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General Introduction

Host glasses, such as those with fluoride, chloride, bromide, or iodide compositions, which
generally have low phonon energies, have higher emission efficiencies due to the low
non-radiative decay rates and high radiative emission rates of rare-earth ion levels [1, 2]. Since
the discovery of fluorozirconate glass in 1975 [3], glass formation seems to have become more
common in halide systems. In particular, the ZrF,—BaF,—LaF;—AlF;—NaF (ZBLAN)
composition [4] has been considered the most stable and practical glass for optical fiber
applications. For these reasons, fluoride glasses and fibers are excellent candidates for fiber
lasers in the visible and mid infrared region where emissions are hard to be obtained from
silicate and phosphate fibers.

Ultraviolet (UV)—visible lasers are used in various applications such as laser projection
displays, optical data storage, photolithograpy, holograph, microscopy, laser processing, and
biology. Until now, UV-visible lasers could be obtained in three general methods [5]: (1) using
a non linear frequency doubling or tripling process, (2) through upconversion of rare-earth
doped materials with low phonon energy, and (3) by using a short wavelength semiconductor
laser such as GaN and ZnSe. When using nonlinear devices, the tight tolerances for the pump
wavelength and the severe temperature control of nonlinear crystal are drawbacks for practical
applications. By contrast, an upconversion laser was first demonstrated by L.F. Johnson et al.,
with Er*-Yb*" and Ho*-Yb*" codoped BaY,Fs crystals [6]. Since then, upconversion fiber
lasers have been reported with various rare earth ions, such as Pr**[7], Nd* [8], Ho>' [9], Er’"
[10] and Tm®* [11] in the UV—-visible wavelength.

Additionally, directly pumped visible fiber lasers, which excited from the ground state to

the emission state, have also been demonstrated, for example, Pr’":ZBLAN fiber laser pumped



by an Ar ion laser [12] or an optically pumped semiconductor laser [13]. Although these
pumping sources are voluminous for practical applications, high power GaN blue lasers have
been commercially available as next generation pump sources [14]. The wavelengths of visible
ZBLAN fiber lasers pumped with various pumping sources were summarized in Fig.1 [5, 15].
The applications of fluoride glass fiber lasers are not restricted to the UV—visible region only.
Fluoride glasses have a weaker bonding strength compared to silica glasses, because the
fluorine ion is singly charged, which means the transmission range of fluoride glasses in the
infrared region is wider than that of silica glasses. Many infrared ZBLAN fiber laser, based on
Nd* [16], Tm’" [17], Ho>" [18], Er’" [19], and Dy’ " [20] have also been reported.

Fluoride glass fiber lasers are remarkable laser media with a wide range, from the UV to
infrared region. However, they have some significant drawbacks in terms of mass production.
One drawback is that the procedure to make fluoride glass and draw fibers is complicated.
Fluoride fibers are known to occasionally have scattering due to various defects in the fiber
[21]. Therefore, it is essential to discuss the defects in the fiber before investigating properties
of the fiber laser. I first prepared the fluoride fiber from raw materials; the defects in the fiber
are discussed in the thesis.

Then, I focused on the tunability of Pr’" doped fluoride fiber. Although the emission
spectrum of Pr’" ions spreads continuously from the visible to near-infrared (NIR) wavelength
[22], the oscillation band of Pr’:ZBLAN fiber laser were separated. I investigated this and
expanded the range of turnability, which is described in the second chapter.

As mentioned above, there is no doubt that rare earth ion doped fluoride fibers are an
excellent gain medium for UV—visible-NIR applications, however, ZBLAN fibers have low
water durability compared with silicate fiber [23]. Nevertheless, most resonators on ZBLAN

fiber lasers have dichroic mirrors attached to the end of the fiber, and a lens focuses the pump



light into the fiber core. Thus, the ends of the fluoride fiber are exposed to air. This may be a
critical problem for practical use, and it is why fluoride fiber laser have not been commercially
used. One method to prevent damage at the ends of fluoride fiber is to splice the fiber to a more
stable silica fiber. Fiber pigtailed semiconductor lasers are also available, for example, a pump
laser at 980 nm for an optical amplifier. Therefore, a pump laser can be directly spliced to fiber
without air gap, which makes it easy to achieve an all fiber laser. In this case, using a fiber
Bragg grating (FBG) is the simplest way to construct laser cavities, however, Ge-doped fiber
used for a FBG was photo sensitive to short wavelength light [24]. Therefore I propose a new
laser cavity structure consisting of a dielectric mirror at the splicing point, and demonstrated
the laser operation in the green wavelength region.

Solid state forms of illuminations such as light emitting diodes (LEDs) have been attracting
interest recently for their potential use as efficient light sources. Generally, white LEDs have
conventionally been fabricated with yellow phosphor (YAG:Ce*") and blue GaN chips [25] .
However, several problems with the light quality from these types of white LEDs have been
reported, including poor color rendering, color shifts caused by changes in current, and an
uncomfortable glare.

In the last chapter of this thesis, I investigate the applicability of rare earth fluoride glass for
white LEDs. The laser operations mentioned above are based on 4f-4f transitions of rare-earth
ions. The excitation and emission bands are narrow because the 4f orbital was shelled by outer
orbitals. On the contrary, divalent ions such as Eu?" [26] and Yb*" [27] can stably exist in
fluoride glasses, and they indicate broad band emission based on 5d-4f transitions. In particular,
Yb*" doped fluoride glass shows white emission under deep UV excitation [27]. While this
glass phosphor has high quantum efficiency (QE), the excitation wavelength (deep-UV) is

much shorter than visible wavelengths; thus, thermal losses corresponding to Stokes shifts are



unavoidable in visible applications. Consequently, in the final chapter I report the potential use

of Yb*":fluoride glasses excited with near-UV light for visible applications.
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Fig.1. Wavelength of UV-infrared laser transitions in ZBLAN.



Summary of each chapter

Chapter 1: Fluoride glass fiber for visible laser was prepared. The process involved steps
from melting raw materials to drawing the fluoride fiber. Preform was prepared by extrusion
molding of core/cladding composite glass made by casting. A drawn fiber included some
defects in its core, so we investigated the origin of the defects to suppress the loss of the fiber

to be used for the fiber laser.

Chapter 2: A CW tunable PDF laser operation over a 300-nm range (479—497, 515-548,
597-737, and 849-960 nm) pumped by a single GaN LD from a single 9-cm PDF was
prepared. The total tunable range is 6469 cm ', which was wider than that of conventional
Ti:sapphire lasers. The revealed ultra-wide tunability of PDF lasers is useful for laser TVs,
biomedical applications, and other uses. Lasers in the cyan—green region are significant for

expanding the color reproduction range of laser TVs and laser projections.

Chapter 3: The new laser cavity structure for low melting fiber is proposed and a
demonstration of it is described. I developed an all-fiber laser resonator by fusion splicing
both sides of a PDF to end-coated silica fibers. The maximum output power and the slope
efficiency of the 521-nm fiber laser were 322 mW and 53%, respectively. The slope efficiency
is the highest value obtained for a green fiber laser. The characteristics of the dielectric mirror
did not change after splicing; therefore, this technique of splicing two materials with different

Ts values is practical for all-fiber lasers.



Chapter 4: We successfully prepared white luminescent Yb*":AlFs-based fluoride glasses that
were efficiently excited with near-UV light. Fluoride glasses containing Hf or Zr that melted
under an H,/Ar atmosphere exhibited bluish white luminescence, but the co-existence of Yb*
and Hf"/Zr’" resulted in the suppression of white luminescence. In contrast, the white
luminescence of Yb*" was notably intensified by incorporating chloride by replacing BaF,
with BaCl, and SrCl,. Although the highest reduction ratio (A= Yb*"/(Yb*" + Yb’")) was only
45% for the chloride-containing glass, 7;, was 42% and 7ex was 34%. Further improvements
in the QE are required for practical visible applications; such enhancements can be achieved

by analyzing the mechanism responsible for chloride incorporation.
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Chapter 1

Preparation of fluoride glass and fluoride glass fiber

1.1 introduction

Fluoride glass fiber has been developed many years to achieve the low loss fibers for

long-hole telecommunications at infrared band, because their minimum theoretical loss is about
0.001 dB/km [1]. Fluoride glass is well known as low phonon energy glass, therefore the
glasses shows low non-radiative decay and high radiative emission rates of rare earth ion
energy level [2]. Rare earth doped fluoride fiber lasers are reported from UV to infrared region
[3-6], therefore fluoride fiber is promising material for UV—infrared applications.
However, obtaining high quality long fluoride fiber is more difficult than obtaining silicate
fiber. In practice, the loss of fluoride fiber is usually more than 1-10 dB/km, because of
scattering from defects which include bubbles, submicrometer platiunm particles,
oxyfluorides, and fluoride microcrystals [7].

