Vacuum Ultraviolet Optical Properties of
Micro-Pulling Down Method-Grown, Nd*-Doped

Fluoride Crystals

Marilou Macasieb Cadatal

DOCTOR OF PHILOSOPHY

Department of Functional Molecular Science

School of Physical Sciences

The Graduate University for Advanced Studies

2008



Vacuum ultraviolet optical properties of micro-pulling down method-grown, Nd**-doped

fluoride crystals

In 1977, Yang and De Luca proposed the feasibility of generating tunable laser sources spanning
the wavelength range from 165 to 260 nm by using rare-earth doped wide band gap dielectric
hosts. Their proposal that was purely based on spectroscopic data resulted to the first rare-earth
doped fluoride laser in the ultraviolet region (250-400nm) using Ce®":YLiF in 1979. Succeeding
research have resulted to tunable ultraviolet rare-earth doped fluoride lasers such as Ce’":LiSAF
and Ce’*:LiCAF. The feasibility of having a tunable vacuum ultraviolet (100-190nm) laser from
rare-carth doped fluorides have been confirmed by the first demonstration of 172-nm emission
from Nd**:LaF; in 1985 and a second report in 1992 after improvement of the pumping scheme.
Over twenty years after the first report, research is still geared towards finding a suitable host for
the development of the shortest wavelength solid-state laser. This work aims to identify
Nd‘zﬁdopcd fluoride hosts that could serve as the shortest wavelength solid-state laser material.
Among the fluoride hosts that this work considers are YLiFs, LaF3, and (Laj.,Bay)Fsx. Their
optical properties in the vacuum ultraviolet region are characterized in terms of transparency,
fluorescence spectra, and lifetime. Although, Nd3+:YLiF4 is found to be sufficiently transparent
in the vacuum ultraviolet region with a long lifetime (21.7ns), it has a longer wavelength
absorption edge and its fluorescence emission at around 181 nm is longer than the reported
emission from Nd**:LaF;. Based on this preliminary study, a new material is developed, which is
Nd*":(Laj.Ba)F3x (x=0.1) or Nd**:(Lago,Bag1)F29. LaF; is mixed with BaF, in order to shift
the absorption edge to a shorter wavelength. For the growth of this new material, the
micro-pulling down method was utilized because it is capable of fast and economical crystal
growth. Characterization of the vacuum ultraviolet optical properties of Nd3+:(Lao_9,Ba0,1)Fz_9
reveals that it has a shorter wavelength absorption edge at 180 nm with better transparency in the
vacuum ultraviolet region, a more intense and broader vacuum ultraviolet fluorescence with a
bandwidth of 12 nm, thereby enabling better tunability and amplification of as short as 4.3 fs
pulses. Its emission wavelength at 178 nm is, however, longer and its fluorescence decay time at
6.1 ns is faster. In this regard, Nd*":(Lag.o,Bag.1)F29 would be more suitable as a vacuum
ultraviolet scintillator because of its high light yield and fast decay time. To investigate the
feasibility of a solid-state pump source, a CZ method-grown Nd**:LaF; cut into a cuboid was
excited by the third harmonics of a (290 nm) Ti:sapphire regenerative amplifier. Fluorescence
characteristics are similar for the femtosecond and nanosecond pumping schemes. However, for
the femtosecond case, fluorescence could have been through frequency up-conversion by energy
transfer. The effect of doping concentration was also investigated both in the infrared and
vacuum ultraviolet regions. The effect of Nd*" concentration needs further study in order to
identify whether concentration quenching would play an important role in improving light yield
in the vacuum ultraviolet region. By carrying out further work in this direction, the optimum
concentration level would be determined. With the improvement of the quality and size of

Nd*'-doped fluorides, an efficient and reliable vacuum ultraviolet laser will be realizable.



ABSTRACT

In 1977, Yang and De Luca proposed the feasibility of generating tunable laser sources
spanning the wavelength range from 165 to 260 nm by using rare-earth doped wide
band gap dielectric hosts. Their proposal that was purely based on spectroscopic data
resulted to the first rare-earth doped fluoride laser in the ultraviolet region (wavelength
from 250-400nm) using Ce**:YLiF, in 1979. Succeeding research have given birth to
tunable ultraviolet rare-earth doped fluoride lasers such as Ce® +:LiSAE and Ce*":LiCAF.
The feasibility of having a tunable vacuum ultraviolet (wavelength from 100-190nm)
laser from rare-earth doped fluorides have been confirmed by the first demonstration of
172-nm emission from Nd**:LaF; in 1985 and a second report in 1992 after
improvement of the pumping scheme. Over twenty years after the first report, research
is still continuously geargd towards finding a suitable host for the development of the
shortest wavelength solid-state laser. This work aims to identify Nd**-doped fluoride
hosts for the possible shortest wavelength vacuum ultraviolet laser. Among the fluoride
hosts that this work considers are YLiF,, LaFs;, and (La;.x,Bax)F3x. Their optical
properties in the vacﬁum ultraviolet region are characterized in terms of transparency,
fluorescence spectra, and lifetime. Although, Nd3+:YLiF4 is found to be sufficiently
transparent in the vacuum ultraviolet region with a long lifetime (21.7ns), it has a longer
wavelength absorption edge and its fluorescence emission at around 181 nm is longer
than thé reported emission from Nd**:LaF;. Based on this preliminary study, a new
material is developed, which is Nd>*:(Laj,Bay)Fsx (x=0.1) or Nd**:(Lag.¢,Bag1)F20.
LaF; is mixed with BaF, in order to shift the absorption edge to a shoﬁer wavelength.
For the growth of this new material, the micro-pulling down method was utilized

because it is capable of fast and economical crystal growth. Characterization of the
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vacuum ultraviolet optical properties of Nd® +:(La0_9,Bao‘1)F2,9 reveals that it has a shorter
wavelength absorption edge at 180 nm with better transparency in the vacuum
ultraviolet region, a more intense and broader vacuum ultraviolet fluorescence with a
bandwidth of 12 nm, thereby enabling better tunability and amplification of as short as
4.3 fs pulses. Its emission wavelength at 178 nm is, however, longer and its
fluorescence decay time at 6.1 ns is faster. In this regard, Nd3+:(La049,Bao_1)F2_9 would be
more suitable as a vacuum ultraviolet scintillator because of its high light yield and fast
decay time. To investigate the feasibility of a solid-state pump source, a CZ
method-grown Nd**:LaF; cut into a cuboid was excited by the third harmonics of a (290
nm) Ti:sapphire regenerative amplifier. Fluorescence characteristics are similar for the
femtosecond and nanosecond pumping schemes. However, for the femtosecond case,
fluorescence was due to a multi-photon process. The effect of doping concentration was
also investigated both in the infrared and vacuum ultraviolet regions. The effect of Nd**
concgntration needs further study in order to identify whether concentration quenching
would play an important role in improving light yield in the vacuum ultraviolet region.
By carrying out further work in this direction, the optimum concentration level would
be determined. With the improvement of the quality and size of Nd**-doped fluorides,

an efficient and reliable vacuum ultraviolet laser will be realizable in the near future.
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Chapter 1. Introduction

Research efforts have continuously been geared towards the generation of deep
ultraviolet (DUV) and vacuum ultraviolet (VUV) radiation from laser materials for
scientific and industrial applications such as photolithography [1,2] and spectroscopy
[3,4] and from scintillators for gamma ray detection [5]. The DUV region spans the
wavelength range from 250 nm down to 190 nm while the VUV region includes
wavelengths from 190 nm to 100 nm. While there are available VUV laser sources such
as frequency conversion in nonlinear crystals [6], these have limited tunability and low
conversion efficiency. In 1976 Yang and DeLuca pfoposed the generation of VUV
radiation from dipole allowed interconfigurational d-f transitions in rare earth doped
wide bandgap fluorides [7]. This is an attractive scheme due to its simplicity, reliability,
and efficiency. It is also possible to obtain good-quality laser beams, controlled
adjustment of the spectral width, and multi-wavelength 6peration from only one laser
oscillator [8]. Since the first experimental verification of their proposal [9], several
woks have reported luminescence from several trivalent rare earth-doped fluorides
[10-12]. Among these, Ce*"-activated fluorides, particularly Ce**:LiCaAlFs [13-15] and
Ce*":LiSrAlF [16,17] have been proven to be efficient ultraviolet (UV) active media. In
spite of the encouraging results delivered by these materials, transition energies are not
large enough for VUV emission. For the case of VUV emission, only Nd**:LaF; has
been reported to lase [18, 19]. Work on this material, however, did not progress due to
rapid saturation of the laser output brought about by loss mechanisms such as color
center formation resulting from excited state absorption. Moreover, it had limited

tunability and it required electron beam pumping. Because of this, there is a continuing




search for appropriate activator-matrix complexes and active medium-pump source
combinations suitable for generating efficient VUV tunable lasers.

