanoparticles

The ferroelectric polarization of multiferroic Bi; ,Pb,FeO3 nanostructures is
given in Table 2 [11]. In BFO, the lone-pair orbital of Bi** (65°) is stereochemically
active and responsible for ferroelectric distortion. Here, the distortion is induced by
Pb doping and therefore, by tuning the lone-pair activity. Generally, the ferroelec-
tric behavior is weakened due to an increase in oxygen vacancies that form more

Sample P, P, E J € MC (%) Tee

(Cem™ (kCem ™) (kVem ) (nAom?) 1kHz 1MHz 1kHz 1MHz (K)

BFO 0.75 0.35 7.66 10.31 6.2 5.1 0.68 0.61 644

BPFO5 1.76 0.63 6.03 6.27 1.9 1.8 2.56 1.59 631

BPFO75 3.55 1.57 8.55 2.72 13 10.6 3.61 0.36 649

BPFO10 6.73 2.63 5.06 1.57 34 12 0.86 0.11 629
Table 2.

Values of spontaneous polarization (P,), remanent polarization (P,), electric coercivity (E,), current density
(J) at 20 kV cm™?, dielectric constant (&) and MC at 1 kHz and 1 MHz, and ferroelectric phase transition
(Trg) at 1 MHz for Bi, _ \Pb,FeO; [x = o (BFO), 0.05 (BPFO5), 0.075 (BPFO75) and 0.1 (BPFO10)]
nanostructures [11].

110



Synthesis and Characterization of Multiferroic BiFeO, for Data Storage
DOI: http://dx.doi.org/10.5772 /intechopen.94049

free electrons. It resulting into a higher conductivity and hence have a harmful
influence on the ferroelectricity. The Pb doping into BFO could increase the grain
size as well the oriented growth (nanorod-type) in the samples. From Table 2, there
is a considerable reduction in the leakage current of BFO upon Pb** doping, which
indicates reduction in oxygen vacancies.

3.3.2 Ferroelectric and piezoelectric properties of epitaxial BiFeOs thin film

Figure 5(a) and (b) shows the ferroelectric polarization and piezoelectric
behavior of epitaxial BiFeO; thin film [35]. The films display a room-temperature
spontaneous polarization (50 to 60 pC cm2) almost an order of magnitude higher
than that of the bulk (6.1 pC cm2). These results leads to the observations of
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(a) A ferroelectric hystevesis of BiFeO thin film at 15 kHz. (b) a small signal d;; for a 50-um capacitor [35].
(¢) Room temperature PE loops of BaTiO;/BiFeO;/BaTiO; trilayer thin films having different BiFeO,
thicknesses [36]. Temperature dependent velative permittivity (g,) of (d) BiFeO; (e) Biy g25Pb, o,5FeO; [11].
(f) Frequencies dependent dielectric permittivity at different temperatures for Bi(Co,_,Ti, ,Fe, ,)O; (insets
shows lower temperature behavior) [37].
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heteroepitaxial, in-plane compressive stress imposed by the epitaxial bottom elec-
trode allows growth of a monoclinic crystal structure in BFO, and the degree of
compressive stress progressively decreases with increasing BFO thickness. The pie-
zoelectric hysteresis loop shows a remanent out-of-plane piezoelectric coefficient
(d33) value 70 pm V7, representing the piezoresponse of the film in the fully
clamped state.

3.3.3 Ferroelectric hysteresis of BaTiO3/BiFeO3/BaTiO;

Figure 5(c) represents polarization hysteresis loops of trilayer films of BaTiO3/
BiFeO3/BaTiO; measured at 50 kV cm ™" applied electric field frequency of 10 kHz
[36]. This trilayer thin film was prepared by RF-magnetron sputtering technique at
different thicknesses of BiFeOjs layer. The thickness of BTO layer is 20 nm at the top
and bottom, and the middle layer BFO is deposited with thicknesses of 20 nm (B-2),
40 nm (B-4), 60 nm (B-6), and 80 nm (B-8), respectively. The film showed
maximum remnant electric polarization (2P,) of 13.5 pC cm 2 and saturation mag-
netization (M) of 61 emu cc ! at room temperature. The ferroelectric polarization
was found to be improved with increasing thickness of BFO layer may be attributed
to the reduced oxygen vacancies.

3.4 Dielectric properties of BiFeO3
3.4.1 Frequency dependent dielectric properties of Bi(Cog4Tio 4Feo.2) O3

Figure 5(f) correlates the dielectric permittivity versus frequency plot at tem-
peratures from 300 to 773 K of Bi(Cog 4Tig 4Fe ;) O3 multiferroic [37]. As the value
of dielectric permittivity decreases upon increasing frequency, its nature could be
described by Koop’s hypothesis and Maxwell-Wagner mechanism. The nano grains
with highly resistive grain boundaries might exist in an inhomogeneous medium
from which the application of electric field constructs space charge polarization.
With low frequency, the grain boundaries influence is more dominant to cause
dispersion in dielectric properties. However, the higher frequency reduces the space
charge polarization impact because the slow traveling species are not capable to
trace an applied electric field.

3.4.2 Temperature dependent dielectric permittivity of Pb:BiFeO;

Figure 5(d) and (e) shows the temperature dependent relative permittivity (e,)
for BiFeO3 and Big 955Pbg o75sFe03 (BPFO75) multiferroics [11]. The value of €, starts
to increase with temperature because of T¢ for pure BFO is 1103 K. This change in &,
at 600-650 K for both Pb:BFO samples occurs due to occurrence of Ty. For pure
BFO, the value of Ty is 643 K. The value of the ferroelectric phase transition (Tgg) is
644 and 649, respectively, for BFO and BPFO75. This observation is an anomaly in
the phase transition; Tgg around Ty confirms the ME coupling, which must be
correlated with inverse DM-type interactions and Landau-Devonshire theory of
phase transition. The variation in phase transition temperature with frequency for
Pb:BFO nanostructures (inset of Figure 5(d) and (e)) indicates the emergence of
the relaxor behavior which explained with an increase cation disorder in the B-site
and Bi-site substitution by Pb”*.

3.5 Magnetization in BiFeO;

The magnetization of BiFeOj is reported in the refs. [39-44]. The cycloidal
model of spin ordering in BFO is distorted at low temperatures. Any break to the
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cycloidal spin structure could induce uncompensated spins, enhancing the
magnetization [45].

3.5.1 Magnetization in multiferroic BiFeOs and Big oPbg 1FeOs;

The ferromagnetic behavior of Pb substituted BiFeOj is reported in ref. [11]
that the maximum value of magnetization, M = 4.73, 8.41, 2.62 and 8.99 emu g_l,
respectively, for BFO, BPFO5, BPFO75 and BPFO10. The origin of the variation of
magnetization is analyzed with temperature dependent zero field (ZFC) and field
cooled (FC) magnetization is shown in Figure 6(a). The splitting of the ZFC/FC
curves usually appears as the co-existent system of the antiferromagnetic and
ferromagnetic phases. With nanostructural dimensions of less than 62 nm, there
is a possibility of modification to the cycloidal spin structure of BFO, and that can
lead to weak room temperature ferromagnetism. The sharp cusp observed around
65 and 79 K, respectively, for BFO and BPFO10 nanostructures in the ZFC curve
is represented by the blocking temperature (Tg which may attribute via
superparamagnetic relaxation, glass transition, Ty for antiferromagnetic-
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Figure 6.