Until now, many type of fluoride glass compositions have been investigated, especially
fluorozirconate glasses commonly called ZBLAN which is the most stable among all heavy
metals fluoride compositions [8, 9]. Recently fluoroalminate glass has been also demonstrated
[10], however, the thermophysical properties of the glass are higher than those of
flurozirconate glass [11] and they may decrease the stability of fiber drawing. Therefore, the
ZBLAN glass was chosen as a host glass for visible fiber laser.

In this chapter, I prepared fluoride fiber from melting raw material to draw fiber and

evaluated the defects in the fiber.



1.2 Preparation of preform

There are various methods of forming fluoride glass fiber preforms, such as rod-in-tube
method [12], cladding-over-casting [13], build-in casting [13,14], and rotational casting [15],
and suction casting [16]. In the case of these methods, some of drawbacks were mentioned
[17]: for example, bubbles and striae tend to be incorporated into the glass, generation of
irregular interface between the core and the cladding. In order to suppress these defects, we
casted core melt on a flat horizontal upper surface of cladding melt as mentioned in Section
1.2.4. We first melted the two mixtures for core and cladding glasses. The procedure is

discussed in the following section.

1.2.1 Melting fluoride glasses and preparation of core/cladding composite

glass

The composition of core and cladding were determined in advance to match
thermo-physical properties of each glass as listed in Table 1. The glass transition temperature
(T) and the crystallization temperature (7x) were measured with Rigaku DSC8270 differential
scanning calorimeter. The cladding refractive index was controlled by the amount of HfF,4
which decreases refractive index [18]. All fluoride raw materials were high purity grade (Fe, Ni,
Co, Cu < 50 ppb, O < 100 ppm) and obtained from Central Glass Co., Ltd. The weights of
batches were 50g for core and 120g for cladding, which were determined by considering the
heat flow during the casting process. After mixing the raw materials, NH,FHF (1% by weight)
was added to fluoride mixture to eliminate the residual oxide impurities. The batches were set

into the glassy carbon crucibles (external diameter 40 mm, internal diameter 35mm, height 50

10



mm). The entire procedure, from mixing the raw materials to cooling the melt, was carried out

in an N»-filled glove box directly equipped with an atmosphere controllable furnace.

Table 1 Core and cladding glass composition for preparing preform

ZI‘F4 HfF4 Ban LaF3 A1F3 YF3 NaF RCF3 T, g T, X
Core 53 22 2.5-x 3.5 2 17 X 274 349
Cladding 10 40 19 3 4 2 22 274 389

Compositions and temperatures (x=0) are in mole percentages and degrees Celsius.

1.2.2 Melting atmosphere for fluoride glasses

Fluoride glasses are commonly melted under reactive atmosphere (RAP: Reactive
atmosphere process), such as CCl4[19], SF[20], CS,[21], NF; [22], for several purpose. In this
thesis, I used Cl, gas as a reactive atmosphere for convenience. The dry inert atmosphere,
which is necessary to ensure melts free of OH , is frequently able to reduce the melt. In case of
the fluorozirconate melts, a reduced form Zr>" occurs black deposites in glasses [23], however,
oxidizing atmosphere enable obtain transparent glass.

Another purpose of using RAP is to reduce both OH  and O* contamination [24]. Cl, can

be used according to

2~ - -
O(,, +Cly,, —2CI,,, +1/20,,, (1-1)
20H,, +Cl,,, —2Cl,, +H,0,,, +1/20,, (1-2)

The reactive gas has a strong oxidizability and also helps to suppress reduced zirconium

species.
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1.2.3 Heating mixtures and casting melts

The heating profile of fluoride mixtures was shown in Fig.2. At first, the mixtures were set
into the glassy carbon crucibles and heated to 350 °C and kept for 1 h to eliminate oxide
impurities. In the case of zirconium, the chemical reactions using ammonium bifluoride occurrs

to eliminate oxide impurities as follows [25]:

27r0, + TNH ,FHF — 2(NH,), ZrF, + 4H,0 + NH, (1-3)
(NH, ), ZrF, —" 5(NH,), ZrF,—" 5 NH , ZrF, —"  7rF, (1-4)

The other oxide impurities in the other raw material were eliminated same way.

After that, Cl, gas was additionally started flowing into the furnace and the partial pressure
of Cl, was 0.5%. The furnace was heated up to 875°C with 30 min and kept for 60 min.

Next, the crucible of cladding melt was taken out from furnace at 650 °C temporarily, then
a holey glassy carbon disk, which have 5 mm diameter of center hole, was set on the surface of
cladding melt. After that, the crucible was promptly returned into the furnace and then heated
up to 875 °C for 60 min again. After that, two melts were kept at 650°C for 1h to homogenize

their temperature.

12
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Fig.2. Heating profile for core and cladding glass
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1.2.4 Casting core melt on cladding melt

On the final phase of melting, the core melt was cast on the cladding melt using the
following procedure. In order to control the cooling speed of the melts, the cladding melt was
taken out from the furnace and was put on a glassy carbon pedestal which had been heated to
275°C (Fig.3(a)). As the melt cooled down, the volume of the cladding melt decreased and the
surface of the cladding melt stated sinking (Fig.3(b)). 5 min after, the core melt was also taken
out from the furnace and was cast on the glassy carbon disk (Fig.3.(c)). The core started

intruding into the cladding melt until the shrinkage of the cladding melt stopped.

14
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Fig.3. Casting core glass melt on the cladding glass with glassy carbon disk which have 5.0

mm diameter center hole.
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1.2.5 Extrusion molding for fiber preform

Fig.4 shows the core-cladding composite bulk glass (35 mm diameter) prepared in the
previous section. The top surface of the composite glass was polished to a certain radius (Dpyik)
of core glass as shown in Fig.4(a). The Dy, would correspond to a diameter of the fiber core.
The bottom surface of the glass was also polished to obtain 20 mm thickness of composite
glass.

The concept of preparation methods for fiber preform using extrusion molding were
proposed by Kawamoto et al. and Miura et al. [25, 26]. Fig.5 shows the schematic diagram of
the extrusion molding used in this experiment. The extrusion molder was directly equipped to
Ny filled glove box and all the procedure of extrusion molding was made under an inert gas.
The whole inner parts of extruder, which contact to fluoride glass directly, were made by SUS
304 stainless steel. The polished core-cladding composite glass was set in the die which has 6
mm diameter of hole in the bottom. The glass was then heated by furnace up to 330°C, which is
higher than softening temperature of ZBLAN glass. Here, the temperature of the glass was
measured at the bottom surface by contacting a thermocouple directly until an extrusion was
started. Once the glass reached the temperature, the glass was pushed by the punch with the
pressure of 4.5 MPa. Few hours later, the approximately 6 mm diameter of preform was
obtained as shown in Fig.6.

The obtained preform had core and cladding structure, however, the diameter of the core in
the preform was not constant. Fig.7 shows the distribution of diameters of core and cladding of
the preform measured using Mitsutoyo QV404 3D CNC Vision Measuring System. During the
measurement, the preform was immersed into the matching oil (ng=1.47) which has a little
higher refractive index than the cladding glass. It enabled to detect both boundaries optically
between core/cladding and cladding/matching-oil. The preform would be drawn to fiber in the

16



following section while keeping fiber diameter 125 pum. The core diameter of the fiber,
calculated using the raito of core/cladding diameter of preform, is also shown in Fig.7. The
relationship between Dy, of composite glass and a diameter of fiber core is shown in Fig.8.
These two parameters were well-correlated with each other, therefore, the core diameter of
fiber can be controlled by Dyyk. In this thesis, the desired core of 3.5~4.0 pm was attained when
the composite glass was polishes to 4.5~5.0 mm of Dyyx.

Finally, we measured refractive indices of core and cladding glass with Karunyu KPR-200

refractometer as shown in Fig.9. The measured points were fitted by Sellmeier equation,

(1-5)

Where n is the refractive index, A is the wavelength in vacuum, and B, and C, are

experimentally determined Sellmeier coefficients.

The numerical aperture (NA) of a fiber is determined by core and cladding indices as:
NA=(n?-n2)" (1-6)
Where n, and n, are refractive indices core and cladding, respectively. The result shows

that, on the whole visible to near infrared wavelength (400-750 nm), NA of prepared fiber

was approximately 0.22 .
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Fig. 4. Core-cladding composite glass obtained by casting. (a) Top surface was polished to
obtain desired core glass radius Dyy. (b) Photograph of polished glass and (c) Top surface of

polished glass exited at 254 nm UV light. Core glass was doped with 3000 ppm of Er*".
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Fig. 5. Extrusion molding of fluoride fiber preform.