On the other hand, even though the number of known scintillators comes up to
several hundreds, new and better materials are still needed in order to satisfy many
requirements dependent on particular applications. For example, hydrothermal method
grown large-sized ZnO crystal has recently been shown to be a fast scintillator for
extreme ultraviolet photolithography [20]. High-performance scintillators should both
be fast and efficient [21]. Nd**-doped fluorides are viable scintillator candidates because
of their characteristic decay times of the order of 10 ns arising from the parity-allowed
d-f transition [22]. Crystals having high light yields can also be engineered by choosing
the right activator-host material combination. Their ability to emit in the VUV region is
also advantageous for specific applications. For instance, gamma ray scintillators that
emit VUV fluorescence are strongly required for a gas scintillation microwire stripped
detector for high-resolution positron emission tomography (PET) application [23].
Material research for VUV scintillators is also ongoing.

Innovation of crystal growth methods plays an important role in developing
VUV laser materials and scintillators. Classical methods for mass production of single
crystals for industrial applications, for example Czochralski and Bridgman have already
been well established [24]. However, these techniques are time ‘and raw materials
consuming especially for single’crystal material screening. It is also difficult to combine
screening with the establishment of appropriate growth conditions required for high
quality crystal production [24]. The micro-pulling down (u-PD) method is a relatively
new crystal growth technique mainly developed at Tohoku University, Japan to meet the

challenges in materials research. Recent improvements of this method made the quality




of p-PD grown crystals comparable with those prepared by Czochralski,
Bridgman-Stockbarger, or other classical growth techniques [25]. Owing to a fast
growth speed, a high quality crystal can be grown using less than 1 g of raw material in
5 — 12 h, thereby allowing growth of large crystals at a shorter time and at a lower cost
compared with the other melt growth methods mentioned earlier [25]. Moreover, this
method has the capability of controlling the shape of the grown crystal to produce fibers,
rods, and tubes [25]. This method was initially designed for the growth of oxide crystals
and several works have demonstrated the advantages of this method [26-28]. However,
because fluoride materials have found considerable attention, innovation of the pu-PD
apparatus to accommodate fluoride crystal growth was carried out. Moreover, extensive
research is put into the improvement of this method to facilitate the screening of
fluoride host lattices, dopant concentration and optimization of the growth paraméters.
The demonstration of radio luminescence from a p-PD grown Ce:PrF3 shows that this

method is capable of efficiently growing fluoride crystals [29].

1.1 Motivation and purpose

| Over twenty years after the successful demonstration of the Nd**:LaF; laser
have passed but no successful material research for VUV laser media has been reported.
It is thus apparent that the development of new and efficient solid-state emitters in the
VUV spectral region is an important and promising field of research. An integral step
towards this goal is the characterization of spectroscopic properties of various
coﬁbinations of wide band gap hosts and doping ions displaying optical activity in the
VUV region.

The primary aim of this work is to develop and characterize fluoride materials




for their suitability as short wavelength laser media. For this purpose, Nd**-doped
fluorides are considered.

Firstly, the optical properties of CZ method-grown Nd**-doped LaF; and YLiF,
are characterized in terms of transmission and fluorescence.

However, a fast and economical yet efficient crystal growth method is
necessary for materials screening of new crystals. Because of this, the pu-PD method
vmodiﬁed for fluoride crystal growth is used to grow crystals for characterization
purposes. In this regard, Nd3+-doped LaF; and (Lag-x,Bax)F3x (x=0.1) or
(Lag.9,Bag 1)F2.9 crystals are grown and characterized.

During characterization, it is, however, inevitable that a material could display
scintillator properties. In this case, the suitability of the material as a scintillator is also

explored.

1.2 Outline

Ih chapter 1, the background of this work is presented and the purpose of this
work is laid out.

Chapter 2 presents the current status of rare earth-doped fluorides as short
wavelength light sources. The properties that make fluorides prominent short
‘wavelength laser media are also presented.

Chapter 3 gives a background on scintillators. A scintillator is defined and its
ideal properties are discussed. Examples of scintillators are also presented.

In chapter 4, crystal growth techniques are also discussed. Emphasis is given to
the Czochralski (CZ) and the micro-pulling down (p-PD) methods.

Chapter 5 summarizes the experimental set-ups used for the characterization of




the fluorides. The process of growing the Nd3+:(Lao_9,Bao.1)Fp_49 crystal by the u-PD
method is also discussed.

In chapter 6, results of the characterization of CZ method-grown Nd**:LaF; and
Nd*":YLiF, are discussed. This chapter also discusses the results of the characterization
of p-PD method-grown Nd**:LaF; and Nd**:(Lags,Bag 1)F2..

This work is summarized and recommendations for further study are presented

in chapter 7.
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Chapter 2. Fluorides as Solid-State Laser Media

In 1976 Yang and DeLuca proposed a scheme of generating DUV and VUV
radiation from rare earth (RE)-doped wide bandgap dielectric crystals. They reported
broadband VUV fluorescence from Nd3+, Er3+, and Tm® +—doped LaFs, YF3, LiYF,, and
LuF; by e-beam as well as by VUV excitation. With VUV excitation, they observed
large Stokes shifts (>5000 cm™) and high fluorescence quantum yield of 0.8. They also
estimated the threshold power for lasing in these crystals and proposed the molecular H,
laser as a possible pumping source. With this scheme, a tunable laser system from 165
to 260 nm was projected [1]. Although their proposal was based from purely
spectroscopic considerations, it presented an attractive means of generating tunable
short wavelength radiation..

Yang and DeLuca’s proposal was confirmed exﬁerimentally in 1979 when D.J.
Ehrlich et al. reported the first stimulated emission from the 5d-4f transition in
Ce**:YLiF4 (Ce:YLF). It emitted at 325.5 nm when it was optically pumped at 249 nm
[2]. However, Ce:YLF laser operation is limited by poor performance characteristics
brought about by an early onset of saturation and roll off in the above-threshold gain
and power output as well as a drop in the output for pulse repetition rates above 0.5 Hz.
Although lasing from Ce:YLF is ground breaking, the existence of solarization leading
to color center formation prevents this material to be of practical use, thereby hindering
its further development. In 1980, the same group reported the operation of an optically
pumped Ce’":LaF; laser [3]. Limitations of this laser medium include low output power
and high lasing threshold. Moreover, successive researches have not been able to
reproduce the lasing results. Subsequent experiments on other Ce**-doped fluorides

have not been very successful due to the formation of transitory or permanent color
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centers. Such color centers were essentially due to absorption of the pump and/or the
laser radiation from emitting 5d states leading to the promotion of an electron into the
conduction band followed by trapping by impurities or defects [4-8]. Recent
investigations, however, showed that by an appropriate choice of activator-matrix
complexes and active medium-pump source combinations, efficient tunable lasers using
d-f transitions can be created [9-12]. In 1992, MA Dubinskii et al. reported emission
from Ce**:LuLiF, (Ce:LLF) pumped by a KrF excimer laser. This material has almost
the same optical properties as Ce:YLF but with smaller solarization effect [9]. Slope
efficiencies of more than 50% were obtained with this material when pumped with
either a Ce®":LiSrAlF¢ (Ce:LiSAF) laser at 290 nm [13] or the frequency doubled
yellow output (289 nm) of a copper vapour laser [14]. Moreover, continuous tunability
was achieved from 305-333 nm [14]. In 1993, the same group reported
Ce**:LiCaAlF¢ (Ce:LiCAF) which can be pumped By the fourth harmonic of a Nd:YAG
laser. Remarkably, no solarizaion eff‘ect‘was observed in this crystal [10, 11]. In 1994,
Ce:LiSAF was reported. It can also be pumped with the fourth harmonic of a Nd:YAG
laser and it has similar laser properties as the Ce:LiCAF crystal [15, 16]. Succeeding
works on Ce:LiCAF revealed the usability of this crystal as a UV laser material. For
instance, Liu et al. used a CZ method-grown Ce:LiCAF as a gain medium for UV
chirpeci pulse amplification. They reported 6-mJ, 115 fs, 290 nm pulses [17]. In spite of
the encouraging results delivered by Ce**-doped fluorides, emission wavelength is not
short enough for DUV and VUV applications. This is because emission from Ce’*
activators typically arise from the 5d — ?Fs, transitions whose maximum energy lies at
about 265 nm.