( uguMugnetization (M) as a function of temperature (T) following ZFC and FC at H = 500 Oe for BiFeO,
(BFO) and Bi, 4Pb, ,FeO; (BPFO10) multifervoics. The respective insets ave y * (T) following Curie-Weiss
law. (a: right) The temperature dependent real part of the ac magnetic susceptibility (y,.) at T = 5-200 K
(H, = 2.5 Oe without any dc field bias) [11]. (b) Magnetic hysteresis at 300 K for BiFeO; nanoparticles with
different nano-sizes. Inset shows the corresponding magnetization at 50 kOe as a function of 1/d. (c) Respective
ZFC and FC curves at 200 Oe [39]. (d) Magnetic hystevesis of BiFeO; nanoparticles grafted on graphene
nanosheets (BiFeO;-g-GNS) [40].
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ferromagnetic transition). The enhancement in magnetization is explained by
Coey JMD et al. [46] model of F-center exchange mechanism where spin-
polarized electrons were trapped at oxygen vacancies to cause higher magnetic
moments. The upward curvature in FC curve of M(T) measurements of Pb:BFO
suggested a Curie-Weiss like behavior Figure 6(a) (inset). The estimated value of
0 is found to be negative which indicate to the formation of antiferromagnetic
interactions.

The ac magnetic susceptibility of Pb substituted BFO is measured at 1 Hz,
100 Hz, 1 kHz 10 kHz, and the temperature dependent real (y/,.) ac magnetic
susceptibility ().c) is shown in Figure 6(a)(right). The applied oscillating field,
H,. = 2.5 Oe without any dc bias in T = 5-200 K. A quite sharp cusp is observed in
both the samples. This ac magnetic measurement at different frequencies revealed
the peak positions of y/, (T) curve shift toward higher temperature and the peak
magnitudes drop down with rising frequency. Such behavior is expected for a spin
glass system. The dynamic susceptibility measurements can thus be used to confirm
such spin glass or superparamagnetic by using frequency dependence of T¢(®) in

the expression, Ap = %. The calculated peak shift (Ap) per decade of fre-

quency shift has a value 0.014 and 0.019, respectively, for BFO and BPFO10. These
values of Ap are lower than those observed for superparamagnetic system (Ap is
~0.1.54).

3.5.2 Nano size dependent magnetism of BiFeOs

The SQUID results as shown in Figure 6(b) suggest that a magnetic response in
BiFeOj; can be initiated when the size of the system is less than about 95 nm [39]. A
plot of the magnetization, measured at the maximum applied field of H,,1 ~ 50 kOe
as a function of 1/d, is given (inset of Figure 6(b)). Neel L [47] attributed the
magnetic moment of small antiferromagnetic particles for the incomplete magnetic
compensation between these two spin sublattices. For single-domain antiferromag-
netic particles, the magnetization is expected to scale as ~1/d(diameter), that is, as
the surface to volume ratio [39]. For particles ranging in diameter from 95 to 41 nm,
a linear dependence is observed, indicating that the simple Neel model is applicable
[48]. The smallest nanoparticle is 14 nm that deviates from the expected behavior
which indicates that such 14 nm nanoparticle may diminish the model for superpo-
sition of an antiferromagnetic core and a ferromagnetic surface. The maximum
magnetization, obtained as M, ~ 1.55 emu gf1 for the 14 nm particles. Figure 6(c)
shows the magnetization measurements as a function of temperature at an applied
field strength of 200 Oe following ZFC and FC process. It is noted that the apparent
sharp cusps observed in the magnetization curves at 50 K are reproducible for BFO
samples with particle dimensions over 95 nm (e.g. 245 nm and bulk). For BiFeO;
nanoparticles possessing diameters of <95 nm, associated data curves exhibit a
broad magnetization maximum around T,y = 85 K. T,a represents a spin-glass-
like freezing temperature due to high packing volume fraction as well as a complex
interplay between finite size effects, interparticle interactions, and a random distri-
bution of anisotropy axes.

3.5.3 Temperature dependent magnetization of BiFeOs-g-GNS nanoparticles

Magnetic properties of BiFeO; grafted on graphene nanosheets (BiFeO3-g-GNS)
is studied using SQUID VSM with an applied field of 5 T at different 10, 297 and
380 K Figure 6(d) [40]. Magnetic moments of nanoparticles get distorted at higher
temperature. The maximum observed value of magnetization is 2.52 emu g ' at
10 K, while the minimum is 1.78 emu g " at 380 K. At room temperature,
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magnetization measured to be 1.98 emu g . These values well matched with
reported data [49]. It means the magnetic properties of BiFeOj3 are not
compromised on GNS grafting.

3.5.4 Magnetization of BiFeO3-CoFe,O4 (BFO-CFO) bulk heterojunction

Figure 7(a) exhibits the magnetic hysteresis in isotropic magnetic behavior
along in plane and out of plane directions [41]. The value of M, of BFO-CFO/mica is
~237 emu cm > with H, ~ 2 kOe, which is smaller than from epitaxial CFO/STO
(~3 kOe). This may due to the effect of an effective relaxation of clamping from the
mica substrate.

3.5.5 Ferromagnetism in BiFeOs/BaTiOj3 bilayer interface

Figure 7(b) shows the ferromagnetic behavior of BiFeO3/BaTiO; (BTO thick-
ness = 100 nm; BFO = 50 nm (BFBT-5), 100 nm (BFBT-10), 150 nm (BFBT-15),
and 200 nm (BFBT-20) films [30]. The observed ferromagnetism in the bilayer thin
films can be interpreted due to creation of unbalanced spins at the interface. Max-
imum magnetization value M ~ 33 emu cc™ " was observed in BFBT-5. The value of
saturation magnetization is 20 emu cc~ ' for BEBT-10 sample which is higher than
for those observed in BFBT-15 (15 emu cc ) and BFBT-20 (8 emu cc 1). This is
because with smaller antiferromagnetic nanoparticles, the size reduction has
incomplete surface compensation of long-range antiferromagnetic ordering which
result into increase magnetic moment at comparatively smaller size nanograins.
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(a) M-H hysteresis for BiFeO,-CoFe,0,, composite at room temperature [41]. (b) M-H loops of bilayer
BiFeO;/BaTiOy thin films [30].
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3.6 Magnetocapacitance

The ME behavior due to Magnetocapacitance (MC) effect in BiFeOjs is given in
the refs. [S0-54]. The MC effect is the change in the capacitance with an external
applied magnetic field. This MC/magnetodielectric effect has a resistive origin that
arises from the Maxwell-Wagner effect and magnetoresistance [55].