Fig. 6. Obtained fiber preform by extrusion method.
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1.3 Drawing fluoride fiber

It is well known that the strength of a fluoride fiber greatly depends on the condition of the
surface of preform [27]. Before fiber drawing, the preform was etched by mixed solution of

1wt% ZrCl,O+8H,0 in 1N HCIl for 10 min. The etching rate of cladding glass was 1.2 pm/min.

After the etching, the preform was shortly rinsed in HCI and then H,O. After that, the H,O was
wiped out completely with wiping cloth (Kim towel white, Nippon Paper CRECIA Co., Ltd.),
then evaporated residual H,O on the surface of the preform at 320°C in vacuum.

After that, ZBLAN fiber was drawn by the fiber drawing tower described in Fig.10. The
prefrom was fixed to stainless steel rod, which was gripped by the feeder. A 25g weight was
attached at the bottom edge of the preform, then the middle part of preform was heated to 330°C
by furnace which had 4 cm of soaking area. Once the furnace reached the desired temperature,
the preform was partially softened and drew, then the bottom part of preform dropped. After
that, the thread in between separated preform was pulled by a capstan roller which was
controlled to maintain fiber diameter to 125um. While drawing fiber, the preform feeder was
used to lower the preform into the furnace at 2.2 mm/min.

The drawn fiber was coated by UV curable resin, Desolite KZ8758 (JSR, Japan) and cured
by UV-lamp which have 254 mm length and 80 W/cm of output power. The obtained diameter
of UV-coated fiber was 250 um.

Note that the entire process from heating preform to curing the UV curable resin were

processed under N, atmosphere to prevent the reaction of the surface of preform.
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1.4 Evaluation of prepared fluoride fiber

In the first phase of evaluations, UV-coating of the edge of fiber was swollen by acetone for
few minutes then stripped off. After that, the bared fiber was cleaved using YORK FK-11 fiber
cleaver. A core and a cladding diameter of fiber were measured using EXFO NR-9200 optical
fiber analyzer. The distribution of measured core diameter was consistent with the calculated
value shown in Fig.7.

The transmission loss of the fiber was measured with a halogen lamp and an ADVANTEST
Q8383 optical spectrum analyzer (OSA) as shown in Fig.11. The inset shows experimental
setups of the cut-back method. As a result, the transmission loss of the 5-m-length of fiber at
635 nm was 0.35 dB/m.

In order to observe and investigate the defects in fiber core, 635-nm semiconductor laser
was coupled into the core of the fiber, then some bright spots were visualized as shown in
Fig.12(a). The cross sections of defects were exposed by cleaving and etching then observed
using Hitachi S3000N scanning electron microscope (SEM) and optical microscope. These
defects were: Pt particle, bubbles and crystallization in the core. The first type of the defect was
sub-micrometer particle as shown in Fig.12(b), and was identified Platinum (Pt) by analyzing
using EDAX DX-4 Energy Dispersive X-ray Spectroscopy as shown in the inset. Pt particle
might be from ZrFs raw material. Due to the fact that the vapor pressure of ZrF, is
approximately 100 times higher greater than that of transition metal fluorides, the sublimation
will give a good separation. The sublimation was made using Pt boat [28]. Therefore, this Pt is
considered to be the origin of the Pt contamination. Fig.12 (c) shows the cross section of the
second type of defect: the bubbles distorted core shape. The bubbles observed were not located
on the boundary between core and cladding, therefore these bubbles were not entrapped during
the core melt casted on the cladding melt. They are entrapped during convection of the
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composite glass during the extrusion molding. Fig.12 (d) shows the third type of the defect: the
core region was spread by the rhombus shape structure: the anisotropy material might be
crystalline composed by core composition.

Finally, the strength of the fiber was evaluated. The short term minimum bending radius
was less than 15 mm. The tensile strength of the fiber was measured 5 times using Shimadzu
AG-IS(50N) Autograph. The result showed values in the range of 453-496 MPa. The prepared
fiber has higher tensile strength than that of previously reported [27], and had enough strength

for handling and practical applications.

1.5 Conclusion

I successfully prepared ZBLAN fiber which has 0.22 of NA, and approximately 4-um core
diameter. The tensile strength and minimum bending radius are enough for practical use. The
transmission loss of the fiber at 635 nm is 0.4 dB, however, further suppression of the loss can
be achieved by eliminating defects in the fiber. I also ascertained that the source of the defects
in the fiber are Pt particles, bubbles, and crystalline in the core. These defects can be
suppressed by: improving the raw-material and the casting process, and adjusting the glass

compositions.
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Fig. 12. Defects in fluoride fiber. (a) side view of blight spot while 635 nm laser was coupled
into the fiber core. (b) Back scattered electron image of cross section of defect en by cleaving
and etching. The composition of white spot was identified Pt. (c) distortion of core shape
caused by bubble. (d) Optical microscope image of bright spot exposed by cleaving. The inset

figure shows SEM image of the core.
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Chapter 2

Visible-NIR broadband tunable Pr’" doped fiber laser pumped by a GaN

LD

2.1 Introduction

Visible and near-infrared (NIR) light sources can be widely used for many applications,
such as laser TVs, laser projectors, optical diagnostic systems, and bio-medical laser
microscopes. An ideal light source for these applications is a compact wide-band tunable laser
that covers the visible to NIR regions. Optical parametric oscillators and super-continuum
lasers, for example, can cover the wavelength range; however, these systems are large,
complicated, and expensive.

As it shows many emission bands in these wavelength ranges [1], we have focused on
Pr’*-doped ZBLAN fiber (PDF) as a candidate for a wide-band tunable laser medium. A visible
ASE light source was also demonstrated [2] and it shows blight visible emission as shown in
Fig.1. The fluorescence spectrum, ground state absorption (GSA) spectrum, and excited state
absorption (ESA) spectrum from 'G4 of Pr’*-doped ZBLAN glass are shown in Fig.2 [2,3].
Although fewer absorption bands occur around the 500-550 and 600—750 nm regions, seamless
tunable laser operation has not been obtained over these bands [4—6]. We assume that the
primary reason for the restricted tunable range was an excess cavity loss due to high
background loss caused by redundant long fluoride fibers, for example, 0.70 dB/m at 450 nm
and 0.35 dB/m at 635 nm.

In addition, GaN blue laser diodes (LDs) have recently been considered as a
next-generation pumping source for Pr’-doped solidstate lasers [7—11]. Because of the high
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absorption cross section of Pr’* ions around 442 nm, PDF can perfectly absorb a blue pump
laser even at less than 10 cm. Thus, we can use a short fiber for the laser to suppress background
loss.

In this study, we set up a low-loss tunable laser cavity to achieve continuous wave (CW)
wide-band tunable laser operation and clarify the maximum tunable range of a

GaN-LD-pumped PDF laser from the visible to the NIR.

Fig. 1. Amplified spontaneous emission from Pr’" doped fiber dispersed by prism.
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2.2 Experimental setup

We prepared a PDF with Pr’” concentration of 3000 wt-ppm having a core diameter of
3.8-3.9 um, cladding diameter of 125 um, and numerical aperture of 0.22. The
molar-percentage composition of the core glass is: ZrF4(53.00)-BaF,(22.00)-LaF3(2.19)-
YF;5(2.00)-AlF;3(3.50)-NaF(17.00)-PrF;(0.31), abbreviated to Pr:ZBLAN. We used a
transverse multimode 448-nm GaN LD (Nichia NDB7112E) as a pump source. The absorption
coefficient of the PDF was 0.20 cm™ at 448 nm.

Fig.3 shows the experimental setup of the tunable fiber laser system. The pump coupling
optics was constructed of two aspherical lenses and a cylindrical lens pair. We prepared three
dichroic mirrors at the pump side for blue—green, orange—“deep-red,” and NIR laser operation:
448 nm AR/470-570 nm HR, 448 nm AR/520-735 nm HR, and 448 nm AR/740—-1000 nm HR,
respectively. The opposite end of the fiber was cleaved at 10° to suppress Fresnel reflection less
than —50 dB. We also prepared two aspherical lenses (NA = 0.53) with different AR coatings
(400—600 nm, 600—1000 nm) between the angle-cleaved fiber end and the prism. The emission
from the PDF was dispersed by a prism with a MgF,-AR coating. The laser oscillation
wavelength was selected by rotating a broadband HR mirror. The round-trip prism reflection
loss, which was averaged by two polarizations, was 0.8 dB from 448 to 974 nm. Therefore the
corresponding output coupling ratio was 17%. The laser wavelength was measured using an
ANDO AQ6315A optical spectrum analyzer (OSA) by monitoring one of the surface reflection

of the prism.
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Fig. 3. Experimental setup of tunable fiber laser.
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2.3 Results and discussion

First, we estimated the pump-coupling efficiency of an undoped ZBLAN fiber having the
same fiber parameters as the PDF. The measured maximum coupled pump power into the
un-doped fiber core was 252 mW, while the incident pump power to the fiber was 460 mW.
The surface flatness and the angle of the cleaved fiber ends were confirmed for each cleaving to
achieve a low-loss cavity, since the pump coupling efficiency and cavity loss depended heavily
on the condition of the fiber ends. In addition, the quality of the surface and AR coating of the
aspherical lens used in the laser cavity also greatly affected the width of the laser tunable range.
We used an aspherical lens of 40-scratch/20-dig grade (MIL-O-13830A specification) in the
laser cavity.