Ho3+, Pr3+, and Tm>" are among the other RE dopants that have been studied
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for applications in the DUV and VUV regions. However, no lasing action has been
demonstrated from them [18-20]. Only in the case of Nd** doping was lasing in the
VUV region achieved. For the case of Nd**-doping, typical transitions from the 4£5d to
the different levels of the 41 manifold in the 4f° configuration enable emission in the
VUV (<200nm). Despite research efforts, laser emission based on this transition was
only demonstrated in LaF; host. In 1982, R.W. Waynant reported the first lasing in the
VUV region from a rare earth-doped fluoride crys_tal [21]. Exciting a 0.1% Nd3+-doped
LaF; crystal with an electron beam/dimer molecule (Kr,) optical pump, a 172-nm pulse
was generated with an estimated energy of 32 pJ. Lasing was only observed from a
lightly doped sample (0.1% Nd) due to strong absorption at higher doping
concentrations [21, 22]. Then in 1992, Dubinskii et al. reported lasing at 172 nm from a
Nd&**:LaF; crystal grown using the Bridgman-Stockbarger method [12]. They used the
157-nm emission from a pulsed-discharge molecular F, laser. A maximum slope
efficiency of 21% and a conversion efficiency of 14% were obtained. Moreover, they
were able to achieve maximum output energy of 0.4 mJ at 172 nm. Despite the
impressive slope efficiency obtained with Nd**-doped fluorides, there was rapid
saturation of the laser output due to loss mechanisms probably similar to that in
Ce**-doped crystals, such as color center formation resulting from excited state

absorption. Because of this, there is still a need to look for better host materials.

2.1 Attributes of rare-earth-doped fluorides
The optical properties of undoped wide band gap dielectric crystals in the VUV
region are mainly due to transitions from electronic states between the valence and

conduction band. The high value of the absorption coefficient, for photon energies
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higher than the crystal’s band gap, is due to transitions involving delocalized electronic
states in the conduction band. This arises from the crystal symmetry. The crystal’s
energy bands are formed from the energy levels of atoms when they are brought close
together. On the other hand, local lattice imperfections, vacancies and other point
defects, and dislocations bring about the formation of allowed states connected with the
perturbation area. The electron is localized in the perturbation area and the smaller the
perturbation energy, the greater the localization area. In this case, transitions are taking
place between the valence band and the localized states in the conduction band. The
width of the band gap is proportioﬁal to the value of the electron exchange energy
between any two neighboring atoms because electrons may, with some probability, be
located near any atom. Therefore, electrons are not localized near individual atoms but
move freely through the crystal jumping from one atom to another by the exchange
process. The energy gap (band gap) therefore depends on the exchange energy. But the
exchange energy itself is dependent on the area of the overlapping of the atomic wave
functions. The more the atomic wave functions overlap; the greater will be the exchange
energy. It follows that energy levels corresponding to inner shell electrons do not split
as intensely as those of the outer shells, since the inner shell electrons are localized in
smaller areas of space. As the exchange energy increases, bands become wider and as a
consequence band gaps become narrower. Therefore, the band gap width depends on the
atomic number of the elements belonging to the same group. In other words, the higher
the atomic number of an element is, the smaller is its band gap [23]. When a trivalent
rare earth ion is embedded into a crystalline lattice, some of its well-localized energy
states belonging to the 4f" ground electronic configuration or the 4154 ﬁrst excited

configurations are located between the valence band and the conduction band of the
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host. The location of the 4f" ground state is very close to the top of the valence band as
estimated by UV or X-ray photoelectron spectroscopy [24]. When the interaction of the
electrons with the ions and with other electrons is taken into account, the energy levels
are lowered and split into a band of definite width due to Stark splitting arising from the
crystal field effect. Since fluorides have a broad bandgap of around 10 eV [20], the
optical window where it is transparent is wide enough to record the absorption peaks
attributed to trivalent RE electronic transitions in the UV and VUV spectral domain as
well as emission from high lying localized trivalent RE states.

The operating wavelength of light emitting devices is basically limited by the
band gap of the material. Materials with larger band gaps would be capable of
generating light with shorter wavelengths. Another factor in choosing the proper
material is the tunability of the laser emission, thus materials with broad gain
bandwidths are preferable. Fluorides have very good potential as laser gain media
because they satisfy these criteria as indicated below:

(1) They have low phonon energy about 300-500 cm™.
(2) They have good transparency down to nearly 100 nm
(3) They have small ﬁonlinearity
(4) Thermal lensing is weak
(5) High emission cross-sections
(6) Long metastable decay time
(7) Refractive index is about 1.5
" Fluorides can have a band gap greater than 6.2 eV and hence they are capable of
emitting light with wavelengths shorter than 200 nm [20]. Moreover, ﬂuérides generally

have broad fluorescence bandwidths. This is because of fhe nature of the
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interconfigurational transitions from 4f"'5d — 4f". If a 4" electron is excited into the
5d level, the crystal field perturbation introduced by the fluoride host lattice becomes
much stronger than the spin-orbit interaction because of the large radius of a 5d electron.
The strong crystal field interaction results in broad bandwidth emission for
interconfigurational transitions. In the absence of induced absorption effects, broad
fluorescence bandwidths could be a precursor for broad gain bandwidths therefore
enabling the emission to be tuned over a range of wavelengths. Aside from these, there
are non-toxic and robust hosts that can be chosen from a wide selection of complex
fluorides. Another noteworthy feature of fluorides is their transparency down to the
VUV\ regiqn [24]. Fluorides are highly transparent from the VUV to IR due to low
energy phonons and high ionicity that lead to less absolute fundamental absorption with

respect to other oxide or sulphide materials [24].
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Chapter 3. Scintillators

Scintillators are fluorescent materials that mediate the detection of high energy
(ionizing) electromagnetic or charged particle radiation. A scintillator absorbing
high-energy radiation fluoresces at a characteristic Stokes-shifted (longer) wavelength
that can be detected by conventional detectors like photodiodes or photomultiplier tubes.
A schematic diagram of how a scintillator typically works is shown in Fig. 3.1. If the
properties of the scintillator are known, the high-energy radiation that it absorbed can in
turn be characterized. Radiation detectors are typically useful for imaging by utilizing
high-penetration power radiation and for spectroscopy by utilizing characteristic
radiation from each atom. As part of a detection unit, the broad application of
scintillators comprises various scientific disciplines such as high-energy physics,
nuclear physics, astronomy, and mineral exploration. It has also found applications in
product quality control, airport security, nuclear safeguards verification, cargo container
insbection, toxic dumpsite monitor, and environmental monitoring [1, 2]. Moreover,
Positron Emission Tomography (PET) for medical imaging has gained popularity as a
common élinical tool for detection of tumors. Extensive efforts have been put forth
towards the development of more efficient scintillators for detecting gamma rays of
around 511 keV that have been emitted by positron tracers in the body (arising from
electron-positron annihilation). Single crystal scintillators with high density (greater
than 7 g/cm’), short decay time (less than 100 ns), and high output efficiency (8500
photons/MeV) is favorable for this application. [3-6].

Although the number of known scintillators amounts to several hundreds, new
and better ones are still being developed in order to satisfy requirements for particular

applications. High-performance scintillators should both be fast and efficient [1].
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3.1 The scintillation decay time
An important requirement imposed on present day scintillators pertains to the
scintillation decay time, i.e. the faster the better. Generally, the decay rate of an excited

state is given by

e
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whefe I is the scintillation decay time, 7 is the fluorescence decay time, A., is the
emission wavelength, n is the refractive index, and u is the dipole operator connecting
the initial state |i> with the final state <f|. The matrix element connecting an initial state
with a final state via the dipole operator will only be of appreciable size for transitions
between states of different parity. Therefore transitions between 5d and 4f as in the
trivalent lanthanides like Ce>", Pr’", and Nd** and in the divalent lanthanides like Eu*
are of interest. Also, transitions between levels of the p- and s- configurations as in TI",
Pb*, and Bi*", are parity allowed. These are precisely the activator ions encountered in
scintillators [14].

Transitibns startir-lg from a less than half-filled configuration and terminating in
a more than half-filled ground-state configuration are usually spin forbidden, and
therefore slow. This is the situation in TI":Nal, BisGes0;, and T1":CsI where 2>200ns.
The same applies for self trapped exciton emission where 21000 ns, and when Tm®*
(4£%) and Er** (4f') are the activator ions. For Eu*’, decay times are usually around 1
us [14].

Excluding those lanthanides where non-radiative relaxation to high-lying

4f-levels takes place leaves Ce®", Pr’*, and Nd*" as the remaining options for fast decay
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scintillators. A survey of the literature data reveals that the lifetime of the lowest
5d-state of Ce** in inorganic compounds ranges from 17 to 60 ns, that of Pr’" is about
two times shorter and that of Nd*" again two times shorter [14].

Knowing that one is restricted to Ce*", Pr’**, or Nd**, the fundamental limits on
the wavelength of emission obtainable with these activators is explored. For example,
for the case of Ce’" activator, Fig. 3.2 compiles the data available on the emission
wavelength of the 5d — *Fsy, transition in Ce®* [14]. It ranges from the deep ultraviolet
at 265 nm for Ce** in KMgF; to the red part at 700 nm in MgSc,S4. At the same site in
the same host, the luminescence to the ground state in Pr** appears always 1.50 eV
higher in energy than in the case of Ce**. For Nd*" the difference is 2.82 eV. It implies
that emission to the ground state in Pr’" will be restricted to the 210-400 nm region, and
for Nd** emission will be restricted to the VUV region. The shortening of the emission
wavelength in going from Ce** to Pr** to Nd**is for a large part responsible for the two
and four times shortening of decay time of Pr’* and Nd*" luminescence as dictated by

equation 3.1.