3.6.1 Dielectric constant and MC of Pb substituted BiFeO3

Table 2 shows the magnetic field affected dielectric constant of Pb:BFO
nanostructures measured at room temperature. The frequency dependent relative
permittivity (e,) of Pb:BFO in the frequency region 20 Hz-10 MHz under dc mag-
netic field (H = 0, 1kOe) is given [11]. From Table 2, the improvement in dielectric
constant with the substitution of Pb** for Bi** provides a larger vibration space to a
larger dipole moment. Besides the oxygen vacancies due to ionic formation of Fe**/
Fe’* valence states, the shape/size of BFO grains might to influence the dielectric
behaviors [11]. It is also observed from Table 2 that the capacitance varies with
applying magnetic field of 1 kOe, which indicate a positive/negative MC effect.
The applied magnetic field leads to local stresses (or strains) and consequently
changes in the polarization of the ferroelectric phase due to the piezoelectric effect.
The values of MC {[e(H) - €(0) = Ae]/e(0)} at a frequency of 1 MHz is 0.61, 1.59,
0.36 and 0.11%, respectively, calculated for BFO, BPFO5, BPFO75 and BPFO10
multiferroic.

3.6.2 Magnetocapacitance effect in BiFe 955¢0.0503

The magnetic field dependent capacitance for BiFeg 955Sco 0503 system to induce
MC effect at 30 kHz is shown in Figure 8(a) [50]. The value of MC is 0.04% at
applied magnetic field of 5 T which is higher than from pure BFO (0.007%). This
type of MC behavior might be correlated with P’M? in a Ginzburg-Landau free
energy leads to a quadratic dependent dielectric constant in respect to magnetiza-
tion. The observed results of MC in Figure 8(a) have magnetization-linear dielec-
tric behavior which may proportional to P?M of a linear MC effect.

3.6.3 Piezoelectric properties of BiFeO3/Nag sBis 5154015 composite films

Lead-free BiFeO3/Nag sBis 5Ti4015 (BFO/NBTO) composite films were deposited
on Pt(100)/Ti/SiO,/Si substrates using chemical solution deposition [51]. A giant
ME voltage coefficient has maximum ag = 136 mV cm* Oe ! at Hyiys = 8.0 kOe.
Figure 8(b) shows the piezoelectric coefficient (ds;3) and surface displacement (d)
vs. applied voltage (V) for BFO/NBTO films. A typical butterfly curve from D-V
characteristics shows maximum value 4.06 nm at 15 V of 2.63% highest ratio of
strain. The occurrence of d33-V piezoelectric hysteresis from D-V curve is the result
converse piezoelectric effect. The d3;3-V loop clearly shows that BFO/NBTO com-
posite films are switchable and the ferroelectricity is retained. The piezoelectric
coefficient ds; of BFO/NBTO films is as high as 285 pm V™" at 20 V, which suggests
the strong piezoelectric effect for BFO/NBTO films.

3.6.4 Magnetostriction of BiFeO3-BaTiO3, Big gFeO, 7-BaTiO3, and BaFe;5019
The magnetostriction of BFO-BTO, By gFO, 7-BTO, and BaFe;,0,9 ceramics was

measured using a resistive strain gauge when a dc magnetic field was applied to the
materials (Figure 8(c)) [52]. A contraction induced by the magnetic field is
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( aguMagnetocapacimnce of BiFe, 45S¢,.0505 [50]. (b) Piezoelectric response of BiFeO;/Na, sBi, sTi O,
(BFO/NBTO) composite [51]. (c) Magnetostriction of BiFeO;-BaTiO;, Bi, sFeO, ,-BaTiO;, and BaFe,,0,,
measured at room temperature [52]. (d) P-E hysteresis under 0-0.6 T field for BFO-BTO nanoparticles. (Inset
of d) P~ o at 0.6 T [53]. PFM study on BiFeOj thin film: (¢) AFM (f) amplitude image (g) amplitude
behavior at an applied bias [54].

observed, and at 6 kQOe, the contraction is approximately 20 ppm. BaFe;;0y5 is a
ferromagnetic material and can have a magnetostrictive response. However, due to
the weak ferromagnetic nature of the BFO-BTO ceramics, it was difficult to detect
the strain below 6 kOe. Because only a small amount of BaFe;,01o is generated in
the Bi-deficient ceramics, the magnetostriction is also very small in the materials.

3.6.5 ME coupling: fervoelectric polarization in an applied magnetic field

The mechanism for the spin driven ferroelectricity must be involved the spin-
current model or inverse DM interaction due to the local electric polarization,
p x e x (S; x §;), where e is the unit vector of adjacent spins, S; and S; [56]. These
cycloidal spin structures produced the macroscopic electric polarization P due to
helicity of spins. The ferroelectric hysteresis under an external magnetic field and
the flop near 0.6 T reveal a strong ME coupling in BFO-BTO multiferroics as shown
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in Figure 8(d) [53]. Without applying H, values of P,x = 24.80 pC cm 2, P, =15.13
pC cm 2 and E. = 53.6 kV cm ™ are observed. Switching from +P, to -P, by E, and
magnetic switching from +P, to zero at 0.6 T have been observed. The inset of
Figure 8(d) shows a low polarization response with lossy hysteresis of BFO-BTO
composite at 0.6 T, which may cause by the electrode. When a magnetic field is
applied to a ME material, the material is under strain to induce a stress on the
piezoelectrics (ferroelectric) to orient ferroelectric domains, leading to enhance
polarization.

3.6.6 ME effect in BiFeO3; by PFM

Figure 8(e) shows AFM, out of plane piezoresponse amplitude of the BFO thin
film which leads to agglomeration of the nanoparticles of average size 10 nm [55]. It
can be seen from Figure 8(f) that BFO nanoparticles exhibits positive and negative
polarization components and the ferroelectric domains are constrained at grain
boundaries. The PFM amplitude under bias voltage is shown in Figure 8(g). It
observed ferroelectric hysteresis for dc voltage sweeps in +0.5Vto —0.5V to +0.5V
which indicates that sub - 5 nm BFO nanoparticles retains their ferroelectric behav-
ior that might be usable for read-write operation.

3.7 Magnetoelectric (ME) coupling
3.7.1 ME couplzng n Bio.ggDy0,12F€O.97Tl.o.0303+5 (BDFO) and BZF603

The ME effect of BFO and BDFO was measured, and the results are shown in
Figure 9(a) [57]. It can be seen that the pure BiFeO; exhibits no ME signal under
bias magnetic field because spatially incommensurately modulated spin structure
that cancels out the linear ME effect. In contrast, BDFO exhibits a strong ME signal
under bias magnetic field at 300 K due to the ME coefficient ag-magnetic field
(og-H) hysteresis to include the features of saturation at field of 250 Oe. This is
because the switching of electric polarization by either 109° or 71° leads to
switching of the ferroelastic domain states [58-60]. The incorporation of Dy** into
BFO suppresses the spiral spin structure, leads to weak ferromagnetism. Because
the magnetic moment lags behind the variation of magnetic field, the electric
polarization induced by magnetic field through ME effect is also lagged behind the
variation of magnetic field, giving og(H) hysteresis.