When we pumped the PDF at maximum pump power, tunable laser oscillation over a
300-nm range was achieved from the 9-cm PDF. Fig.4 shows the seamless tunability of the
PDF laser (drawn with a 5-nm interval) within the emission band of Pr’*-doped ZBLAN fiber.
The tunable ranges and the corresponding transitions are shown in Fig.5 and Table 1. The total
tunable range of the PDF laser was wider than that of conventional Ti:sapphire lasers
(650—1100 nm) in the wavenumber. This is the first report of seamless tunable laser operation
for transitions from multiple upper levels (3 Py.1) to multiple lower levels (3 Hasg, 3F2,3,4, 1G4) of
a PDF laser. For the sake of simplicity, *P; has been substituted for ("P;+'I¢) in this letter [4].

The regions around 477, 588, and 1016 nm, in which laser oscillation were not observed,
correspond to GSA: *H, > Py, *Hs > 'D,, and *Hs > 'Gy, respectively (Fig.2). The region
around 830 nm corresponds to ESA, 'G4 > * Po.12 (Fig.2). Therefore, laser operation over these
absorption bands is considered to be impossible. We could not obtain tunable laser operation
from 497 nm to 515 nm, although neither GSA nor ESA exists there. We suppose that the gain
was smaller than the cavity loss over the wavelength range. These tunable wavelength ranges
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will be widened if we achieve lower cavity loss, for example, if the cavity mirror on the pump
side is directly coated on the fiber end or the aspherical lens is replaced with one of higher

surface quality.
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Table 1. Tunable wavelength range and lasing transitions of Pr’* fiber laser

A (nm) Transitions AA(nm)  Av(cm )
479-497 Pro > *Hy 18 756
515-548 P1o > *Hs 33 1169
PDF laser 597-737 Py > °He,°Faz4 140 3182
849-960 Pio> 'Gy 111 1362
Total 302 6469
Ti:Sapphire laser 650-1100 450 6294
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Although it seemed that the transitions from 'D, might contribute to widening the tunable
range in the NIR region Py 2> 'D, > 3H5,6, ’F,), we disproved that possibility as follows.
Fig.6 shows the fluorescence spectrum of Pr:ZBLAN under excitation at 580 nm ("Hy > 'D,),
measured by fluorescence spectrometer FP-6500 (JASCO) and PMA-11 (Hamamatsu). The
largest emission was observed at 595 nm, but other emission corresponding to the transitions
from 'D, (686, 795, 848 nm) were small enough to be negligible.

The maximum output powers and slope efficiencies are summarized in Fig.7 and Table 2.
The horizontal axis in Fig.7 indicates the absorbed pump power estimated from the coupled
pump power and residual pump power. Slope efficiencies of more than 29% were obtained
except at 907 nm.

The threshold pump powers for 488 nm and 521 nm were larger than that of other
wavelengths. In the case of 488 nm, GSA (*H4 > °Py) makes the threshold large. In the case of
521 nm, the population of °P; was reduced to below that of level *Py (A600 cm ') by
multi-phonon relaxation. Therefore, it is difficult to create a population inversion between P,

and 3H5.

42



L) L) v L) L)
' 595 nm
1000 F Ex T ('D, > 3H,) Ex 580 nm T
S Y 1| R — (x10) '
- 800 .
S
s I ]
> 600 | 795 nm <
Z) g (1D2 9 3H6)
f‘é 400 | 686 nm 848 nm 4
= | ('D, > 3H,) ('D, > 3F,)
200 | l l -
0 . ."'l"“\..‘ "‘” ....... O-~\~‘.. . .
500 600 700 800 900

Wavelength (nm)

Fig. 6. Fluorescence spectrum of Pr’:ZBLAN under excitation at 580 nm.
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Table 2. Output powers and slope efficiencies of Pr'* fiber laser.

A Maximum output . fgi(i)sgc Threshold
(nm) power (mW) o y (mW)
(o)
488 42 29 62
521 43 31 60
635 59 35 26
716 49 30 21
907 20 9 17
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2.4 Application for laser displays

Expanding a color gamut of displays is an important issue to achieve a natural vision. In
recent years, laser-based displays have been dramatically developed because of the progress
of visible solid state lasers [12, 13]. Primary colors of laser TV are generally used: InGaN
lasers for blue, frequency-doubled Nd:YAG lasers or InGaN laser diodes for green, and
AlGalnP laser for red. On the other hand, multi-primary color displays based on LCD, which
contains additional primary colors to the standard three RGB colors, have been also proposed
[14].

As mentioned in this chapter, the PDF laser can emit multi-color light on the visible range
with one laser medium. The tunable ranges of the PDF laser are located the apex of a color
gamut (Fig.8) then the total reproducible range covers most part of the visible range. If tunable
lasers are used as primary colors for display, the color gamut can be controlled dynamically.
Additionally, the compact wavelength tuning method for PDF laser, which is achieved by
mirrors located in the fiber end with variable air gaps, has been successfully demonstrated [15].
The technology combining PDF laser and compact tunable cavity enables the color gamut of

displays to be expanded.

2.5. Conclusion

I demonstrated CW tunable PDF laser operation over a 300-nm range (479—497, 515-548,
597-737, and 849-960 nm) pumped by a single GaN LD from a single 9-cm PDF. The total
tunable range is 6469 cm ', which was wider than that of conventional Ti:sapphire lasers. The
revealed ultra-wide tunability of PDF lasers is useful for laser TVs, biomedical applications,

and other uses. Lasers in the cyan—green region are significant for expanding the color
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reproduction range of laser TVs and laser projections. The wide tunablitiy of PDF lasers also

has potential for short pulse generation at visible wavelengths.

Pr3* green laser

Y color cordination

Pr3+
blue-laser

440-nm
GaN-LD

X color cordination

Fig. 8. Color gamut reproduced by Pr’": ZBLAN lasers. The wider color range can be
reproduced by only one gain medium, compared with conventional liquid crystal display

(LCD).
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Chapter 3

Efficient visible all-fiber laser: Splicing fluoride glass fiber to end coated

silica fiber

3.1 Introduction

Fluoride glass fiber is widely known as a material that is transparent from the ultraviolet
(UV) to the mid-infrared region. Several rare-earth ion-doped fluoride fiber lasers operating in
that wavelength region have been reported [1-7]. Recent research has focused on visible
fluoride fiber lasers pumped by a gallium nitride laser diode (GaN-LD) [8—11] because of the
increased output power of GaN-LDs.

Most fluoride fiber laser resonators reported had a dichroic mirror attached to the end of the
fiber, and a lens focused the pump light into the fiber core; thus, the ends of the fluoride fiber
were exposed to the air. Strength degradation in ZrFs-based fluoride fiber during a damp heat
test has been reported [ 12]; therefore, this air gap at the end of the fluoride fiber might reduce its
long-term reliability. A gapless all-fiber laser using fluoride fiber would significantly improve
the reliability. Researchers have used techniques for splicing fluoride fiber to silica fiber
[13—19], predominantly for optical amplifiers. An all-fiber laser will be achieved if these
techniques are used to splice fluoride fiber to a fiber Bragg grating (FBG) or a
wavelength-division multiplexing (WDM) coupler.

Previous studies used either an FBG or a WDM coupler to set up an all-fiber laser from the
visible to the near-infrared region. For the FBG, they used a Ge-doped fiber to write a Bragg
grating in its core. Researchers recently suggested that UV-visible light could generate a

Ge-related defect [20—22]. Although laser operation using an FBG was reported around 605 nm
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[23], pumping and laser operation at shorter wavelengths would be problematic, if a Ge-doped
silica fiber device is used in an all-fiber laser.