3.2 The scintillation light output

If it is assumed that all charge carriers will be transferred to activator ions and
that tile intrinsic luminescence quantum efficiency of the activator ion is unity, then the
light output of the scintillation crystal will fully be determined by the number of
electron-hole pairs created .in the ionization track. Therefore, the scintillation light

output can be expressed as

E,; , (3.2)

Hemh = E‘Ef

%

o
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where #,., is the number of electron-hole pairs created during illumination, Eg is the
band gap of the material, E, is the emission output, and /3 is a weight factor, which is
reported to be close to 2.5 as determined experimentally and theoretically. Fig. 3.3.
shows the curve describing the fundamental limit on light output assuming /=2.5. The
hatched bars indicate the range of band gap values typical for the type of compounds
indicated in the figure [14].

In the last decade, the promising Ce-activated crystals such as perovskites:
LuAlOs3 (LuAP) [12, 43-44] and YAIO; (YAP) [5, 15-17] and orthosilicates: Lu,SiOs
(LSO) and Y,SiOs (YSO) [5, 18,19], have been investigated thoroughly. Following
these studies, the same host materials activated with other ions, like praseodymium (Pr)
or ytterbium (Yb), have also received some attention [1, 15, 20,21]. For the case of Ce-
and Pr-doped scintillators, the presence of traps and parasitic absorption lowers the light
yield. Further investigation on the hole localization as well as the electronic structure of
the traps are necessary to improve performance [5,15]. Another way of addressing the
need for efficient scintillators is the development of new materials. Recently,
scintillation properties of fluorides have been investigated [22,23] and the advantages of
VUV scintillator materials have been demonstrated. For instance, V.N. Makhov has
shown that there are Nd-doped crystals possessing simultaneously both high light output
and relatively good timing properties of the VUV luminescence. Such crystals can be
considered as promising materials for fast VUV scintillators [24,25]. BaF, is also a
common, very fast scintillator for the detection of X-rays, gamma rays or other
high-energy particles. One of its applications is the detection of 511 keV gamma
photons in positron emission tomography. Because of these, RE-doped fluorides as

VUV scintilators are gaining attention.
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Fig. 3.1. Schematic diagram for the detection of radiation by a scintillator. The
scintillator absorbs high-energy radiation and fluoresces at a characteristic
Stokes-shifted wavelength, which is readily detectable by conventional detectors such
as an avalanche photodiode or a photomultiplier (PMT) tube. The signal is then
digitized by an analog-digital converter (AD).
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Chapter 4. Crystal Growth Techniques

An essential aspect of materials science is the crystal growth prbcess. It
determines progress, industrial development, and transfer of various fundamental ideas
from sophisticated mathematical equations and original hypotheses to daily life. A
number of crystal growth techniques were developed during the last century. This work
will focus on two particular crystal growth techniques. The first one is the Czochralski
(CZ) process, which is a classical melt growth technique that is widely practiced in
research and industry. The second one is the Micro-pulling down (u-PD) method, which
is a relatively new technique considered to be a logical continuation of the CZ process

of growing a crystal from the melt

4.1 The Czochralski methbd

The Czochralski (CZ) method was discovered in 1916 by Jan Czochralski and
the first paper citing its results was published in 1918. Professor Czochralski started the
crystal growth of metals by immersion of a narrow capillary in the crucible with melt.
The first CZ apparatus used by J. Czochralski is shown in Fig. 4.1. A small nucleus of
crystal is then formed in the capillary. Slowly pulling up the melt allowed growing
metallic monocrystalline wires with diameters of about 1 mm and lengths up to 150 mm
[1,2]. Since its invention, the CZ method is continuously improved and developed and
several modifications have been carried out to suit the growth of a particular type of
crystal. The most important application may be the growth of large cylindrical ingots, or
boules, of single crystal silicon for semiconductor applications. A schematic diagram of
the CZ growth process is shown in Fig. 4.2. The crystal growth starts from a mixture of

powder raw materials. The raw materials are usually high purity elements. They are
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Fig. 4.1. The first CZ apparatus utilized by J. Czochralski. It was used for the growth of
metals by immersion of a narrow capillary in the crucible containing the melt.
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Fig. 4.2. Schematic diagram of the CZ process of pulling a crystal from the melt. Large
single crystals are grown by inserting a small seed crystal into a crucible filled with
molten raw material. The seed is rotated while slowly pulled up from the melt.
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melted together in stoichiometric amounts under very pure argon atmosphere in the CZ
apparatus. The crystal growth process is initiated by immersion of a seed crystal in the
melt. The beginning of crystallization process occurs on the seed crystal. The seed
crystal is then withdrawn from the melt. For homogeneity, the seed crystal and the
crucible are rotated during this process. Initially, the seed crystal is pulled fast. This will
cause the diameter of the growing crystal to be a few mm. This process is called
necking and it ensures that the crystal will be dislocation free even though the seed
crystal may contain dislocations. After necking, the growth speed is decreased to allow
the crystal diameter to increase. The growing crystal is pulled out with a constant
velocity of around 0.5-1 mm/hr. The obtained crystals are cylindrical with a diameter of
about 2 mm and a length.of about 80 mm. In order to terminate crystal growth, the
pulling rate is increased, thereby reducing the diameter of the grown crystal. The crystal
then ends in an end cone. This process will reduce thermal shock. The thermal shock of
the rapidly cooling end would introduce large temperature gradients in the crystal,
which in turn produce a stress gradient that will cause dislocations to be nucleated and
driven into the crystal resulting to cracks. The growth process can be performed with
different growth rates and different temperatures of the melt in order to change the
diameter of the growing crystal. However, pulling at a rate of about 0.05 mm/hr could
allow the growth of better quality crystals without growth patterns [1,2]. A sample of a
crystal grown by the CZ process is shown in Fig. 4.3.

The CZ process is already well established for industrial applications especially
in the growth of Silicon wafers for semiconductor and electronic device applications.
However this technique is time and raw materials consuming especially for single

crystal material screening. It is also difficult to combine screening with the
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Fig. 4.3. Ce:LiCAF crystal gfown by the CZ process. The neck and the conical end are
clearly seen.
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establishment of appropriate growth conditions required for high quality crystal
production. These result to delay in the production and development of applications
requiring newly developed crystals [3]. Therefore, for the systematic study of the
growth and optimization of new materials, a faster and more economical yet efficient

means of crystal growth method is required.

4.2 The micro-pulling down method

The micro-pulling down (u-PD) method was proposed by Dr. Ohnishi at the
Electrotechnical Laboratory in Tsukuba Japan. It was later established at the Fukuda
Laboratory at the Institute of Material Research (IMRAM) Tohoku University in Sendai,
Japan. Development of this method started in 1994.

This new method is relatively simple and it could be considered as a logical
continuation of the classical methods of crystal pulling from the melt [4]. The first
apparatus was resistively heated and was used to grow oxides. The schematic diagram
for the initial resistively heated pu-PD apparatus is shown in Fig. 4.4 [3]. Powder raw
material is placed in a crucible made of metal, for instance Pt or Pt/Rh, that is stable at
high temperature corresponding to the melting point of the crystalline material to be
grown. Moreover, the crucible material should be non-reactive with the raw materials
that it contains. The crucible has a micro nozzle with a capillary at the bottom. The
temperature of the nozzle can be controlled to a high degree of accuracy by the power
load to the Pt-wire after heater. The weight of a crucible charge is less than 1 gram and
additional feeding can be provided during the growth process. The crucible is resistively
heated directly. After it has reached the material’s melting point, a thin seed crystal is

touched to the hanging melt droplet at the nozzle. The fiber is then pulled down with a
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Fig. 4.4. The original resisitively-heated p-PD apparatus [3].
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velocity of 0.01-20 mm/min. Optimum speed depends on the size of the nozzle used.
Pulling a crystal too fast would lead to a diameter smaller than the nozzle diameter and
therefore to surface irregularities. Alignment of the seed and the nozzle is controlled by
amicro X-Y stage. Growth is usually conducted in air atmosphere. The crystal diameter
can be controlled from 0.15-2.0 mm by using an after-heater. An optical microscope can
visually monitor the growth process. This provides excellent conditions for in situ
observation of the growth interface through a fully transparent meniscus. This was
demonstrated for the case of PbWO, growth experiments [5].

