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Abstract

Electron paramagnetic resonance, photoluminescence, photoluminescence
excitation, thermoluminescence (TL), optically stimulated luminescence (OSL) and
absorption spectrometry are used to identify and characterize point defects in single
crystals of lithium tetraborate (Li2B4O7) and lithium triborate (LiB3Os) doped with silver
or copper, and explore the role of these point defects in luminescence. Previously
unknown defects are identified in Ag-doped Li2B4O7 including: lithium vacancy
substitutional-silver-ion defect-pairs (hole trap); isolated lithium vacancies (hole trap);
isolated oxygen vacancies (electron trap); interstitial-silver-ion substitutional-silver-ion
defect pairs (electron trap); isolated interstitial silver ions (electron trap); and interstitial-
silver-ion lithium-vacancy defect pairs (electron trap). Defect models are proposed for
each new defect, and implications on defect models developed for previously known
defects. The role of each defect in TL and OSL radiation dosimetry is examined.

Defects in Ag-doped LiB3Os and Cu-doped LiB3Os are identified including: two
species of interstitial-silver-ions (electron traps); isolated-substitutional-silver-ion (hole
trap); lithium vacancy substitutional-silver-ion defect pairs (hole trap); interstitial-silver-
ion substitutional-silver-ion defect pairs (electron trap); a species of interstitial-copper-
ion (electron trap); isolated-substitutional-copper-ion (hole trap); and lithium vacancy
substitutional-copper-ion defect pairs (hole trap). The role of each of these defects in TL
and OSL is examined. Based on this assessment, Ag-doped LiB3Os is a promising TL

and OSL dosimetry material while Cu-doped LiB3Os is not.
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LUMINESCENCE IN LITHIUM BORATES

I. Introduction

Lithium borates, both lithium tetraborate single crystals (Li2B2O7 or LTB) and
lithium triborate single crystals (LiBsOs or LBO), have non-linear optical character, and
can expand the frequency range of laser sources [1, 2]. In this role, Li2B4O7 and LiB3Os
are well studied and characterized. In recent years, Li2B4O7 has also been studied as a
possible thermally stimulated luminescence (TL) dosimeter, optically stimulated
luminescence (OSL) dosimeter, and as a material suited for neutron detection [3-10]. Itis
important to note from the references that the incorporation of monovalent ions, Cu or
Ag, into single crystals of Li2B4O~ is critical to the efficient detection of radiation. What
is not apparent from the references is how the incorporation of these two monovalent ions
facilitates the detection of radiation thru TL or OSL. In other works, the incorporation
sites of Ag and Cu into Li2B4Oz7 is described, and the role the ions play in the TL process
is generally assessed [11-14]. There is need to develop a more subtle understanding of
the role of these ions in the TL process, as well as to explore the role of these ions in the
OSL process.

Likewise, there has been some study of the mechanism of thermally stimulated
luminescence in LiB3Os [15-18], although it has not been studied as extensively as
Li2B4O7. In any scheme to detect radiation, understanding the specific mechanisms
which facilitate detection is fundamental to optimizing device performance and to enable

the identification of radiation type in a mixed radiation environment. Characterizing



intrinsic and extrinsic point defects is necessary to understand the TL and OSL
mechanisms in these oxide crystals. Identifying the role of each defect, as transient or
long-lived electron or hole traps, provides the knowledge necessary to begin optimization

of growth processes in order to produce the most efficient materials for radiation

detection.
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Figure 1. Neutron absorption cross-sections for selected isotopes. *'Gd is not
present in LTB or LBO crystals. It is included for comparison. ®Li and °B have
cross-sections over two orders of magnitude larger than %O for thermal neutron
(~0.0258 eV). Plot data taken from ENDF data from the NNDC [19].