3.7.2 ME coupling of 15 x (10 nm BaTiOs-5 nm BiFeOs)

The ME coefficient was measured as a function of dc bias field in Figure 9(b)
for 15 x (10 nm BaTiO3-5 nm BiFeO3) [58]. The ME coefficient reaches its maxi-
mum, off - resonance, value of 60.2 V cm ™' Oe ™ * at a bias field of 2 T. This higher
value is described due to the rotation of the oxygen octahedra with the antiferro-
distortion vector Q and shows that the linear ME effect depends on the derivative of
Q with respect to the external field. This leads to giant values of oyg.

3.7.3 ME coupling of 15 x [BaTiO3/BiFeOs] multilayer

The effect of strain and interfaces on the ME coupling in BiFeO3 was studied for
a number of thin films and multilayers of 15 x [BaTiO3/BiFeOs] as shown in
Figure 9(c) [33, 59]. To this end, a direct longitudinal ac method was used to
measure the ME coefficient oy as a function of static magnetic field. It is clear that
apg of the multilayer is notably larger than that of the BFO film. Since the
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(a) Magnetoelectric P(H) hystevesis at 300 K, showing ME coefficient of Bio 33Dy, 12Fes.9,Ti0.0505.5 (BDFO)
and BFO multiferroic [57]. (b) ME coefficient of the multilayers 15 x (10 nm BaTiO; - 5 nm BiFeO;) at
room temperature [58]. (c) ME coefficient apg of 15 x [BaTiO;/BiFeO;] multilayer film and pure BiFeOj.
(d) Ferroelectric-multiferroic multilayer (left) showing the ME effect through magnetostrictive-piezoelectric
interface coupling (arrows represent magnetostrictive stress); and a BiFeO; film (vight) [59]. (e) ME-
impedance response of BaTiO ;/BiFeO;/BaTiOj trilayer film measured at room temperature (magnetomodulus
plots: inset). (f) ME coefficient for BTO/BFO/BTO trilayer films [36].

multilayer additionally contains piezoelectric/piezomagnetic interfaces, an extra
ME coupling in multilayers may occur via the horizontal interfaces through strain-
mediated interface coupling. The magnetostrictive stress is produced in the weak
ferromagnetic BiFeOs layer and is transferred to ferroelectric BaTiOj3 layer through
the interface (Figure 9(d)). This mechanical stress generates an electric potential
difference in the ferroelectric layer via a piezoelectric effect.

3.7.4 Magnetoimpedance and ME effects of BaTiO3/BiFeO3/BaTiO3 heterostructure

The ME effect for BaTiO5/BiFeO3/BaTiO; heterostructure is also investigated by
analyzing complex impedance (—Z" vs. Z') as well as complex modulus plots (M"
vs. M) under applied magnetic fields (Figure 9(e)) [36]. The data were fitted with
an equivalent circuit of two series RC-elements. Two well resolved semicircles
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representing increase in both grain and grain boundary resistance (Rg and Rgp,) with
applied magnetic field are shown. A maximum 20% increase in grain capacitance
(Cg) with applied magnetic field of 2 kG to represent an intrinsic ME effect. The
bonding between Fe and Ti atoms at interface results into ME interaction between
BFO and BTO at both interfaces. This interaction to change grains/boundaries
resistances with the application of magnetic field induced magnetoimpedance/MC
effect which is explained with Maxwell-Wagner model consisting of two leaky
capacitors connected in series.

The ME coefficient, oy was measured in trilayer BaTiO3/BiFeO3/BaTiO; film
by dynamic method (Figure 9(f)) and the detailed measurement set-up is given
[36]. The oyg was calculated using equation, oy = V/6H.t, where 3V is the
measured output voltage, 8H is applied ac magnetic field, and ¢ is the film thickness.
The maximum oy of ~515 mV cm™* Oe ! is observed for B-2 film. By increasing
the thickness of BFO layer, oyg found to be reduced to 457 mV cm ' Oe? for B-4,
400 mV cm ! Oe ! for B-6, and to 318 mV cm ™! Oe ! for B-8. The enhancement in
ME coupling for trilayer films may the effect of bonding between Fe and Ti atoms at
both interfaces via oxygen atom. The reduction in oxygen vacancies with increasing
thickness of BFO layer results into decreasing oyg value.

3.8 Comparison of multiferroic properties of BiFeO3

In Table 3, we have reported the list of multiferroic properties such as synthesis
method, phase structure, nanostructures, ferroelectric behavior, magnetization,
magnetocapacitance and ME coefficient of BiFeOs. It is observed that the single
phase BiFeO; has multiferroic behavior enhanced due to different doping from
transition and rare earth ions. For the composites of BiFeOs, there are moderate
improvements in ME coupling. However, for multilayer BiFeO; with BaTiO; or
ferrites has remarkable value of ME coupling. The Magnetocapacitance effect study
on BiFeOj is hardly reported. Therefore it is summarized that the different multi-
layers perovskites structures of BiFeO3 may give much advancement to the
multiferroic behaviors.

4. Conclusion

Multiferroic BiFeO3 becomes a suitable material for spintronic application of
data storage. Wet chemical methods, hydrothermal, Polymer-directed
solvothermal, sol-gel template process, sonochemical, anodized alumina template,
sol-gel based electrospinning and microwave synthesis are the best synthesis routes
to control the shape and size of BiFeO3 nanostructures. These nanostructural shape
and size of BiFeO3; has much impact to control the magnetism and leakage current
of BiFeOj3. In addition to change dopant level and composites with other materials
(such as ferrites and other perovskites like BaTiO3), the BiFeOj thin films especially
multilayers gives remarkable results of ferroelectric polarization and ME voltage.
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Chapter 8

Investigation of Structural,
Microstructural, Dielectrical
and Magnetic Properties of Bi3+
Doped Manganese Spinel Ferrite
Nanoparticles for Photonic
Applications

V. Jagadeesha Angadi, H.R. Lakshmiprasanna and
K. Manjunatha

Abstract

The structural, microstructural, and magnetic properties of Mn; Bi,Fe;,04
(wherex = 0.0, 0.05, 0.1, 0.15, and 0.2) nanoparticles prepared by solution
combustion method were investigated. Rietveld-refined X-ray diffraction pat-
terns confirm the single-phase formation with space group Fd3m having spinel
cubic structure. The porous nature of the samples was confirmed by scanning
electron microscopy (SEM). Composition values of the theoretical stoichiom-
etry and energy-dispersive spectroscopy (EDS) composition values are well
matched for all samples. The dielectric parameters such as real part of dielectric
constant, imaginary part of dielectric constant, and dielectric loss tangent
decrease with the increase in frequency. The AC conductivity increases with
increase in the Bi** concentration. The real part of complex impedance decreases
with the increase in frequency. Cole-Cole plots reveal that one semicircle was
obtained for each of the samples. The real and imaginary parts of electric modu-
lus vary with frequency. The magnetic hysteresis curves of all samples reveal the
soft magnetic material nature. We observed S esteems began uniquely from the
higher superparamagnetic, we would have watched the monotonic decrease in S
with increase in Bi** concentration. Furthermore, the magnetic parameters were
estimated.