Later, a double-die modification for in situ clad/core doping was proposed [6].
Radio frequency (RF) heating of the carbon crucible was suggested [7]. Finally, growth
of high melting (above 1700 °C) materials was performed using an Ir crucible. To
prevent oxidation of the crucible, growth atmosphere should also be controlled precisely.
An improved set up shown in Fig. 4.5 was implemented. An Ir crucible is placed on an
aluminum pedestal with Ir after—heater and proper thermal insulation in a vertical quartz
tube. A RF generator then heats it. The conical bottom of the crucible has a central
capillary opening of about 0.3-0.5 mm in diameter and 1 mm in length. The end face of
the crucible bottom is slightly depressed and varied from 0.5-1.0 mm in different
growth experiments. The edge deﬁnition is maintained by precise sharpening of the
crucible tip. This is necessary for stable growth. The crucible temperature is controlled
by the power applied to the movable RF coil. Moreover, high density and high purity
(99.7%) alumina ceramic is used to surround the crucible thereby providing thermal
insulation. The crystal growth is performed in neutral Ar/N, or slightly
oxidizing/reducing atmosphere by adding an appropriate amount of O»/H,. The seed is

attached to a high purity aluminum seed holder coupled to the micro X-Y stage for
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precise alignment to the crucible bottom. The seed is brought into contact with the melt,
which comes to the crucible tip through the orifice hole by capillary action. A small
window for a CCD camera is made in the after-heater and the alumina ceramic shield.
This enables observation of the hanging meniscus, the solid-liquid interface, and the
growing crystal. Recent improvements of this method have made the quality of pu-PD
crystals comparable with those prepared by CZ, Bridgman, or other classical growth
teéhniques [4]. Several works on the successful growth of oxide crystals have
demonstrated the advantages of this method. [5, 8-12]. From these, the following
features were established:

(a) Owing to a fast growth speed, a high quality single crystal can be grown using less
than 1 g of raw material in 5 — 12 hours, thereby allowing growth of large crystals at
a shorter time and at a lower cost compared with other melt growth methods like CZ
or BS. This very high growth speed makes this method a unique tool for single
crystalline material screening.

(b) Moreover, this method has the capability to control the shape of the grown crystal to
produce a fiber, rod, tube, and so on since the crucible not only serves as a container
for the melt but also as a shaper (die) for shaped crystal growth [4]. Examples of
crucibles and shaped crystals grown by this technique are shown in Fig. 4.6a and
Fig. 4.6b, respectively.

(©) Répeated seeding can be utilized to produce a few crystals of similar length without
cooling the hot zone to room temperature [13]. The design of the p-PD machine
allows sealing failure for 5-10 min without oxidation of the Ir crucible. The
just-grown crystal is cut and removed, then the system is sealed again and the

seeding procedure is repeated. The number of crystals grown is limited by the
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Fig. 4.6b. Shaped crystals grown by the p-PD method
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crucible charge.

(d) Lower thermal distortion decreases the density of cracks.

(e) The use of a narrow nozzle suppresses melt convection. For fast pulling rates, this
leads to the effective segregation coefficient near unity and allows growth even
from an incongruent melt composition.

() Crystal growth in the downward direction decreases the probability of bubble
inclusion in the grown crystal because the lighter density of air bubbles compared to

 the melt causes them to rise to the top of the crucible.

(gj It is easy to add charge from the top of the crucible without disturbing the growing
crystal. This would allow the growth of long fibers or crystals.

(h) By changing the nozzle, multiple crystals can be grown at the same time.
Multi-crystal growth is demonstrated in Fig. 4.7.

A comparison between the CZ and the p-PD methods are summarized in Table 4.1.

On the other hand, fluorides have found considerable attention because of their
applications in various fields such as laser materials, optical materials for VUV, and just
recently, as scintillators. Considering these applications, innovation of the p-PD
apparatus to accommodate fluoride crystal growth was carried out. Moreover, extensive
research is put into the improvement of this method to facilitate the screening of
fluoride host lattices, dopant concentration and optimization of the growth pararheters.
The concept is similar with the previously discussed growth scheme of oxide
compounds. However, for fluoride crystal growth, the growth chamber has to be kept in
vacuum. The growth chamber can be evacuated to 10” Torr by rotary and diffusion
pumps in order to remove oxygen traces [5]. It is also equipped with a CaF, window to

enable visual observation of the meniscus region, solid-liquid interface, and the growing
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Fig. 4.7. Multiple crystals grown at the same time by the u-PD method.
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Table 4.1 Comparison between the CZ and the u-PD methods

Cz u-PD
Growth direction Upward Downward
Typical Growth rate 0.05 —2 mm/hr 0.05-10 mm/min
Amount of raw material plenty <lg
Maximum crystal 400 mm 0.05 - 10 mm
diameter
Maximum crystal length 1-2m I m

Stage of development

Grow crystals for actual

devices

Research stage for
materials screening

Other characteristics

Large crystals

Shaped crystal growth,
multi-crystal growth

Less inclusion of heavy
solid particles

Less inclusion of air
bubbles

batch charge of raw
material

Continuous charging of raw
material

Large material loss (up to
40%) due to
post-processing (cutting,
polishing)

Low material loss, “ready
to use” fibers

41




L ey pmtengy A f s eodes ] ryqenas b by Foes By sus s onge
Lhaprer <. Uryvstal growth iechmques

crystal by a CCD camera. Moreover, carbon or platinum was used as crucible material
and the crucible is surrounded by refractory carbon and heated using a RF generator. A
schematic diagram of the u-PD apparatus modified for fluoride crystal growth is shown
in Fig. 4.8. Although the u-PD method is not as well developed and established as the
CZ method, it has been proven useful for the growth of high-quality crystals particularly
for materials screening. The demonstration of radio luminescence (RL) from a u-PD
grown Ce:PrF; shows that this method is capable of efficiently growing fluoride crystals

for applications mentioned earlier [14].
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Fig. 4.8. The p-PD apparatus modified for fluoride crystal growth.
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Chapter 5. Methodology

In this chapter, the procedure, apparatus, and experimental set-up for the

growth and characterization of Nd**-doped crystals are presented.

5.1. Transmission measurements

Transmission measurements were performed at the BL7B beam line of the
ultraviolet synchrotron orbital radiation facility (UVSOR) at the Institute for Molecular
Science. A 1-m focal length Seya-Namioka monochromator operating at room
temperature was used. The beam flux at the sample position was about 10'? photons/s
around 200nm with a 0.1 mm slit. To obtain the transmission spectra, the
Seya-Namioka monochromator was used to select the excitation wavelength and the
transmitted signal was detected by a photomultiplier. These apparatus were aligned
collinearly and were placed in a chamber that is evacuated to better than 1x10”° Torr by
an ion pump. The absorption edge was defined as the onset of transmission drop from
the level of the longest wavelength. It is estimated from the intersection of a linear fit to
the flat transmission at long wavelength and a linear fit to the steepest observed

transmission drop.

5.2 Fluorescence spectral measurements

The schematic diagram for fluorescence measurement is shown in Fig. 5.1. A
F, laser (PSX-100) operating at 157 nm, a repetition rate of 100 Hz, a pulse energy of 1
mJ, and a pulse duration of 5-ns excites thé sample placed inside a vacuum chamber.
The temporal characteristics of the F laser used is shown in Fig. 5.2. Furthermore, the

optical path from the laser to the vacuum chamber is purged with N3 gas to prevent the
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Fig. 5.1. Schematic diagram for measuring the fluorescence spectrum using an F; laser

excitation.
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Fig. 5.2. Temporal profile of the F, excitation laser. The stronger peak is the 157-nm
excitation pulse with a pulse width of 5 ns. The weaker peak comes from the inherent
red light (700 nm) emission from fluorine ions.
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absorption of the 157-nm excitation by oxygen. A MgF, lens then collects and focuses
the fluorescence onto the entrance slit of a spectrograph with 1 nm resolution. A VUV
charge-coupled device (CCD) array detects the fluorescence spectrum. In all
measurements, the spectrum is corrected for the spectrograph and CCD detector spectral
responses.