In addition, Li2B4O7 and LiB3Os are both potential candidates for neutron
detection due to the presence of lithium and boron in each crystal. More specifically, the
®Li and °B isotopes have large thermal neutron absorption cross sections as shown in

Figure 1, and the (n,a) reaction for both Li and °B are exothermic with the excess



energy of reaction available as detectable kinetic energy in the resulting ®H, o, and "Li
particles as shown in equations 1 and 2.
°Li+n — 3H+a+4.78 MeV Q)
YB+n— Li+a+2.8MeV (2)

Figure 1 shows the relative probability of neutron absorption by °Li and 1°B
compared to other nuclei available in un-doped Li2B4O7 or un-doped LiB3Os ("Li, !B,
170 and 80 have similar cross sections as *%0). Note that the cross sections for neutron
absorption by ®Li (7.5 % abundant) and 1°B (19.9 % abundant) are quite large compared
to other isotopes present in Li2B4O7 or LiB3Os, and therefore they efficiently convert
thermal neutrons into more readily detectable particles and energy.

Both Li2B4O7 and LiB3Os have potential as dosimetry materials. This work
focuses on evaluating the utility of these two materials for use in radiation detection and
dosimetry. The approach taken is not to quantify the material response to interaction
with ionizing radiation, but to identify the point defects responsible for potential
detection mechanisms. This approach demands a greater understanding of the
fundamental properties of each material and how those properties facilitate the TL and
OSL processes. The specific research goals are as follows: Identify the point defects
responsible for high temperature TL in Ag-doped Li2B4O7; Identify the point defects
responsible for OSL in Ag-doped Li2B4Oy7; Identify the extrinsic point defects caused by
copper doping LiB3Os; Identify the point defects responsible for TL in Cu-doped LiB3Os;
Identify the extrinsic point defects caused by silver doping LiB3Os; and Identify the point

defects responsible for TL in Ag-doped LiB30s.



In this work, chapter Il describes a method used to gauge the effect of thermal
quenching on photoluminescence. After chapter Il, all chapters are prepared as
publishable work according to the standards of the Journal of Luminescence in
accordance with the Style Guide for AFIT Dissertations, Thesis and Graduate Research
Papers dated July 2015. The chapters are presented not in the chronological order of
publication, rather they are ordered to facilitate a logical flow of reading assuming the
reader is familiar with the subject matter, but has not reviewed all previously published
material. Chapter IV is already published in the Journal of Luminescence describing the
point defects principally responsible for optically stimulated luminescence in Ag-doped
Li2B4O7. Chapter VI concerning the role point defects play in thermoluminescence in
Cu-doped LiB3O:s is currently under review for publication in the Journal of
Luminescence. Chapters Il1, V and VII have not yet been submitted for publication.
Chapter I11 reviews and reexamines intrinsic defects in Li2B4Oz, identifies variations on
those intrinsic defects in Ag and Cu doped Li2B4O7, proposes defect models, and
identifies the thermal stability of all previously unknown defects. Chapter V identifies
two new silver related electron traps in Ag-doped Li2B4O7 and proposes defect models
for both of these two new traps as well as the one previously reported Ag related electron
trap. The chapter also details the role of all point defects in Ag-doped Li2BsO7 in the
thermoluminescence process above room temperature. Chapter VII is analogous to

Chapter VI, but the subject is Ag-doped LiB3Os.



Il. Gauging thermal quenching of photoluminescence

Luminescence is the process by which a material emits longer wavelength light
(Stoke Shift) when exposed to incident radiation [20]. The identifying name of the type
incident radiation is used as a prefix to the word “luminescence” to identify the excitation
source. As examples, x-ray-luminescence is emission of light upon exposure to X ray
radiation and radioluminescence is emission of light upon exposure to nuclear radiation.
When the incident radiation is optical or ultra-violet photons, the luminescence is called
photoluminescence. Figure 2 shows a configuration coordinate diagram for the
photoluminescence process. The lower curve is the ground state for an atomic electron,
and the upper curve is an excited state. Photons excite the electron from the ground state
at point A to the excited state, point B. Through release of phonons to the material
lattice, the electron loses energy from point B to point C. The electron then returns to the
ground state transitioning from point C to point D by emission of a photon of lower
energy than the exciting photon. Again, the electron loses energy to the lattice via
phonons and returns from point D to point A. The process may be repeated by absorption

of another exciting photon [21].
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Figure 2. Photoluminescence configuration coordinate diagram.