Keywords: Maxwell-Wagner interfacial type of polarization, Cole-Cole plots, soft
magnetic material, solution combustion method
1. Introduction

Nowadays, manganese (Mn) ferrite nanoparticles have been used for great
potential applications such as absorbing electromagnetic waves, storage media,
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and water treatment catalysts [1-4]. Many researchers focused on the fabri-
cation of spinel ferrite nanoparticles due to their exceptional electrical and
magnetic properties [5-9]. To a progressively essential degree, the expanded
scaling down and data storage devices of new devices require the utilization

of nanosized magnetic attractive particles [10, 11]. Manganese spinel ferrite
nanoparticles have gotten expanding consideration for their surprising magnetic
properties, such as moderate saturation magnetization (M) and low coercivity
with a mechanical hardness, high permeability, and good chemical stability [12,
13]. The significance of thick manganese (Mn) spinel ferrites additionally lies in
their potential application, for example, transformers, core materials for coils,
information and communication devices, and so forth. The MnFe,0, nanopar-
ticles have a spinel cubic structure having the general formula AB,0,4, where the
A sites are occupied by the Mn®* ions and B sites by the Fe’* ions. In a unit cell of
manganese ferrites, there are 8 divalent Mn?* ions, 16 trivalent Fe** ions, and 32
oxygen ions [14].

The spinel MnFe,0, nanoparticles were prepared by synthesis methods such as
sonochemical technique, co-precipitation, sol-gel method, and solution combus-
tion method [15-17]. In the current work, the solution combustion method is often
chosen because it is safe, cheap, and easy and it requires less time and energy for
the preparation of nanoparticles. It also produces a high-purity product. In this
method, the crystallite size, particle size, purity, surface area, degree of nature,
and porosity can be influenced by the fuel (F) type [18]. However, for the prepara-
tion of nanoparticles, there is no requirement for complex tools, high-temperature
furnaces, and reaction chambers in the synthesis process.

In the present work, the Bi**-substituted MnFe,0, spinel nanoparticles were
prepared by a solution combustion method using a mixture of fuels such as glucose
and urea. The structural, microstructural, dielectrical, and magnetic properties of
Bi-doped manganese spinel ferrite nanoparticles were synthesized and investigated
through XRD, SEM, EDS, and dielectric and vibrating sample magnetometer
(VSM) for photonic applications.

2. Experimental details
2.1 Materials

For the preparation of Mn;_Bi,Fe,O, (x = 0.0, 0.05, 0.1, 0.15, and 0.2)
nanoparticles, Mn(NO;),.4H,0 (manganese nitrate) (Sigma-Aldrich; molecu-
lar weight 251.01 g/mol, purity 99.0%), Bi(NOs)3-5H,0 (bismuth nitrate)
(Leica, Sigma-Aldrich; purity 98 + %, molecular weight 485.07 g/mol), and
Fe(NO;),.9H,0 (ferric nitrate) (Merck; purity 99.0%, molecular weight
404 g/mol) are used as oxidizers (O) and NH,CONH, (carbamide) (Fisher
Scientific; purity 99.0%, molecular weight 60.06 g/mol) and C¢H;,04 (glucose)
(Glucomin-D; purity 99.4%, molecular weight 180.156 g/mol) as fuels. Further
based on the oxidizer’s and fuel’s valences of the compounds, the oxidizer-and-
fuel ratio is maintained to unity.

2.2 Synthesis method
The Mn, ,Bi,Fe,04 (x = 0.0, 0.05, 0.1, 0.15, and 0.2) spinel nanoparticles

were prepared by the solution combustion method using a stoichiomet-
ric amount of O and a mixture of F proportions taken as one. Stoichiometric
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amounts of manganese nitrate (Mn(NO;),-4H,0), bismuth nitrate
(Bi(NOj3)3-5H,0), ferric nitrate (Fe(NO3)3-9H,0), carbamide (NH,CONH,), and
glucose (C¢Hy,0g) are carried and put in a 500-ml Borosil glass beaker, which

is then diluted with a double distilled water. The mixture solution was kept

on magnetic stirrer about 60 min to get a homogeneous solution. This homo-
geneous solution was kept in a pre-warmed suppress heater at 450°C. Within

20 min, the burning process was finished. Then, the obtained powder was
grained about 30 min using agate mortar and pestle. The flow chart of the
Mn,_Bi Fe,04 (where x = 0.0, 0.05, 0.1, 0.15, and 0.2) solution combustion is
shown in Figure 1.

2.3 Characterizations

The XRD patterns were gotten by using CuK, radiation having a wavelength
(M) =1.5406 A, and the 26 values run from 10° to 80° under the step size of 0.02°.
The crystalline nature and phase structure can be understood from the XRD
patterns. The SEM and EDS micrographs were collected by using JEOL (model
JSM-840) to obtain the surface morphology and elemental composition of the
samples. To study the electrical properties, the samples are made into pellets using
a hydraulic press under the 5-ton pressure using an 11-mm die set. The prepared
pellets are sintered at 650°C for 3 h. The sintered pellets are silver coated for a
good electrical contact. The electrical properties of all samples are tested at room
temperature in the frequency up to 20 MHz using the Wayne Kerr 6500B Series
Impedance Analyzer. The magnetic properties were measured at room temperature
using a physical properties measurement system (PPMS; Quantum Design, Inc.) up
to a field of 20 kOe.

Oxidizers Flﬁls
Mn(NO,),.4H,0)+Bi(NO,): - 5H,0+Fe(NO,);.9H:0 [ NHCONH; +C:H::0, ]
Stoichiometry
O/F=1

Diluted with distilled water and
continuous stirring about 60 minutes

{ Homogzni;us solution J

Pre heated muffle furnace at 450 °C

| Combustion }

Mn,_,B,Fe.0,
Nano powder

Figure 1.
The flow chart of the solution combustion method for Mn, Bi.Fe,0, (where x = 0.0, 0.05, 0.1, 0.15, and 0.2)
nanoparticles.
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3. Results and discussions
3.1 Phase, crystallinity, and structural elucidation

Figure 2 depicts the refined XRD patterns of Mn, ,Bi,Fe,0, (where x = 0.0,
0.05, 0.1, 0.15, and 0.2) as synthesized ferrite samples were plotted using a
WinPLOTR program. The Bragg diffraction peaks corresponding to angular posi-
tions were indexed as (220) (311) (222) (400) (331) (422) (511) (440). Rietveld
refinement was employed using a FullProf program for structural refinements. The
parameters obtained from refinement, such as weighted (R;,) and unweighted (R;)
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Figure 2.