For further investigation of the feasibility of an all-solid-state VUV laser,
Nd**:LaF; is excited by a Ti:sapphire regenerative amplifier. For the case of
femtosecond excitation, the 290-nm pulses (third harmonic) operating at 1 KHz, 30 mW
(30 pJ), 100 fs pulses were used to excite a 3mmx3mmx3cm cuboid Nd*":LaF;. A 20
cm focusing lens was used to focus the pulses from the top view port onto the top of the

crystal. The schematic diagram is also shown in Fig. 5.3

5.3 Fluorescence temporal measurements

Temporal measurements to determine the fluorescence lifetimes are performed
using a specially designed VUV Seya-Namioka spectrometer and streak camera
combination. Optical materials typically used in streak camera units are UV-grade and
are thus highly absorbent at wavelengths below 200 nm. To address this issue, reflection
type input optics and MgF, windows were used. Moreover, since VUV radiation is
strongly absorbed by oxygen, a vacuum chamber from the input slit to the streak tube
was designed. The VUV spectrometer has a Seya-Namioka type holographic grating
with a groove density of 600 gr/mm and a linear dispersion of 8 nm/mm. It covers the
spectral range from 100 to 600 nm wavelength region with a spectral resolution of 1 nm.
The imaging unit consists of Al and MgF,-coated mirrors with greater than 80% single

reflection from 125 to 850 nm. The effective F number is 4. The streak camera system
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Fig. 5.3. Schematic diagram of the Seya-Namioka spectrometer and streak camera
combination used to capture the streak camera image as well as to measure the temporal
profile of the fluorescence. The crystal is pumped with the F, laser and the third

harmonics of a Ti:sapphire regenerative amplifier during independent experiments.
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Chapter 3. Methodology

has two kinds of scan units. One scan unit is for synchronized scanning. It can measure
high repetition rate events synchronously between 75 MHz to 165 MHz. According to
specifications, the rated temporal resolution is 2 ps at 800 nm. The other scan unit is the
slow scan speed unit, which can measure an event or a single shot up to 2MHz.
According to specifications, the rated temporal resolution is 50 ps or less. The
spectrometer is connected to the vacuum chamber where the fluoride sample is placed.
The schematic diagram of the streak camera system is shown in Fig. 5.3. The entire
system is maintained at a vacuum level of 107 Torr. Since the streak camera displays the
streak image in pixels, the captured image must be calibrated spectrally and temporally
in order to display the axes in wavelength (nm) and time (ns). Spectral calibration is
achieved by measuring the streak image of a source with known wavelength. On the
other hand, temporal calibration is achieved by recording streak images at two

consecutively known time intervals.

5.4 Fluoride crystal growth by the micro-pulling down method

The u-PD apparatus modified for fluoride crystal growth that was shown in Fig. 4.8.
High purity LaFs, BaF,, and NdF; at a molar ratio of 90:10:1 are prepared as starting
materials for obtaining Nd3+:(La1_x,Bax)F3_x (x=0.1) or Nd3+:(Lao_9,Bao_1)F2_9. They are
thoroughly mixed and placed inside a graphite crucible. The growth chamber is then
evacuated to 10 Torr using rotary and diffusion pumps. By radio frequency (RF)
heating, the crucible is baked at 600 °C for 1 hour in order to remove oxygen traces from
the moisture of raw materials and adsorbates on the chamber surface. Simultaneously,
the chamber is further evacuated to 10” Torr. After baking, the recipient is filled with a

mixture of non-reactive gases Ar and CF,, until ambient pressure. The crucible is heated
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Fig. 5.4. Growth of fluoride crystals by the p-PD method.
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1

to a melting temperature of about 1450 °C. The crystal is grown with a pulling rate of
0.1 mm/min and with complete solidification of the melt charged in the crucible. A
summary of the growth process is shown in Fig. 5.4

The phase diagram for the LaF;-BaF; system, shown in Fig. 5.5, indicates that
La(.9BaxF3.x with 0.2< x <0.5 is eutectic [1]. This aufomatically discriminates against
barium ratios from 20% to 50% since at these ratios, the constituents exist as a liquid for
temperatures greater than 1390 °C. However, as the temperature is decreased during the
growth process, the melt then start to solidify into its different constituents, thereby
producing an incongruent crystal. An option is to use barium ratios from 50% to 100%.
However, spectroscopic results for crystals with these ratios, as shown in Fig. 5.6,
indicate that the transmission property of the crystal in the VUV region is not improved.
Less than 20% Barium ratios seem to be the best. During the actual growth process, the
cryétal is already cloudy when x = 0.15; thus x = 0.1 was chosen.

For comparison, a‘ Nd*":LaF; crystal is also grown from a stoichiometric

mixture of high-purity LaF; and NdFs.
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Fig. 5.5. Phase diagram of a LaF;-BaF, system. It is eutectic at Barium ratios
from 20%<x<50% [1].
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transmission range that starts from 170nm.
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Chapter 6. Characterization of Nd**-doped Fluorides

The first step in the development of a new laser material is the characterization
of its optical properties. Two CZ method-grown fluoride crystals namely, Lanthanum
Fluoride (LaF3) and Yttrium Lithium Fluoride (YLiF4) and two p-PD method-grown
fluorides namely Lanthanum Barium Fluoride ((La;.x,Bax)F.x) and LaFs, all doped with
Neodymium (Nd*>*) ions are investigated and characterized in terms of absorption, VUV

fluorescence, and fluorescence lifetime.

6.1. Optical properties of CZ method-grown Nd**:LaFs;

Figure 6.1 shows the absorption spectrum for a 1 mm thick Nd*>*:LaFs. It has an
absorption edge at 168 nm. This was estimated using the technique described in Section
5.1. Tts ability to absorb strongly around 157 nm makes the F, laser a good pumping -
source for observing fluorescence from Nd**:LaFs. The absorption cross section, G, at
the proposed 157-nm excitation wavelength is 3.2x10™" cm? It was calculated using

ca = o/n (6.1)
where o is the absorption coefficient and n is the number of absorbers or number
density, which is related to the doping concentration.

The fluorescence spectrum of Nd*": LaF; is shown in Fig. 6.2. Fluorescence
peak in the VUV region is observed at 172 nm, which is in good agreement with
previous reports [1-3]. This observed fluorescence peak originates from the 4£°5d — 4P
electric dipole-allowed transitions of the Nd>* ions. 172 nm (58x10> cm™) corresponds
to the dipole allowed transition from the 4£5d configuration to the *111/» manifold of the

4f configuration. The simplified energy-level diagram of Nd** ions in LaF; indicating
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Fig. 6.1. Absorption spectra of a 1 mm thick, CZ method-grown Nd**:LaFs.
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Fig. 6.2. Fluorescence spectra of Nd>": LaF;. Strongest fluorescence peak is
located at 172 nm.
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the absorption at 157 nm and the emission transition at 172 nm is shown in Fig. 6.3.
The fluorescence temporal profile is shown in Fig. 6.4 and the fluorescence
lifetime is determined to be 9.85 ns. This corresponds to when the fluorescence signal

decays to 1/e.

6.2. Optical properties of CZ method-grown Nd**:YLiF,

The absorption spectrum of the 13 mm thick Nd**:YLiF, sample is shown in
Fig. 6.5. The absorption edge is at 181 nm. This absorption edge was also estimated
using the technique described in Section 5.1. Also, the 157 nm emission from the F
laser is a suitable pump for observing fluorescence. The absorption cross section at 157
nm is 1.67x10%° in accordance with Eqn. 6.1.

Figure 6.6 shows the fluorescence from Nd*":YLiF4. In contrast to Nd:LaFs,
two fluorescence peaks are observed in the DUV region. The dominant peak is at 181
nm while the weaker peak is at 185 nm. The peak at 181 nm (55x10° cm™) comes from
the transition from the lowest level of 4£°5d configuration to the ‘I, manifold of the 4f
configuration. On the other hand, the peak at 185 nm (54x10° cm™) arises from the
transition between the 4£25d configuration to the *1,1/» manifold of the 48 configuration.
These transitions are indicated on the simplified energy-level diagram of Nd** ions in
YLiF4 shown in Fig. 6.7.

The temporal profile is shown in Fig. 6.8. Fluorescence lifetime is determined
to be 21.79 ns.

Table 6.1 shows a summary of the optical properties of these two materials.
Although Nd**:YLiF, has a lower absorption cross section at its emission wavelength

(181 nm) and a longer lifetime compared with Nd**:LaFs, it has a longer absorption
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Fig. 6.7. Energy level diagram of Nd**: YLiF, showing allowed transition

giving rise to fluorescence at 181 nm and 185 nm.
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Table 6.1. Summary of the optical characteristics of CZ method-grown Nd**:LaF and

Nd&**:YLiF,.

Nd**:LaF; Nd**":YLiF,
Absorption edge [nm] 168 181
Absorption cross section at 3.24x 10™° 1.67 x 102
157 nm [cm™)
Emission wavelength [nm] 172 181
Absorption cross section at 2.71 x 102 7.40 x 107
emission wavelength [cm™]
Lifetime [ns] 9.85 21.79
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edge, a lower absorption cross section at the proposed pump wavelength (157 nm), and
a longer emission wavelength at 181 nm. In this regard, Nd’*:LaF3 has better prospects
as a VUV laser material.

The feasible strategy is to consider LaF; host with the addition of BaF; to shift
the transmission edge to a shorter wavelength. Since barium has a smaller atomic
number compared to lanthanum, it follows from the discussion in Section 2.1 that BaF,
would have ‘a wider band gap compared with LaF; and hence, a shorter wavelength
transmission edge.

In order to facilitate the growth and characterization of this new material, the

p-PD method is used because of its merits as discussed in Section 4.2.