Thermoluminescence differs from photoluminescence in several ways.
Thermoluminescence requires thermal stimulation to release electrons trapped at material
defects to facilitate recombination with holes trapped at separate defects. Upon
excitation of an electron by a radiation interaction the electron is elevated to an excited
state and a hole is created in the ground state as shown in Figure 3, and the process of
releasing phonons and photons to return to the ground state is the same as described for

photoluminescence. However, thermal stimulation is required due to the trapping of the

electrons and holes in material defects.
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Figure 3. Thermoluminescence diagram.

Figure 3 shows a diagram of the thermoluminescence process in the one trap-one
recombination center model. lonizing radiation creates an electron-hole pair which may
recombine immediately, or travel through the conduction band (electrons) and valence
band (holes) and become trapped at material defects (Figure 3 shows an electron trap as a
black circle and a hole trap as an open circle). If the traps are far enough in energy from
the conduction and valence bands that room temperature thermal energy cannot free
them, the charges remain trapped until thermal stimulation is provided to de-trap the
electron or hole. In thermoluminescence, heat is used to stimulate the electron out of the
electron trap. Once released to the conduction band, the electron recombines with the

hole at the hole trap (luminescence center). The recombination of electron and hole



frequently leaves the electron in an excited energy state, point B in Figure 2. The light

emission continues via the same process described for photoluminescence [22-24].
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Figure 4. Thermal quenching of photoluminescence configuration coordinate
diagram.

One of the limitations to thermoluminescence output is the phenomenon of
thermal quenching of photoluminescence [21, 25-27]. The very thermal energy that is
used to stimulate the release of trapped electrons inhibits the light emission of the
luminescence center. Figure 4 displays a configuration coordinate diagram for the
quenching of photoluminescence. The process by which photoluminescence absorbs
photons and emits photons of lower energy is unchanged from the process describe in

Figure 2. The difference in the quenching process is the proximity of the ground to



excited states located at point E. At point E an electron in the excited state may return to
the ground state by emitting a phonon instead of a photon. The electron then returns to
the low energy point in the ground state, point A, via release of additional phonons. Note
that point E is higher in energy than point C by Eq. Eq represents the thermal energy
required to quench the release of photons. The stimulating heat used in
thermoluminescence, inhibits the light emission process at sufficiently high temperatures.
Optically stimulated luminescence does not share this limitation as heat is not the
stimulation energy source [28].

In order to measure the quenching of photoluminescence, a photo luminescent
material must be continually excited while under controlled heating, and the intensity of
light emission recorded as a function of material temperature. A Horiba Fluorolog-3
spectrometer operating in kinetics mode was used to excite photoluminescence as well as
detect the intensity of emitted light. This spectrometer has a xenon lamp as the excitation
source, two double-grating monochromators to measure emission and excitation spectra,
and a Hamamatsu R928 photomultiplier as a detector. An Instec HCS621G stage was
used to control sample temperature. An ANDOR Shamrock 193i spectrograph coupled
to an iDus 420 CCD camera was used to simultaneously detect the intensity and spectrum
of emitted light.

Figure 5 shows a schematic of the spectrometer, stage, and sample alignment used
to obtain photoluminescence quenching curves. The laboratory jack in Figure 5 was used
to align the stage and sample with excitation light of the spectrometer. The block placed

between the stage and the lab jack on the side away from the excitation light source was



used to incline the thermal stage containing the sample toward the excitation light.
Without inclination, the sample lies is a shadow cast by the lip of the stage casing. The
inclination also ensures that light emitted from the sample passes over the same lip in the

stage to the detecting lens of the detector.

Collecting Lens

Planchet Emitted Light

Excitation Light

/

InSteC Sta

Block

Laboratory Jack

Figure 5. Schematic representation of device setup for gauging the thermal
guenching of photoluminescence.