Rietveld-vefined XRD patterns of Mn, .Bi.Fe,0, (where x = 0.0, 0.05, 0.1, 0.15, and 0.2) nanoparticles.
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profile factor ratio (Ry,/R;,), which is less than one, and goodness-of-fit factor
(x*), which is low, are given in Table 1. The refined XRD patterns confirm the
single phase with a spinel cubic structure having a space further without any
additional impurity peaks. The indexed (hkl) values are well matched with the
Joint Committee of Powder Diffraction Standards (JCPDS) card number 74-2400.
Figure 3 clearly shows that the lattice parameters increase with the increase of Bi**
concentration due to the difference in ionic radius of Mn** and Bi** ions. The ionic
radius of Mn** (0.83 A) is less than the ionic radius of Bi** (1.03 A). The average
crystallite size was calculated by using the equation below [19]:

= ﬂfoia nm @
where k is the Scherrer constant (k = 0.9), ) is the wavelength of Cu-k, radia-
tion, B is the full width half maximum, and 6 is the angle of diffraction. The esti-
mated crystallite size decreases with the increase of Bi>* concentration (Figure 3).
Further internal strain, X-ray density, and hopping length were increased with Bi**
concentration increasing (Figure 4). The lattice parameters, average crystallite size,
internal strain, X-ray density, and hopping lengths were tabulated in Table 1.

Bi* Lattice Crystallite Volume Internal X-ray Hoping length
content parameters size D in (A3 strain € density (A)
A) (nm) 1072 (%) Ay g/
3 La Lg
cm
0.0 8.3612 137 584.52 88 5.2406 3.6025 29561
0.05 8.3658 11.9 585.49 95 54068 3.6225 29577
0.10 8.3845 10.8 589.42 96 5.5443 3.6306 29643
0.15 8.3874 10.6 590.04 105 57117 3.6319 2.9654
0.20 8.3932 9.2 591.26 131 5.8731 3.6343 29674
Table 1.

Crystallite size, lattice constant, strain, X-ray density, magnetic hoping length data of Mn,_.Bi.Fe,0, (where
X = 0.0, 0.05, 0.1, 0.15, and 0.2) nanoparticles.

14. =—0— Crystallite size (nm) —~
'E —O0— Lattice parameter (A°) . 8.39 s
£13; =
o -~
7] - O, g
£ 11, 5
L] - 8.37
-g 10. .g

-
-
© 9 1 8.36 §

0.00 0.05 0.10 0.15 0.20
Bi** concentration
Figure 3.

Variation of crystallite size (nm) and lattice pavameter (a°) with B doping concentration of Mn,_.Bi.Fe,0,
(where x = 0.0, 0.05, 0.1, 0.15, and 0.2) nanoparticles.
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Figure 4.
Variation of internal strain (%) and density (gm/cn?®) of (where x = 0.0, 0.05, 0.1, 0.15, and 0.2) nanoparticles
with BP* doping concentration.

3.2 SEM and EDS

Figures 5 and 6 show the SEM and EDS of Bi3*—doped MnFe,O, (where
x = 0.0, 0.05, 0.1, 0.15, and 0.2) ferrite samples synthesized, respectively. All SEM
micrographs reveal the highly porous nature of the samples [20]. All the samples
show the dry foamy powder due to the combustion. The average grain size cannot
be observed due to the high porous nature of the sample. The density of samples
increases with Bi** concentration. The EDS images clearly reveal that Mn, Fe, and O
peaks are clearly visible in all samples. The Bi** peak is visible in all samples except
at 0 mol % Bi** sample. The stoichiometry of constituent elements present in the
Mny ,Bi;Fe,0, with x = 0.0, 0.05, 0.1, 0.15, and 0.2 ferrite nanoparticles estimated
from EDS spectrum is shown in Table 2. The estimated stoichiometry as listed in
Table 3 is very near to the composition of theoretical values.

3.3 Dielectric studies
3.3.1 Real (€') and imaginary (&") parts of dielectric constant

The real (¢') and imaginary (¢'’) parts of the dielectric constant as a function
of frequency at room temperature for Mny_Bi,Fe,O4 (wherex = 0.0, 0.05, 0.1,
0.15, and 0.2) nanoparticles are depicted in Figure 7(a) and Figure 7(b), respec-
tively. At low frequency, the real and imaginary parts of dielectric constants show
the dispersion for all samples. The dielectric constant values sharply decrease with
increasing in frequency, and it is due to Maxwell-Wagner interfacial-type polariza-
tion according to Koop’s phenomenological theory [21]. At the lower-frequency
region, the interfacial polarization contributes to the dispersion. A systematic
variation is observed due to the dispersion of dielectric constant with substitution.
At the higher-frequency region, it cannot follow the alternating electric field, so
real and imaginary parts of dielectric constants are independent of frequency at
that region. In ferrites, the maximum dielectric constant is observed in samples
having higher Fe** content. At the lower-frequency region, the hopping (exchange
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Figures.
SEM micrograph images of Mn,_Bi.Fe,0, ferrite nanoparticles with x = 0.0 (MnFe,0,), x = 0.05
(Mn,,45Bi osFe,0,), x = 0.1 (Mn,,Bi,.Fe,0,), x = 0.15 (Mn, gBi, ;sFe,0,), and x = 0.2 (Mn,gBi, ,Fe,0,).

of electron) between Fe** and Fe’* at octahedral sites follows the alternating elec-
tric field. Many literatures on AB,O, ferrites indicate that high-temperature sinter-
ing leads to the exchange of the Fe’* ions to Fe’* ions at octahedral sites to some
degree [22]. However, the hopping process, involving between the Fe’** and Fe’*
ions, is attributed to the dielectric properties of the samples. Thus, the increase of
Bi** concentration results in the increase of dielectric constant. The grain size also
influences the dielectric properties, since, in ferrite samples, the dielectric con-
stant of the poorly conducting grain boundary is less than the dielectric constant
of highly conducting grains. Thus, size reduction introduces more grain boundar-
ies and hence increases changes in electron polarization at the grain boundaries.
Since the size decreases with bismuth substitution increasing, it also increases the
dielectric constant.
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Figure 6.
EDS patterns of Mn,_.Bi.Fe,0, ferrite nanoparticles with x = 0.0 (MnFe,0,), x = 0.05 (MngsBi,qsFe,0,),
x = 0.1 (MnogBi, ;Fe,0,), 0.15 (Mn, gBi, 5Fe,0,), and x = 0.2 (Mn,3Bi,,Fe,0,).
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x Atomic abundance of elements (%)
Mn Bi Fe (o) Total
0.0 1792 0.0 3213 49.96 100
0.05 20.45 0.96 29.07 49.52 100
0.1 18.59 175 30.53 49.12 100
0.15 19.37 311 29.08 4844 100
0.2 20.02 4.30 2783 47.85 100
Table 2.

The stoichiometry of constituent elements present in the Mn, .Bi.Fe,0, (where x = 0.0, 0.05, 0.1, 0.15, and 0.2)
nanoparticles estimated from EDS spectrum.