6.3. Optical properties of u-PD method-grown Nd**:(Lags,Bao.1)F2. and Nd*":LaF;

The samples used in our experiments are shown in Fig. 6.9. They are both 1
mol.% Nd**-doped. They are 20 mm in length and 2 mm in diameter. They were grown
as described in Section 5.4. None of the samples have visible cracks or inclusions.

Figure 6.10 shows the absorption coefficient, o, of a 1-mm thick
(Lago,Bag1)F29, LaFs;, and BaF, in the VUV region. Their absorption edges are
estimated to be about 180 nm, 210 nm, and 138 nm for (Lago,Bao.1)F2.9, LaFs, and BaF,,
respectively. Clearly, (Laoos,Bagi)F2o has a shorter wavelength absorption edge
compared to LaF;. This indicates that it will have better VUV transmission
characteristics, given the same doping ion. Moreover, its short wavelength absorption
edge makes it more suitable as a short wavelength solid-state optical material.

For 1 mol.% Nd doping concentration, the number density of Nd** ions in
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Fig. 6.9. Photographs of (a) Nd**:(LagsBag.1)F2 and (b) Nd*":LaFs crystals. Both
samples are 20 mm in length and 2 mm in diameter. Neither has visible cracks nor

inclusions.
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(Laos,Bag1)F2s and LaF; host is 1.65x10% c¢m™ and 1.81x10% cm?, respectively and
their absorption cross sections at the proposed excitation wavelength, 157 nm, is
7.4x10% cm® and 6.86x10%° cm?, respectively. This means that Nd*>*:(Lags,Bao1)F2s
would have better absorption at the excitation wavelength.

Figure 6.11 shows the VUV fluorescence from the Nd>*:(Lag.s,Bag 1 )Fa9
sample. The plot also shows the scattered excitation for reference. This is the 157 nm
excitation that reached the detector after being scattered from the surface of the sample.
By considering the energy levels of Nd*" activator ions as well as the selection rules for
angular momentum and spin, the broad peaks can be attributed to interconfigurational
transitions from the 4f°5d excited state configuration to the different manifolds of the
4f ground state configuration while the sharp peaks are characteristic of
intraconfigurational transitions within the manifolds of the 4f configuration. The most
intense peak located at 178 nm may be attributed to the allowed dipole transition from
the 4£*5d configuration to the *I;5, manifold of the 4f° configuration [4].

Using the same set up, the fluorescence spectrum from Nd**:LaF; shown in Fig.
6.12 is obtained. Its VUV fluorescence peak is located at around 175 nm, which is close
to that from previous reports [1-3] and also with the CZ-grown crystal discussed earlier.
A slight shift in the peak position could be due to the difference in doping concentration.
The effect of doping concentration will be discussed in detail in Section 6.5. The figure
also shows the spectrum form Nd® "(Lag.o,Bag.1)F2s, for comparison. The red shift in the
Nd**:(Laos,Bag,)F2o fluorescence peak may be due to the effect of BaF,. The
transmission of a BaF; host is shown in Fig. 6.10 for reference. Nd3+:(Lao_9,Bao,1)F2_9 is
observed to have a more intense and broader fluorescence compared with Nd**:LaFs. It

has a fluorescence bandwidth (full width at half maximum) of 12 nm while Nd**:LaF;
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Fig. 6.11. F; laser-induced fluorescence spectra of Nd**:(Lag.oBao.1)F2. It has a

dominant peak located at 178 nm. The broad peaks can be attributed to
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different manifolds of the 4f° ground state configuration while the sharp peaks are

characteristic of intraconfigurational transitions within the manifolds of the 4

configuration.
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Nd**:(Lag.o Bao.1)F2.0 has the most intense peak located at 178 nm. Nd**:LaF; has a

dominant peak located at 175 nm. The obtained spectra are corrected for the

spectrograph and CCD detector spectral responses.
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has a bandwidth of 8 nm. This is emphasized in Fig. 6.13. The energy spread of the
Stark splitting characteristic of the “I;s; (5770 cm’™ to 6340 cm™) manifold translates to
a theoretical span of at least 2 nm in the fluorescence spectrum compared to 0.7 nm for
the “I;;, manifold [5]. Considering other broadening mechanisms such as the vibronic
interconfigurational d—f transition and the finite spectral response of the spectrograph
system, the larger Stark splitting characteristic of the *I;s» manifold is speculated to
account for the 4 nm difference in the full width at half maximum that was observed in
the experiment. In this regard, Nd3+:(Lao,9,Bao,1)F2,9 will have better laser
characteristics in terms of better tunability and the capability for amplification of shorter
pulses. In particular, the shortest pulse that a material can amplify can be estimated from
fp [ps] = 0.3/Av , (6.2)
Ay [THz] = [(c/A)-(c/A2)]

where Av is the bandwidth; ¢ = 300 pm/ps is the speed of light in vacuum; and A;, A,
are the boundaries of the tunable wavelength region. Carrying out the calculations,
Nd**:(Lags,Bao1)F29 and Nd>*:LaF; are capable of amplifying 2.6 fs and 3.8 fs pulses,
respectively. Moreover, laser emission from Nd**:(Lagg,Bao)F29 has better prospects
since this material is more transparent at the 178-nm emission. The absorption cross
sections of these two materials at their corresponding peak emission wavelengths are
9.75x10% ¢m? and 6.01x102" ¢m? for Nd**:(Lag.o,Bag.1)F20 and Nd**:LaF;, respectively.
The streak camera image of the F, laser (157 nm emission)-induced Nd°*:LaF;
fluorescence is shown in Fig. 6.14. Also shown in the same figure is the 157-nm
excitation pulse for reference. The location of the fluorescence peak is in good
agreement with the spectrum that was measured by a VUV spectrograph and CCD array

detector shown in Fig. 6.12. This is the first streak camera image in the VUV region.
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Fig. 6.13. VUV fluorescence spectra of the two samples emphasizing the broader
fluorescence bandwidth from Nd**:(Lag. Bag1)F2.o with full width at half maximum

(FWHM) of 12 nm compared with 8 nm for Nd**:LaFs.
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Fig. 6.14. Vacuum ultraviolet streak camera image of the fluorescence from a Nd**:LaF;
crystal when excited by a F; laser. Also shown is the streak camera image of the 157-nm

excitation pulse. The image is temporally and spectrally calibrated.
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The temporal profiles of the VUV fluorescence from Nd3+:(La0'9,Bao'1)F2_9
and Nd*":LaF; are shown in Fig. 6.15. The fluorescence from Nd**:(Lags,Ba.1)F2. has
a lifetime of 6.1 ns. On the other hand, the fluorescence from Nd**:LaF; has a lifetime
of 8.9 ns. Also shown in the same figure is the temporal profile of the 157-nm F; laser
excitation pulse. It has a pulse width of 5 ns.

A comparison of the optical characteristics of these two materials is
summarized in Table 6.2. As a VUV laser material, Nd’":(Lao¢,Bag1)F2s has the
advantage of having a shorter wavelength transmission edge, higher absorption cross
section at the proposed excitation wavelength (157 nm), higher fluorescence cross
section leading to more intense fluorescence, and broader fluorescence bandwidth.
However, it has a fast decay time and a longer emission wavelength. The fast
fluorescence decay time would be disadvantageous for a laser material because this
would lead to a higher lasing threshold in order to satisfy population inversion, which is
necessary for lasing to occur. In this case, Nd**:LaF; would have better prospects as the
shortest wavelength VUV laser. On the other hand, Nd**:(Lag.0,Bag1)F29 would be more

suitable as a VUV scintillator because of its high light yield and fast decay time.

6.4. Femtosecond Laser-induced fluorescence from Nd**:LaF;

Up conversion pumping of laser materials is an attractive route to convert low
frequencies to higher frequencies. Using a solid-state laser as pump, an all-solid-state
VUV laser would then be possible.

Fluorescence spectra was obtained in the femtosecond regime by using the
third harmonics of a (290 nm) Ti:sapphire regenerative amplifier. Due to the geometry

of the experimental set-up described in Section 5.2, a CZ method-grown crystal cut into
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Fig. 6.15. The fluorescence from Nd>*:LaF; has a lifetime, T, of 8.9 ns while the
fluorescence from Nd**:(Lagg Bag 1)F2.9 decays faster with a lifetime of 6.1 ns. Also

shown is the temporal profile of the excitation pulse with a pulsewidth of 5 ns.
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Table 6.2. Comparison of the optical characteristics of micro-PD method grown
Nd**:(Lago Bao.1)F2 and Nd**:LaFs.