In this chapter, We proposed and demonstrated the quasi-fusion splicing between silica
fiber and fluoride fiber, which have different softening temperature (75) in first phase of
experiment. After that, we constructed an all-fiber laser by using the spliced structure of Pr’”
doped ZBLAN fiber and end coated silica fiber, considering the difference between the
softening temperatures of the ZBLAN and silica fibers. The concept of laser cavity proposed
here is shown in Fig.1 Then we demonstrated an all-fiber laser operated at 521 nm, which
corresponds to the peak wavelength of the Pr’* fluorescence spectrum in the green region and is

desirable for laser projectors and laser TVs.
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Fig. 1. Concept of all-fiber laser resonator.
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3.2 Quasi-fusion splicing fluoride glass fiber and silica fiber

At first, we prepared two fibers, ZBLAN fiber and silica fiber, which had the same cladding
diameter 125 pm, in order to optimize the splicing condition. The UV coating of fluoride fiber
was removed by immersing it into acetone and was tone off. After that, the fluoride fiber was
cleaved by using YORK FK-11 fiber cleaver. The silica fiber to be spliced was also cleaved by
Fujikura CT-20 fiber cleaver. Both cleaved fiber ends were cleaned with ultrasonic cleaner
containing isopropyl alcohol to remove fragments of fiber.

In order to splice these two fibers, we used Fujikura FSM-40F programmable arc fusion
splicer operated at 1.37 version firmware. The motion of motors of FSM-40F was controlled
by externally connected computer.

Due to the fact that fluoride glass fiber has much lower softening temperature (7,<500°C)
compared with silica glass (75 >1400°C), the splicing condition for conventional silica fibers
could not be applied. In order to splice fluoride fiber to silicate fiber directly, the arc power of
FSM-40F was set to a minimum value of -42 bit. Furthermore, only silica fiber was heated by
arc discharge to suppress the excess thermal effect to the fluoride fiber.

The detailed procedure of the splicing is shown in Fig.2. First, silica fiber and fluoride fiber
were positioned opposite to each other, and the gap of the two fibers was set to 20 um (Fig. 2
(a)). After that, the two fibers were moved 830 pum to Z-direction to recede fluoride fiber from
the electrodes (Fig.2(b)). Then two fibers were XY-aligned by using 980 nm laser and ILX
lightwave FPM8210H power meter to minimize the transmission loss (Fig.2(c)). Finally, the
silica fiber was heated by pulse arc discharge for 500 ms (duty 33%) and was pushed toward the
fluoride fiber 30um (gap + 10 um) (Fig.2(d)). Just after that, the pulse arc discharge was also

applied for 2000 ms (duty 12.5%) to distress the splicing point (Fig.2(e)).
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The off-set length Z during the splicing had a great influence for both deformation of
fluoride fiber and insertion loss of splice point. Fig.3 shows images of splicing point arced at
different Z values. The splicing point was closer to electrodes, the fluoride fiber was overheated
and was deformed excessively. On the contrary, the fluoride fiber was not deformed when
splice point was moved away from the electrodes: then the deformation of fluoride fiber can be
controlled by the offset length Z.

The detail of the structure of splicing point was observed with SEM as shown in Fig.4. Only
the ZBLAN fiber bulged during splicing, because the T of the silica glass is relatively higher
than that of the fluoride glass (Fig.4(a)). The cross section of the splice point after tensile test
revealed that fluoride fiber was deformed but was not sunk by silica fiber (Figs.4(b),(c)).
Nevertheless the splice point was broken after a tensile test, the fragments of fluoride fiber were
strictly adhered on the surface of silica fiber (Fig.4(d)). The analysis of the mechanism of
adhesion between silica glass and fluoride glass is a future issue.

Finally, splice points were fixed into the SUS304 tube (Dj, 0.45 X Dy 0.50 x L10 mm) with
epoxy resin (ThreeBond 2212B) which have small thermal expansion coefficient (4.5x107

/°C).
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Fig. 2. Procedure of quasi-fusion splicing between silicate fiber and fluoride fiber
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(a) Z = 700 pm (b) Z = 830 um (c) Z = 960 pm

Fig. 3. Optical images of splicing points at various offset length Z. As splicing point got close
to electrode (Z = 0), the end of fluoride fiber tended to be distorted. The better tensile strength

was obtained (b), while splice point (a) and (c) were too fragile to handle.
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Silica

Fig. 4. SEM images of splicing point between silica and ZBLAN fiber. (a) side view of
splicing point, (b) cross section of silica fiber after tensile test, (c) corresponding cross section

of fluoride fiber, (d) enlarged image of (b). Fluoride glass is strictly adhered on the silica fiber.
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3.3 Experimental setup

First, we prepared a PDF having a core diameter of 3.6 um, cladding diameter of 125 pum,
and numerical aperture of 0.22. The molar percentage composition of the core glass was
ZrF4(53.00)-BaF,(22.00)-LaF3(2.19)-YF5(2.00)-AlF3(3.50)-NaF(17.00)-PrF3(0.31). The
measured absorption coefficient of the PDF at 448 nm was 0.20 cm™. The glass transition
temperature (7,) and the crystallization temperature (7%) of the ZBLAN glass were 273 °C and
358 °C, respectively. The T of ZBLAN glass was approximately 320 °C [24].

Next, in order to make silica fibers with dielectric coating, we also prepared silica fiber
having a core diameter of 3.5 um, cladding diameter of 125 um, and numerical aperture of 0.20.
We cleaved the ends of the silica fibers at less than 0.4°, as close as possible to 0°. Then, we
used the ion-assisted deposition process to coat the dielectric mirror on the cleaved surface of
the silica fiber. The dielectric mirrors coated were designed to suppress all the laser oscillations
from 470 to 730 nm except those in the 521-nm band, because the Pr’"-doped ZBLAN glass has
several emission bands at visible wavelengths. The pump-side coating transmitted 440—450-nm
pump light and reflected over 99.5% of the 521-nm light. The reflectance of the output-side
mirror was experimentally optimized to 85% for the 521-nm light. The thicknesses of the
pump-side and output-side dielectric mirrors were 2.5 and 1.5 pm, respectively. Although these
fibers serve as multimode fibers at visible wavelengths, we chose these fiber parameters to
maximize the coupling pump power from our pump laser emitted by multimode GaN-LDs
(Nichia NDB7112).

In order to splice the fluoride fiber to the end coated silica fiber, we heated the silica fiber to
a temperature above the 75 of the ZBLAN glass, and then immediately pressed it against the

ZBLAN fiber as mentioned in Section 3.2. The offset splicing (Z = 830 um) for fluoride fiber
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was also useful for end coated silica fiber to avoid the damage to the coating caused by arc
discharge.

We spliced the pump-side coated fiber to a 13-cm-long PDF and the output-side coated
fiber to the opposite side of the PDF as shown in Fig. 1. In this study, we refer to this piece of
PDF, whose ends are spliced to coated fibers, as the PDF module. Fig. 5 shows the transmission
spectra of the coated fibers before splicing and the PDF module. We used a halogen lamp with
an ANDO AQG6315A optical spectrum analyzer (OSA) to measure the transmission spectra.
The transmission loss of the PDF module was 1.0 dB at 635 nm, and its loss around 590 nm

corresponded to the ground state absorption of Pr’” ions CH4>'D5).
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3.4 Result

Two GaN-LDs (442 and 448 nm) were used to pump the PDF module. Each elliptical beam
from the GaN-LDs was shaped into a circular beam by using a different pair of cylindrical
lenses [10]. Then, these two beams were combined by a polarization beam splitter and launched
in the PDF module as shown in Fig.6. The optical power was measured by an Ophir 12A-P
power meter. Before the laser experiment, we estimated the pump power coupled to the PDF by
measuring the pump coupling ratio of the silica fiber: the measured maximum coupled pump
power in the silica fiber core was 652 mW, whereas the pump power incident on the silica fiber
was 1050 mW resulting in an efficiency of 62%.

Using the all-fiber laser resonator with the spliced structure, we successfully operated the
laser at 521 nm as designed as shown in Fig.7. The input-output property of this 521-nm
ZBLAN fiber laser was shown in Fig.8. We achieved a maximum laser power of 322 mW. The
threshold pump power and the slope efficiency were 35 mW and 53%, respectively.

The inset of Fig. 8 shows the spectrum of the 521-nm PDF laser while its output power was
322 mW. The 10-dB bandwidth of this laser was 2.0 nm, which contributes more to suppressing
the speckle contrast than a second-harmonic generation (SHG) green laser. The output power
stability of the PDF laser was measured by a TTI TIA-525 O/E-converter and Tektronix
TDS3014 oscilloscope. When the output power of the 521-nm laser was 322 mW, the
peak-to-peak noise and the root-mean-square (RMS) noise under free-running conditions were

6.5% and 0.7% (0.1 Hz to 12.5 MHz), respectively.
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Finally, we measured a bonding strength of the splicing point between the end-coated silica
and ZBLAN fibers, and investigated the variation of the characteristics of the dielectric mirror
coating on the silica fiber end before and after splicing. As a result of a tensile test of the
pump-side splicing point, the maximum bonding strength of the splicing point was 70 MPa,
despite the large difference between the coefficients of thermal expansion of the two different
fibers.