Bi* concentration Element Composition of theoretical Composition from EDX
(x) values analysis
Mn 1 0.99
0 Bi 0 0
Fe 1 1
Mn 0.95 0.955
0.05 Bi 0.05 0.045
Fe 1 1
Mn 09 0.914
0.1 Bi 0.1 0.086
Fe 1 1
Mn 0.85 0.862
0.15 Bi 0.15 0.138
Fe 1 1
Mn 0.8 0.823
0.2 Bi 0.2 0.177
Fe 1 1
Table 3.

Summary of EDS analysis of Mn,_Bi.Fe,0, (where x = 0.0, 0.05, 0.1, 0.15, and 0.2) nanoparticles.

3.3.2 Dielectric loss tangent (tan &)

The dielectric loss tangent as a function of frequency at room temperature for
Mny BiyFe,0, (wherex = 0.0, 0.05, 0.1, 0.15, and 0.2) nanoparticles is shown in
Figure 8. The figure shows the dielectric loss tangent decreases with the increase of
the frequency. The dielectric loss tangent is a result of the string in polarization in
accordance with the applied external electric field. The materials with high dielec-
tric loss tangent are engaged for manufacturing high-frequency heating devices.
The tan d was calculated using the relation tan § = €'/e”, where &’ and &” are the real
and imaginary parts of the dielectric constant, respectively [23].

The tan § decreases with the increase of the frequency, and then it becomes
constant at higher frequencies for all samples. The dielectric loss tangent depends
on a number of factors, such as homogeneity, stoichiometry, synthesis method,
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Figure7.
(a) The veal (¢') and (b) imaginary (") parts of the dielectric constant as a function of frequency at room
temperature, vespectively, for Mn, Bi.Fe,0, (where x = 0.0, 0.05, 0.1, 0.15, and 0.2) nanoparticles.

ferric content, and composition. The frequency increases with the decrease of the
dielectric loss tangent; it may be characterized by the Maxwell-Wagner polarization
and conduction mechanism in ferrites.

3.3.3 AC conductivity (o,)

The variation of 6, as a function of frequency at room temperature for
Mny ,Bi;Fe,0, (wherex = 0.0, 0.05, 0.1, 0.15, and 0.2) nanoparticles is shown in
Figure 9. From the figure, it may well be seen that at first the conductivity stays
steady in the low frequencies, bit by bit increments in the middle of the road fre-
quencies, and afterward shows scattering for high frequencies in consistence with
the Jonscher power law. The AC conductivity was calculated by using the equation
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Figure 8.
The dielectric loss tangent as a function of frequency at room temperature for Mn,_Bi.Fe,0, (where x = 0.0,
0.05, 0.1, 0.15, and 0.2) nanoparticles.

6, = 21tf e x tand, where g is the permittivity of free space, f is the frequency,

and tan § is the dielectric loss tangent. Here, the figure shows that o, increases

with the increase of the frequency according to the hopping model [24]. In the
lower frequencies, grain limits are increasingly adequate; thus the recurrence-free
conducts are accomplished. Be that as it may, at high-frequency system, the increase
in 6, is credited to the increased hopping of charge bearers between the Fe** and
Fe’* particles and Mn** and Mn** particles at the octahedral site and further as a
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Figure 9.
The AC conductivity as a function of frequency at room temperature for Mn,_BiFe,0,, (where x = 0.0, 0.05,
0.1, 0.15, and 0.2) nanoparticles.
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result of grain impact. With increasing substitution of Bi** by Mn*" particles, it very
well may be seen that at first conductivity diminishes because of the decrease in the
quantity of Mn®*-Mn®* particles which confines the portability of charge transport-
ers at the octahedral destinations.

3.3.4 Real and imaginary parts of complex impedance

Figure 10(a) and (b) shows the real and imaginary parts of complex impedance
as a function of frequency at room temperature for Mn; Bi,Fe,O, (where x = 0.0,
0.05, 0.1, 0.15, and 0.2) nanoparticles, respectively. These types of frequency
dependence complex impedance have been used for the study of the contribution
of grains and grain boundaries on the electrical properties of nanoferrites. The
obtained results showed the complex impedance versus frequency for the cobalt
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Figure 10.
(a) and (b) The real and imaginary parts of complex impedance as a function of frequency at room
temperature for Mn,_BiFe,0, (where x = 0.0, 0.05, 0.1, 0.15, and 0.2) nanoparticles.

142



Investigation of Structural, Microstructural, Dielectrical and Magnetic Properties...
DOI: http://dx.doi.org/10.5772/intechopen.92430

ferrites. Figure 10(a) indicates that the magnitude of the real part of dielectric con-
stant Z’ decreased with the increase of frequency. The real part of dielectric con-
stant curves tended to merge in the high-frequency region. Such behavior is related
to the effect of space charge polarization in the material [25]. Figure 10(b) indicates
that the imaginary part of dielectric constant Z'’ reached a maximum value at the
low-frequency region and then decreased with further increasing of the frequency,
approaching a small value at high-frequency region. Further, it was observed that
the height of the peak curve decreased with the concentration increasing, indicating
a decrease in the relaxation time. The observed relaxation peak in the magnitude of
Z"" demonstrated the existence of space charge relaxation.

3.3.5 Cole-Cole plot

Figure 11 shows the Cole-Cole plots of Mn, ,Bi,Fe,0, (where x = 0.0, 0.05,
0.1, 0.15, and 0.2) nanoparticles at room temperature. Cole-Cole plot shows the
real part complex impedance (Z’) and the imaginary part of complex impedance
(Z'") along x-axis and y-axis, respectively. Figure 11 clearly shows one semicircle
was obtained for each of the samples, due to the grain boundary effect. The effects
of grain boundary of the material are contributed by the parallel combination of
grain boundary resistance and capacitance. However, the radius of curvature of
each semicircular arc is reasonably shifted from the magnitude of Z’ when the
concentration increased, which is attributed to the presence of a non-Debye type of
relaxation phenomenon [26]. Further, the radius of curvature of each semicircular
arc is indirectly proportional to the electrical conductance of the material and
directly proportional to the electrical resistance. The position of the semicircular
arc depends on its relaxation times.