Nd**:(Lao.s,Bac.1)Fzs Nd**:LaF;
Absorption edge [nm] 180 210
Absorption cross section at |
157 nm [em?] 7.4x10% 6.86 x 102
Emission wavelength [nm] 178 175
Emission bandwidth [nm] 12 8
Absorption cross section at
emission wavelength [cm™] ~975x10% ~6.01x 107
Fluorescence cross section
(cm?] ~1.73x 107 ~1.62x 107
Shortest pulse that can be 2.6 3.8
amplified [sech?, fs]
Lifetime [ns] 6.16 8.91

Laser threshold
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a cuboid with its top, bottom, and 2 sides polished, was used. The streak camera image
of fluorescence from Nd*":LaF; and the pump pulse are shown in Fig. 6.16a and Fig
6.16b, respectively. The spectral profile of fluorescence is shown in Fig. 6.17 while the
temporal profile is shown in Fig. 6.18. Since the sample is practically transparent in this
wavelength region, the observed fluorescence was speculated to be due to two-photon
absorption. However, evaluation of the relative intensity of fluorescence with pump
intensities from 4mW to 38 mW revealed a linear plot with a unity slope as shown in
Fig. 6.19. To understand this phenomenon, the sample’s absorption spectrum in the UV
region was obtained. The absorption spectrum of the sample from 200 to 400 nm,
shown in Fig. 6.20, reveals the presence of multiple absorption bands, particularly at
290 nm. Hence, single photon fluorescence is more probable than the non-linear
two-photon case. In this respect, an electron absorbs one photon from an incoming pulse,
thereby promoting it to an excited metastable state. Specifically, an electron in the
ground state absorbs a 290-nm photon causing it to be promoted to ’H,,/, manifold
(34119 cm™) of the 4f configuration. Since fluorides have low phonon energies, the
lifetimes of intermediate levels are long enough for electrons to accumulate. Subsequent
energy transfer would promote an electron to the 4£*5d configuration. Relaxation to the
4f configuration results to fluorescence at 175 nm. A schematic diagram of the energy
level transitions is shown in Fig. 6.21. The results obtained with a femtosecond pump
were compared with those obtained using a nanosecond F laser (157 nm) as pump. The
streak camera image, spectral, and temporal profiles are shown in Fig. 6.22, Fig. 6.23,
and Fig. 6.24, respectively. The fluorescence characteristics are similar for the
femtosecond and nanosecond pumping schemes. In this respect, Nd**:LaF; has good

prospects as an all-solid-state VUV laser material pumped by 290-nm solid-state lasers.
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Fig. 6.17. Spectral profile of the fluorescence from a cuboid Nd*>*:LaF; excited by

290-nm femtosecond pulses.
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Fig. 6.18. Temporal profile of the fluorescence from a cuboid Nd**:LaF; excited by
290-nm femtosecond pulses.
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wavelength.
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Fig. 6.20. Streak camera image of fluorescence from a cuboid Nd**:LaF; excited by

157-nm pulses from an F; laser.
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6.5. Effect of Nd doping concentration

As the active ions greatly influence laser performance, the effect of Nd
concentration to the material’s optical properties is investigated.

Figure 6.25 shows the fluorescence spectra of Nd**:LaF; for different Nd
concentrations from to 5% to 15%. As doping concentration is increased, pump
absorption is expected to increase. As a consequence, it is intuitive that fluorescence
would intensify due to the increase of charge carriers. However, as Fig. 6.25 shows,
fluorescence intensity is lowest for the highest doping level (15%). A previous report by
Waynant and Klein [3] observed similar decrease in fluorescence intensity when doping
is increased but the fluorescence lifetime remained unchanged even at high doping
concentrations. They therefore attributed the decrease in fluorescence intensity to
increase in the reabsorption of the emitted light brought about by an increase in the
absorption coefficient as doping increases. The difference in intensity of the scattered
excitation may be due to surface effects. On the other hand, as doping concentration
increases, the interaction between the wavefunctions of the dopant and the host matrix
would increase. This would lead to the narrowing of the band gap as doping is increased.
Consequentially, a slight shift in the fluorescence peak could arise.

For comparison, concentration dependence studies are carried out in the
near-infrared (IR) region. Absorption spectra of Nd**:LaF; for 2.5% to 15% Nd
concentration is shown in Fig. 6.26. Spectra are evaluated from 700 — 1000 nm. At the
excitation wavelength, 798 nm, absorption is observed to increase with increasing
concentration.

Near-IR fluorescence is evaluated using the 798 nm line of a Xe light source. Figure

6.27 shows the fluorescence spectrum for Nd concentrations from 0.25 % to 15%.
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Several peaks are observed from 850 nm to 1200 nm. As concentration increases from
0.25% to 2.5%, fluorescence is observed to intensify. However, increasing the doping
concentration further results to decrease in fluorescence intensity as can be observed
from 5% to 15% doping concentration. This decrease in intensity despite the increase in
absorption indicates the presence of concentration quenching for doping levels greater
than 2.5%.

To confirm that concentration quenching brings about the decrease in intensity,
the fluorescence lifetime is obtained. Fig. 6.28 shows a log plot of the fluorescence
lifetime for Nd doping concentrations from 2.5% to 15%. Fluorescence lifetime is
longest for 2.5% Nd concentration. As Nd concentration is increased to 15%,
fluorescence lifetime decreases. As concentration increases, the number of defects and
trapping centers that prevent the recombination of charge carriers also increases.
Moreover, interaction between Nd ions increase as the Nd concentration increases.
Therefore, less of the charge carriers are able to recombine and contribute to the
fluorescence. This explains the decrease in fluorescence intensity and the increase in the
decay time as emission is inhibited.

The effect of Nd*>* concentration in the VUV region needs further study in
order to identify whether concentration quenching would play an important role in
improving light yield. By carrying out further work in this direction, the optimum
concentration level would be determined. With the improvement of the quality and size
of Nd**-doped fluorides, an efficient and reliable vacuum ultraviolet laser will be

realizable in the near future.
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Fig. 6.26. Absorption coefficient in the near-IR region for different Nd concentrations.
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Chapter 7. Summary, Conclusions, and Recommendations

Two CZ method-grown fluoride crystals namely, LaF; and YLiF4 and two
p-PD method-grown fluorides namely (La;x,Bax)F;x and LaF;, all doped with
Neodymium (Nd**) ions were investigated and characterized in terms of absorption,
fluorescence, and fluorescence lifetime, with the goal of investigating Nd**-doped
fluorides as VUV laser media.

First, the optical properties of CZ method-grown Nd**:LaF; and Nd**:YLiF,
were investigated. Although Nd**:YLiF4 had a lower absorption cross section at its
emission wavelength (181 nm) and a longer lifetime compared with Nd**:LaF3, it had a
longer wavelength absorption edge (179 nm compared to 165 nm), a lower absorption
cross section at the proposed pump wavelength (157 nm), and a longer emission
wavelength. In this regard, Nd**:LaF; had better prospects as a short wavelength VUV
laser material.

Next, BaF, was added to shift the transmission edge to a shorter wavelength.
Nd**:(Laj.x Bay)Fs.x (x=0.1) or Nd**:(Lag ¢,Bag 1)F2 crystal was successfully grown for
the first time using the p-PD method modified for fluoride crystal growth, for fast and
economical materials screening. For comparison, Nd*":LaF; was also grown using the
same growth parameters. Both of these crystals were 20 mm in length and 2 mm in
diameter.

As a VUV laser material, Nd**:(Lago,Bag1)F2 had the advantage of having é
shorter wavelength transmission edge, higher absorption cross section at the proposed
excitation wavelength (157 nm), higher fluorescence cross section leading to more
intense fluorescence, and broader fluorescence bandwidth. However, it had a fast decay

time and a longer emission wavelength. In this case, Nd**":LaF; would have better
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prospects as the shortest wavelength VUV laser. On the other hand,
Nd3+:(Lao_9,Bao,1)Fz‘9 would be more suitable as a VUV scintillator because of its high
light yield and fast decay time.

Up conversion pumping of laser materials was an attractive route to convert
low frequencies to higher frequencies. Using a solid-state laser as pump, an
all-solid-state VUV laser would then be possible. To investigate this aspect, a CZ
method-grown Nd**:LaFj; cut into a cuboid was excited by the third harmonics of a (290
nm) Ti:sapphire regenerative amplifier. Fluorescence characteristics were similar for the
femtosecond and nanosecond pumping schemes.

The effect of doping concentration was also investigated. Fluorescence
spectrum for different concentration levels revealed the presence of concentration
quenching in the infrared region. Fluorescence intensity was observed to increase up to
2.5% Nd>* concentration. Beyond 2.5%, fluorescence intensity decreased accompanied
by fast fluorescence decay times. In the VUV, fluorescence intensity seemed to decrease
at high concentrations. At the moment, it is not yet clear whether this was brought about
by quenching or by increased absorption of the fluorescence.

The effect of Nd®" concentration in the VUV region needs further study in
order to identify whether concentration quenching would play an important role in
improving light yield. By carrying out further work in this direction, the optimum
concentration level would be determined. With the improvement of the quality and size
of Nd3+-doped fluorides, an efficient and reliable vacuum ultraviolet laser will be

realizable in the near future.
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