Fig. 9 shows the optical microscope images of the fiber surface at the breaking point before
splicing and after the tensile test. We confirmed that the fragment of fluoride fiber was directly
adhered to the dielectric mirror, and the structure of the dielectric mirror coating on the end of
the silica fiber remained unaffected, as shown by the perfect reflection of green light from the
end of the silica fiber [Figs. 9(b), (b’)]. We also measured the transmission spectra of the
dielectric mirror coating spliced and broken after the tensile test by the experimental setup
shown in Fig. 7; the spectra did not change. Although we increased the temperature of the
dielectric mirror above the T of the ZBLAN glass during splicing, the dielectric mirror coating

did not suffer any damage because of splicing.
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Fig. 9. Optical microscope images of cross sections of pump-side end-coated fiber and
ZBLAN fiber: (a) end-coated fiber before splicing, (b) end-coated fiber spliced and broken after
tensile test, (b”) enlarged image of (b), and (c¢) PDF spliced and broken after tensile test
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3.5 Discussion

As mentioned above, we demonstrated that it is possible to splice a ZBLAN fiber to
end-coated silica fibers without causing any damage, and that the spliced structure serves as a
laser resonator at visible wavelengths. Considering the internal laser power density at the
output-side splicing point, the damage threshold of the splicing point was estimated above 21
MW/cm?. These results indicated that an all-fiber laser that uses our spliced structure would be
a potential candidate not only for UV-visible lasers but also for high-power lasers, such as
large-mode-area fiber lasers and double-cladding fiber lasers. Furthermore, the reflection and
transmission characteristics of our spliced structure was transverse-mode independent; thus it
would be easy to construct a multimode fiber laser resonator.

The laser output power and the slope efficiency of the PDF module were comparable to the
properties of a Pr’:LiYF; laser [25] despite significant PDF module loss. If we assume that the
splicing loss at each splicing point to be 0.5 dB (corresponding to half of the PDF module loss
at 635 nm), the maximum pump power launched at the core of the PDF and the maximum
521-nm output power are 581 mW and 361 mW, respectively, thus the actual slope efficiency is
estimated to be 67%. The splicing loss of the PDF module was greater than that of a ZBLAN
fiber spliced to a silica fiber without a dielectric mirror coating [ 14]. Further optimization of the
splicing conditions is required to minimize the deformation of the ZBLAN fiber due to splicing.
Recently, the splicing between fluoride fibers were also demonstrated with Vytran GPX 3400
splicer [26]: the splice loss of two different fluoride fibers, a single mode 9 um core and a
multimode fiber 85um core fibers, were 0.1 dB and its splicing strength was 40 kpsi (276 MPa).
Therefore fusion splicing technique would be a promising method to construct a cavity for fiber

laser.
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Our laser resonator did not require a Ge-doped fiber, which is essential for FBG; therefore,
a dielectric mirror coated on the end of the pure-silica core fiber can be used for an all-fiber
laser in the UV-visible region. Our splicing technique could be used for the splicing of two
arbitrary fibers that have different 7 values, e.g., halide glass, bismuth glass, vanadium glass,
or tellurite glass spliced to a silica fiber. This splicing technique would apply not only to
reflectors placed at the splicing point but also to anti-reflection coatings with different material
indices.

The PDF laser properties of transverse multimode output and wide laser bandwidth will
contribute to reducing the speckle contrast of laser projectors and laser TVs. In addition, the
PDF laser emits a stable CW output of a 322 mW without any active cooling. These are
significant advantages over SHG lasers for practical applications.

For another application, we can substitute a WDM coupler for the spliced structure for
broadband fiber sources such as superfluorescent fiber sources and amplified spontaneous

emission light sources to intensify the output power [27,28].

3.6 Conclusion

We developed an all-fiber laser resonator by fusion splicing both sides of a PDF to
end-coated silica fibers. The maximum output power and the slope efficiency of the 521-nm
fiber laser were 322 mW and 53%, respectively. The slope efficiency is the highest value
obtained for a green fiber laser. The characteristics of the dielectric mirror did not change after
splicing; therefore, this technique of splicing two materials with different 7 values is practical

for all-fiber lasers.
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Chapter 4

White light emitting fluoride glasses containing divalent Ytterbium ion

efficiently excited at near UV light

4.1 Introduction

White light-emitting diodes (LEDs) have recently attracted interest as efficient light sources
and have conventionally been fabricated with a yellow phosphor (YAG:Ce’") and blue GaN
chips [1]. However, several problems with the light quality from these types of white LEDs
have been reported, including poor color rendering, color shifts caused by changes in current,
and an uncomfortable glare [2, 3]. Thus, much effort has been directed toward addressing these
issues. Multicolor phosphor systems (e.g., red, yellow, green, and blue) excited with near-UV
light have also been proposed [4]. However, mixing different color phosphors causes low
luminous efficacy and undesirable luminescence because the light emitted from blue phosphors
is internally absorbed by red-green phosphors [3, 4]. In order to avoid this “re-absorption”,
phosphors which have very weak absorption in blue regions and based on near-ultraviolet (UV)
excitation are developed, such as yellow-emitting phosphors (Ca; -« -y, Srx, Euy)7(S103)sCl [5].
Single-phased multi-activators with co-doped materials capable of generating white light under
UV excitation are also developed, which are based on the luminescence and energy transfer
between multi-activators, such as Eu>"/Mn*" [6], Ce*"/Mn?" [7], Ce®*/Eu?" [8]. In contrast, Yb*"
doped crystalline host have been recently demonstrated as a green phosphor, such as

Yb*":a/B-SiAION [9, 10] .
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Glass phosphors emitting white luminescence have also been investigated, containing
Ag/Eu’™ [11], Cu/Eu’™ [12], Cu™/Sm®" [13], Ce*7/Sm’" [14], Tb*"/Sm’" [15], Mn®" without
rare earth cation [16] in various glass. The glass phosphors can be formed in platelike shape
directly without epoxy-resin, therefore they have advantages for practical use of LED to avoid
aging of the coating layer of LED under long-term UV irradiation or thermal degradation [11,
12, 17].

On the other hand, Verwey et. al demonstrated Yb*"-doped SrF,—YF;—AlFs—MgF, (SYAM)
fluoride glass which emits wide-band luminescence at visible wavelengths; however, its peak
excitation wavelength is less than 250 nm, and the glass exhibits a grayish color as a result of
the melting process in a reductive atmosphere [18]. While this glass phosphor has high quantum
efficiency (QE), the excitation wavelength (deep-UV) is much shorter than visible
wavelengths; thus, thermal losses corresponding to Stokes shifts are unavoidable in visible
applications. Moreover, compositions of Yb*":fluoride glasses for white LED have not been
investigated yet. If Yb*":fluoride glass can be efficiently excited at near UV light, re-absorption
less, epoxy resin free, novel white LED will be realized.

We investigated the potential use of Yb*":fluoride glasses excited with near-UV light in
visible applications. First, suitable fluoride glass compositions containing highly reduced Yb
ions that maintain high transmittance even under a reductive atmosphere were identified.
Chloride ions were then incorporated into fluoride glasses to intensify white emissions, and the

QEs of the modified glasses were evaluated.
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4.2 Experimental

Three fluoride glass systems were prepared with the starting compositions in the mole
percentages as listed in Table 1. In addition, three types of glass were prepared for each glass
system: (1) YbF3-doped glass (x =0.2) melted under a reductive atmosphere, (2) YbF;-undoped
glass (x = 0) melted under a reductive atmosphere to confirm the behavior of the host glass, and
(3) YbF;-doped glass (x = 0.2) melted under an oxidizing atmosphere to obtain a reference
sample that did not contain Yb>" ions. Thus, a total of nine glass samples were prepared in the
first phase of the study.

The concentration of YbF; was experimentally determined in advance to avoid
concentration quenching. All fluoride raw materials were high purity grade (Fe, Ni, Co, Cu <50
ppb, O < 100 ppm) and obtained from Central Glass Co., Ltd. After the raw materials were
mixed, NH4FHF (1% by weight) was added to each fluoride mixture, followed by heating at
350°C for 1 h in a glassy carbon crucible to eliminate oxide impurities. These batches were then
melted at 1000°C for 1 h. During melting, the atmosphere in the furnace was chosen for
different conditions: 5 I/min of 3% H, + 97% Ar (H,/Ar) gas for the reductive atmosphere, and
10 I/min of 0.5% Cl; + 99.5% N, (CIl,/N;) gas for the oxidative atmosphere. After the batches
had melted, the crucibles were cooled on a room temperature copper plate without casting the
melts. The entire procedure, from mixing the raw materials to cooling the melt, was carried out
in an N»-filled glove box directly equipped with an atmosphere controllable furnace.