3.3.6 The real (M') and imaginary (M") parts of electric modulus

Figure 12(a) and (b) shows the real (M’) and imaginary (M"’) parts of electric
modulus as a function of frequency at room temperature for Mn; Bi;Fe,O4 (where
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Figure 11.
The Cole-Cole plots of Mn,_Bi.Fe,0, (where x = 0.0, 0.05, 0.1, 0.15, and 0.2) nanoparticles at room
temperature.
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Figure 12.
(a) and (b) The real (M') and imaginary (M") parts of electric modulus as a function of frequency at room
temperature for Mn,_Bi Fe,0, (where x = 0.0, 0.05, 0.1, 0.15, and 0.2) nanoparticles.

x = 0.0, 0.05, 0.1, 0.15, and 0.2) nanoparticles, respectively. M’ approaches zero in
lower-frequency district and shows constant scattering moving in midfrequency
area, while it displays a level sort conduct in higher frequency. This sort of conduct
is emerged from the unimportant electrode polarization in lower frequencies and
short-range and long-range versatility of charge transporters contributing for the
conduction wonders in midfrequencies and recurrence-free electrical conduction

in higher frequencies, individually [27]. Also, the focus increment M'’ shows the
unwinding tops from lower-frequency area to higher-frequency area. The relaxation
tops moving plainly demonstrate the spread of relaxation time of the material. The
presence of relaxation tops at lower-, center-, and higher-frequency areas is ascribed
to the commitment of capacitance to the grain limit, structural, and grain stage
attributes, separately, which is very much concurred with the revealed writing.
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3.3.7 Nyquist plot

Figure 13 gives out the variation of complex electric modulus spectrum (Nyquist
plot) (M’ vs. M"’) at room temperature for Mn, ,Bi,Fe,O, (wherex = 0.0, 0.05, 0.1,
0.15, and 0.2) nanoparticles, and it shows the single semicircular segment for all
samples, which is beginning from the grain limit commitments of the material. The
Nyquist plot reveals the presence of a non-Debye type of relaxation phenomenon,
which is further validated from the electrical modulus analysis [28]. Also, each cres-
cent bend is almost overlapped with each other and no variety is observed, which
calls attention to the nearness of electrical unwinding process in the material.
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Figure 13.
Nyquist plot of Mn,_BiFe,0, (where x = 0.0, 0.05, 0.1, 0.15, and 0.2) nanoparticles at room temperature.

3.4 Magnetic properties

At room temperature, magnetic hysteresis (M-H) curves of Mn, ,Bi,Fe;O,4
(wherex = 0.0, 0.05, 0.1, 0.15, and 0.2) nanoparticles show very narrow hysteresis
loops, which confirms the soft magnetic material nature as depicted in Figure 14.
The magnetization measurement was done by using VSM mounted with maximum
applied field of 2 T at room temperature.

The remanent magnetization (M,) and M, was estimated by the M-H loop of the
y-axis (magnetization axis). The coercivity field (H.) was estimated by the M-H
loop of the x-axis (field axis). The remanence ratio (S) was calculated by using

equation S = M. The magneton number (1) was calculated by using equation
MW XM, M,
NB =

. The cubic anisotropy (K.) was calculated by using the equation x, - %™,
The unfaxml anisotropy (K,) was calculated by using the equation x, - M oot
[8,29]. At room temperature, the magnetic parameters such as M,, M, H, S, g, K,
and K, decrease with the increase of Bi** concentration (Figures 15-17). In ferrites,
the coercive force is gotten by inversion of the direction of the divider development
and that of domain turning around the bearing of the applied field. Generally, the
successful sticking for domain wall causes the coercivity; it is understood that the
greater grain size reduces Hc [30]. In the present examination, the coercive values
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Figure 14.
M-H loops measured at room temperature for Mn,..Bi.Fe,0, (MBF) ferrite nanoparticles with x = 0.0, 0.05,
0.1, 0.15, and 0.2 nanoparticles.
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Figure 15.
Variation of Mg and M, of Mn, Bi.Fe,0, with x = 0.0, 0.05, 0.1, 0.15, and 0.2 ferrite nanoparticles with Bi*
doping concentration.

are low; thus, the likelihood of domain rotation is lower. The materials with bigger
grain size have been used to accomplish lower core loss. Strikingly, as anticipated,
the estimation of the reduced remanence value was found to be the lowest for

x = 0.20 concentration sample (Table 4). We observed S esteems began interest-
ingly from the higher super paramagnetic and the monotonic decrease in S with
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Figure 16.
Variation of He and ng of Mn, Bi,Fe,0, with x = 0.0, 0.05, 0.1, 0.15, and 0.2 ferrite nanoparticles with Bi**
doping concentration.
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Figure 17.
Variation of K¢ and K, of Mn, ,Bi.Fe,0, with x = 0.0, 0.05, 0.1, 0.15, and 0.2 ferrite nanoparticles with Bf*
doping concentration.
Bi** Mg M, H, S=M,/Mg K, K. s
concentration (emu/g) (emu/g) (Oe) (erg/ (erg/ (pB)
(x) cm®) cm’)
0.00 33.42 2.994 14.14 0.0896 472.55 738.37 1.4259
0.05 2411 1.705 12.15 0.0707 29793 45771 1.0123
0.10 22.98 0.947 752 0.0412 172.80 270.02 0.9959
0.15 21.38 0.548 718 0.0256 155.84 239.86 0.9713
0.20 17.89 0.337 6.10 0.0189 110.79 170.49 0.8373
Table 4.

Room temperature magnetic parameters of Mn,_BiFe,0, (where x = 0.0, 0.05, 0.1, 0.15, and 0.2), i.e., Mg, M,

reduced S, (H,), K,, cubic anisotropy constant (K,), and np.
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increase in Bi’* concentration. Thus, it is expected that the observed impact is over-
whelmed by the surface pinning and the change in intrinsic magnetic anisotropy of
the particles because of Bi doping.

4, Conclusion

The Mny ,Bi;Fe,0, (wherex = 0.0, 0.05, 0.1, 0.15, and 0.2) nanoparticles are
synthesized by the solution combustion method using a mixture of fuels as carb-
amide and glucose. The crystallite sizes were found in nanometer, and the crystal-
lite size decreases with the increase of Bi** concentration. The lattice parameter
increases with the increase of Bi’* concentration due to the difference in ionic radius
of Mn** and Bi** ions. The porous nature of the samples was confirmed by scanning
electron microscopy. The elemental composition was analyzed by EDS composi-
tion. The dielectric parameters such as real part and imaginary parts of dielectric
constant and dielectric loss tangent decrease with the increase of frequency, and
this behavior could be explained by a Maxwell-Wagner interfacial-type polariza-
tion. All dielectric parameters increase with the increase of Bi** concentration.

The AC conductivity increases with the increase of frequency according to the
hopping model. The real part of complex impedance decreases with the increase

of frequency. The observed relaxation peak in the magnitude of imaginary part of
complex impedance Z'* demonstrated the existence of space charge relaxation. The
Cole-Cole plot reveals one semicircle was obtained for each of the samples, due to
the grain boundary effect. It is attributed to the presence of a non-Debye type of
relaxation phenomenon. The real and imaginary parts of electric modulus vary with
frequency. The Nyquist plot reveals the presence of a non-Debye type of relaxation
phenomenon, which is further validated from the electrical modulus analysis. The
magnetic hysteresis curves of all samples reveal the soft magnetic material nature.
The magnetic parameters such as remanent magnetization, saturation magnetiza-
tion, and coercivity field were decreased with the increase of Bi** concentration.
Mny ,Bi;Fe,0, (wherex = 0.0, 0.05, 0.1, 0.15, and 0.2) nanoparticles have great
potential for photonic applications.
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