The glass transition temperatures (7) and crystallization temperatures (7%) of the glasses
were measured using a Rigaku DSC8270 differential scanning calorimeter. The excitation and
emission spectra of the obtained glasses were measured at 300 K using a Jasco FP-6500
spectrofluorometer. The transmittance spectra of the glasses were measured using a Hitachi
U-4100 spectrophotometer. The X-ray diffraction (XRD) spectra of the glasses were measured
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by Rigaku Ultima III X-Ray Diffractometer. Finally, the QEs of the Yb*" fluoride glasses were
measured using a FP-6500 spectrofluorometer equipped with a JASCO ILF-533 integrating
sphere. Samples (6 x 6 x 1.5 mm) were polished and placed into the integrating sphere. The
diameter of the excitation beam on the sample was approximately 5 mm. The internal (7;,) and

external (77x) QEs were calculated [19] as,

j AP(A)dA
o = (4-1)
_[xl[E(/l) — R(A)]dA
and
AP(A)dA
=20 (4-2)

o [2E2)d2’

where E(A)/hv , R(A)/hv , and P(1)/hv correspond to the number of photons during

excitation and the reflectance and emission wavelengths of the sample, respectively.
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Table 1. Composition of fluoride glasses

A1F3 HfF4 ZI‘F4 Ban Can MgF2

StF,  YF;  YbFs T, T

Al 35 0 20 10 10 15-x x 427 531
ALHf 30 10 11 13 24 3 9-x  x 405 494
Al-Zr 30 10 11 13 24 3 9-x

X 403 483
Compositions and temperatures are in mole percentages and degrees Celsius
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4.3 Results and discussion

Fig. 1 shows photographs of the glasses (diameter: 35 mm and thickness: 6 mm) melted
under an Hy/Ar (reductive) atmosphere excited at different wavelengths. The glasses melted
under the Cl,/N; (oxidative) atmosphere did not exhibit any luminescence when excited with
UV light (photograph not shown). As can be seen in Figs. 1(b) and (c), YbF;-doped Al glass
excited with near-UV (365 nm) and deep-UV (254 nm) wavelengths exhibited strong white
luminescence. The broad emission from the Yb*" centers is due to 4f5d = 4f transitions [7];
therefore, these results indicate that the divalent Yb ions are stabilized in the Al glass. On the
other hand, the intensity of white luminescence from the Al-Hf and Al-Zr glasses excited with
near-UV light (365 nm) was lower than that of the Al glass, while the Al-Zr and Al-Hf glasses
exhibited strong bluish luminescence following deep-UV (254 nm) excitation, suggesting the
possible generation of other emission centers in the Zr- and Hf-containing glasses.

Fig. 2 shows the excitation and emission spectra for the Yb*":fluoride glasses excited with
near-UV light (300 nm). The detail of the transitions and energy diagram for Yb*" ions in CaF,
hosts have been described by Loh [20, 21] and Nicoara et al. [22] as shown in Fig.3. Each 5d
level of the 4f>5d(*Fs,) and 4f'°5d(*F5,) orbitals splits in the crystal field into 7, and e levels
[9]; therefore, at least four strong excitation bands are typically observed. With the Al glass,
which is an amorphous host, five excitation peaks were also observed (Fig. 2). The emission
spectrum of the Al glass covers the entire visible region, and the full width at half maximum
(FWHM) of its white luminescence was 202 nm. The white emission intensity notably
decreased with the addition of Hf and Zr. Note that because the excitation spectrum of the
Al-Zr glass increased below 275 nm, the fluorescence properties of this material excited at

short wavelengths were investigated and are presented below.
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The excitation and emission spectra of the doped and undoped Al-Hf and Al-Zr glasses
excited with deep-UV light (235 nm), which led to blue emissions, are presented in Fig. 4.
Strong bluish-white light emissions centered around 450 nm were observed, even for the
YbF;s-undoped glasses. In addition, the emission intensities decreased with the incorporation
of YbF3. Here, these bluish broadband emissions are attributed to the reduced species, Zr*" and
Hf*". Fluorohafnate glasses melted under a 5% Hy/Ar atmosphere were previously found to
exhibit luminescence around 340-460 nm under X-ray excitation, and the presence of Hf " in
these glasses was also suggested [23]. In addition, the results of an electrochemical study of a
Yb-doped fluorozirconate melt suggested the presence of both Yb*" and Zr’" [24]. 1t is
believed, on the basis of these reports that Zr'* and Hf" exist in the Al-Zr and Al-Hf glasses

melted under an H,/Ar atmosphere.
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Fig. 1. Yb*"-containing glasses melted under Ho/Ar atmosphere. (a)

[lluminated by fluorescent light, (b) excited at 365 nm, and (¢)
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with YbF3, and bottom three glasses were not.
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4.4. Estimates of reduction ratios for Yb’" in Al, AI-Hf, and Al-Zr glasses

Because white luminescence in these glasses was considered to originate from Yb*", the
reduction ratio, A = Yb*/(Yb*" + Yb®"), was estimated by decreasing the absorbance of
trivalent Yb*" (*F7,, > Fs,) around 972 nm and comparing the transmittance spectra of glasses
melted under Cl,/N, and H,/Ar atmospheres.

Fig. 5 shows the transmission spectra of 6.0-mm-thick fluoride glasses melted under
different atmospheres. It can be seen from Fig. 5(a) that a new absorption band below 400 nm
appeared in the spectra of the three YbF;-doped glasses following melting under an H,/Ar
atmosphere, while absorption edges appeared below 200 nm in the spectra of the three glasses
melted under a Cl,/N, atmosphere. These results suggest that the reduction of Yb*" not only
occurred in the Al glass, but also in the AI-Hf and Al-Zr glasses. Although the previously
reported SYAM glass was grayish in color due to the reductive atmosphere [18], the
transmittance of the Al glass in the visible region (>425 nm) was independent of the melting
atmosphere. On the other hand, the transmittance of the Al-Hf and Al-Zr glasses slightly
decreased when melted under Hy/Ar. Therefore, the Al glass provided the best composition to
maintain transmittance, even under reductive conditions.

The transmittance of the undoped fluoride glasses melted under an H,/Ar atmosphere can
be seen in Fig. 5(b). The absorption edges in the spectra of the host glasses are less intense than
those of the Yb-doped glasses, and the increased intensity of the absorption in the UV region in
Fig. 5(a) indicates the generation of Yb*". In addition, only the Al-Zr glass that melted under an
H,/Ar atmosphere exhibited wavelength-independent absorption. This type of absorption is
generally considered to occur because of aggregates of carbon black, metal, or lower valence
cations such as Zr’" [25]. Aggregates of Zr'" in the Al-Zr glass may be the main source of

absorption because the Al and Al-Hf glasses did not exhibit any wavelength-independent
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losses. Notably, this wavelength-independent loss in the Al-Zr glass could be almost
completely suppressed by incorporating 0.2 mol% YbF;.

Fig. 6 shows the normalized transmittance at 972 nm, which corresponds to the Yb>* (*F,
> ?Fs;,) transition, from which the background losses described in Fig. 5(a) have been

deducted. The reduction ratio A was estimated from the decrease in absorbance for the glasses

melted under different atmospheres, as shown in the inset of Fig. 6. As a result, the A values
were calculated to be 11 + 1% for the Al glass, 9 + 1% for the Al-Hf glass, and 10 £+ 1% for the
Al-Zr glass, considering the accuracy of the measured quantities of raw materials used. These
results revealed that the percentage of Yb*™ ions in the different glasses was nearly the same.
However, the intensity of the white luminescence of the AlI-Hf and Al-Zr glasses was much
lower than that of the Al glass, suggesting that energy transfer occurs between the Yb*™ and
Hf*"/Zr’" ions; thus, the co-existence of these reduced species quenches not only the white
luminescence from Yb2+, but also the bluish luminescence from Hf' "/Zr".

Fluoride glasses are typically highly doped with ZrF4 or HfF,4, particularly those used in
optical fiber applications, to lower Tg (<300°C) and reproducibly obtain optical fibers. It is
difficult in these glass systems to obtain efficient white luminescence of Yb*" due to the
presence of H /Zr*". T, . and T of the Al, AI-Hf, and Al-Zr glasses produced in this study are
listed in Table 1. As can be seen in the table, the elimination of Hf/Zr from the fluoride glass

compositions resulted in high 7, and 7 values.
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4.5 Enhancement of white luminescence of Al glass

As discussed above, the Al glass exhibited the highest white luminescence intensity of the
prepared glass samples. Host glasses, such as those with fluoride, chloride, bromide, or iodide
compositions, which generally have low phonon energies, have higher emission efficiencies
due to the low non-radiative decay rates and high radiative emission rates of rare-earth ion
levels [26, 27]. Thus, we primarily investigated the incorporation of non-fluoride halide ions
(CI') into Al glass to intensify their white luminescence. The glass compositions used in this
second phase of the study are listed in Table 2. The raw material, BaF,, was replaced with
BaCl, and SrCl,. The concentration of YbF; (x = 0.2) and the reduction conditions were the
same as those used to prepare the initial Yb-doped Al glass. Note that the “Al glass™ in the first
entry of Table 2 has exactly the same composition as that in Tablel.

The excitation and emission spectra of Yb*":Al glasses containing added chloride can be
seen in Fig. 7. An excitation peak near 365 nm can be observed in each spectrum. Notably, as
more fluoride ions are replaced with chloride ions (BaF, 2 BaCly; Al 2 Al-1 &> Al-2), the
intensity of the 365 nm peak is increased remarkably. This wavelength is close to the bandgap
of GaN (3.4 eV); therefore, Yb*":fluoride glasses can be excited by conventional GaN
semiconductor light sources. In addition, when BaCl, was substituted with the same amount of
SrCl, (Al-2 > Al-3), the excitation peak shifted to a longer wavelength. The chromaticity
diagram corresponding to the emission spectra are shown later (Fig.11 in section 4.7). The
luminescence color of Al-2 shifted to blue, while that of Al-3 returned to white because the
emission intensity of Al-3 in the green and red regions was improved remarkably.

In order to investigated the structures in those bulks, the XRD spectra of Yb*": Al glasses
demonstrated in this section are shown Fig. 8. The XRD spectra of Al , Al-1, Al-3 glasses do
not show any crystalline peak, however, only that of Al-2 exhibits crystalline peak
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corresponding to the BaCl, crystalline, while the glass is also transparent. This result means
that composition of Ba in the Al-2 glass is too rich then the composition moved to out of
glass-form region. As can be seen in Fig. 7, the bandwidth of the excitation and emission
spectra of Al-2 glass is narrower than others because of crystallization.

The incorporation of non-fluoride halide ions in AlFs-based fluoride glasses has been
discussed [28], and promotion of the reduction of rare earth ions has been confirmed
experimentally. The reduction ratio A of the Al-3 glass was estimated to be 45% using the same
procedure as that in Fig. 6. Because this value is approximately four times greater than that of
the original Al glass, it can be concluded that the number of Yb*" ions increased in the fluoride
glass.

Xia et al. recently prepared Yb*-containing silica glass (Si0,—Al,05—Yb,03) by heating
the relevant mixture at 1950°C for 8 h under vacuum conditions [29]. The excitation band of
this glass was wider (up to 500 nm) than that of Al-3 glass; therefore, reabsorbance of the blue
light emitted from Yb*" may have led to a decrease in the luminescence efficacy. On the other
hand, because the excitation band of the Al-3 glass was below 400 nm, the overlap of the

excitation and visible emission bands was minimized in this glass.
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Table 2. Composition of Al glasses with added chloride

AlF; BaF, BaCl, SrF, SrCl, CaF, MgF, YF; YbF;
Al 35 10 10 20 10 15—x X
Al-1 35 5 5 10 20 10 15—x X
Al-2 35 10 10 20 10 15—x X
Al-3 35 10 10 20 10 15—x X

89



GaN 3.4eV —

442 em.

Intensity (a.u.)

478 em.

485 em.

1 N M 1 " 1
300 400 500 600
Wavelength (nm)

1
200
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4.6 Quantum efficiencies of Yb**: Al glasses

Finally, the QEs of the Al glasses were measured and are listed in Table 3. The highest QE
was obtained for the Al-3 glass, with 7, calculated to be 42% and 77¢x calculated to be 34%. On
the other hand, the QE of Yb*":B-SiAION (a green phosphor) measured at an excitation
wavelength of 480 nm was reported to be 77;, =28% and 77ex = 9% using the same approach [10].
Thus, the Yb*"-doped fluoride glass had moderately higher QE than the Yb*"-doped crystalline
phosphor. Because these Yb*" fluoride glasses demonstrated efficient visible emission under
near-UV excitation, further improvements to the reduction ratio and optimization of the glass

composition should enable the development of even more efficient white emission glasses.

Table 3. Quantum efficiencies of Al glasses excited with near-UV light

Excitation wavelength (nm) Min TMex

Al 350 10 5
Al-1 359 22 15
Al-2 359 34 23
Al-3 375 42 34
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4.7 Improvement of color rendering of Yb*":AlF;-based glass using melting

process

As a result of chloride incorporation to Yb*":fluoride glasses, the intensity of white
emission was increased dramatically. However, the emission color of the glass is a little bluish.
In order to improve the color rendering, the red spectrum was preferred to be enhanced. In the
case of current conventional LED illuminations fabricated by the combination of blue GaN-LD
and yellow YAG:Ce’" phosphor, the lack of the red spectrum is compensated by mixing the red
phosphor such as CaAlSiN;:Eu*" [30], SiAION:Eu*" [31]. However, these phosphors can not
be mixed with fluoride melts at the same time, because these phosphors would be damaged in
the fluoride melts at high temperature.

In this section, we focused on Mn*", which emits orange—red light, as the candidate of the
dopant to Yb*":fluoride glass. The optical transition of Mn®" in ZBLA (ZrF4~BaF,—LaF;— AlF5)
and HBL (HfF,—BaF,—LaF3) glasses melted under Ar atmosphere were investigated [32, 33].
Mn®" doped fluoride glass exhibits orange emission at 17400 cm™ (575 nm), however, Mn*"
doped AlF; based glass melted under a reductive atmosphere have not been reported yet.

In order to improve the color rendering of Al-3 glass, two compositions were
experimented by replacing MgF, of Al-3 glass to MnF,: Al-3-Mn1 glass (MgF, - MnF,:0.05
mol%) and Al-3-Mn2 glass (MgF, = MnF,:0.3 mol%). Each mixture was melted under an
H,/Ar atmosphere as same as Al-3 glass. As a result, the Al-3-Mn1 glass was transparent while
the Al-3-Mn2 glass was translucent. The excitation and emission spectra of MnF, doped
Yb*":fluoride glass were shown in Fig.9. By incorporating 0.05 mol% of MnF,, the emission
intensity around 640 nm increased remarkably while the emission intensity 400—580 nm was

suppressed. Notably, the FWHM of Al-3-Mn1 was 301 nm and it covers whole of the visible
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wavelength range. Furthermore, the more MnF, was added to the glass (Al-3-Mnl -
Al-3-Mn2), the new emission peak was observed at 406 nm. Here, we measured the XRD
spectrum of Mn doped glasses as shown in Fig.10. Al-3 and Al-3-Mn1 glass do not show any
crystalline peak but Al-3-Mn2 shows weak crystalline peak corresponding to SrCl,. The
luminescence properties of Yb>" doped alkaline earth fluorohalides MFX (M = Ca, Sr, Ba; X =
Cl, Br) were investigated by W. J. Schipper et. al [34], and Yb* doped Srp.99Ybg o1 FCl
crystalline exhibits narrow emission band around 400 nm. Referring to the report, the emission
peak at 406 nm of Al-3-Mn2 glass may have originated from SrYbFCI type crystalline
deposited in the glass.

As discussed above, by incorporating MnF, slightly to Yb*":fluoride glasses, the emission
color transformation from bluish to white is possible. The chromaticity diagram of white
emission glasses demonstrated in this section is summarized in Fig.11. The color coordination

of Al-3-Mn1 glass, which emits whiter light, was (X, Y) = (0.325, 0.307).
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4.8 Conclusion

We successfully prepared white luminescent Yb>":AlF;-based fluoride glasses that were
efficiently excited with near-UV light. Fluoride glasses containing Hf or Zr that melted under
an Hy/Ar atmosphere exhibited bluish white luminescence, but the co-existence of Yb** and
Hf*"/Zr’" resulted in the suppression of white luminescence. On the other hand, the white
luminescence of Yb*" was notably intensified by incorporating chloride through replacing BaF,
with BaCl, and SrCl,. Although the highest reduction ratio (A= Yb>/(Yb*" + Yb*")) was only
45% for the chloride-containing glass, 7, was 42% and 77ex was 34%. By incorporating
chlorides to Yb*': glass, the emission color was turned to be bluish, however, additional
incorporation of MnF; can compensate the emission color successfully. Further improvements
in the QE are required for practical visible applications; however, such enhancements can be
achieved by analyzing the mechanism responsible for chloride incorporation.

Fluoride glass is a low melting, inorganic glass, and it can thus be used as an inorganic
material to seal LEDs and optical fibers. In addition, although AlFs-based glass has a higher 7,
than fluorozirconate glass, fiber drawing techniques for AlFs;-based glass have been improved
[30]. Therefore, fiber light sources using divalent rare earth ion-doped fluoride glasses will also

be possible in the near future.
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