When placing the sample on the cooling/heating planchet of the Instec stage,
maximum thermal coupling is ensured by placing the broadest face of the sample in
direct contact with the planchet. Efforts to balance the sample on a narrow side on the
planchet to reduce the required inclination provided inconsistent emission results due to
the poor thermal coupling of sample to the planchet through the small area of contact.

The sample also tends to fall over during heating.
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In Figure 5 the collecting lens and fiber of the ANDOR spectrograph lies directly
over the sample. This position yielded positive results, and was the easiest to mount and
align. Placing the lens and fiber on the level of the sample off to one side at an angle
perpendicular to the excitation light source also worked well, and allowed for the
insertion of high or low pass filters between the sample and the collecting lens. Note that
if the spectrometer is only being used to measure the intensity of the emitted light, the
collecting lens and fiber may be eliminated from the setup.

Once the spectrometer (excitation light source), stage, spectrograph and sample
are placed into position, the spectrometer, stage and spectrograph must be programed
with experimental parameters. The stage must be set to hold the starting temperature.
Then it must be programed to control the temperature of the sample from the starting
temperature to the ending temperature at a desired heating rate. The heating rate should
allow for sufficient time at each temperature to collect sufficient emitted light to optimize
the signal-to-noise ratio. If an analysis of hysteresis is desired, the temperature may be
ramped from the starting point to the high temperature end point, and then back to the
starting point all while emitted light intensity is being monitored. Heating should not be
started until the excitation light has been turned on, and collection of emitted light has
commenced.

The spectrometer should be set for kinetics mode, and the input monochromator
set to illuminate the sample with the desired excitation wavelength. The kinetics mode of
the spectrometer operates the spectrometer at a fixed excitation wavelength and fixed

detection wavelength for a fixed time. The length of the kinetics run should be set

11



somewhat longer than the required collection time to allow time to turn on the
spectrograph and start the heating of the sample. If the detection leg of the spectrometer
is to be used to monitor the intensity of emitted light, then the detection monochromator
of the spectrometer must be set to the wavelength of light emitted by the sample, and the
duration of each collected data point must be set. The heating rate of the sample and the
collection time of each data point should be synchronized. If a greater signal-to-noise
ratio is required due to low light emission by the sample, the collection time for each data
point should be lengthened and the heating rate slowed accordingly. Averaging several
collections at each temperature can also improve the signal-to-noise ratio. Additionally,
the excitation light should be turned on prior to turning on the spectrograph or initiating
heating within the Instec stage.

The spectrograph must be set up similarly to the detection leg of the Flourolog.
The range of wavelengths to be monitored, and the length of collecting time for each data
point must be set. The same methods for improving signal-to-noise ratio may be used
with the spectrograph as suggested for the spectrometer, ie. longer collection times per
data point or averaging several data point; in either case with slower heating rates. Note,
if background corrected data is to be collected with the spectrograph, then background
data must be collected prior to turning on the excitation source.

A correlation of temperature and data point number for both the Instec stage to
Flourolog spectrometer and the Instec to Shamrock spectrograph must be made at least
once during collection. This is achieved by noting the stage temperature for one of the

spectrograph data points. If a linear heating rate is used, this correlation will allow

12



registration of the temperature to each collected data point. If the detection leg of the
spectrometer is to be used to quantify emitted light, then care must be taken to shield the
detection leg from any additional sources of light. The background light can be
subtracted from spectrograph data as a part of the background, but the spectrometer) has

no such capability.

13



I11. Identification of Vi — AgLi* defect pairs and isolated oxygen vacancies in
Li2B4O7:Ag with electron paramagnetic resonance

Abstract

Electron paramagnetic resonance (EPR) and thermoluminescence (TL) are used to
identify and characterize Vii* — AgLi?* hole traps and isolated Vo~electron traps in Ag-
doped lithium tetraborate (Li2B4O7) crystals. In as grown Ag-doped Li2B4O7, Ag* ions
substitute for Li* ions, and Ag* ions also occupy interstitial sites. Ag* ions substituting
for Li* ions act as hole traps and interstitial Ag* ions act as electron traps when the crystal
is exposed to ionizing radiation. The substitutional Ag* ions may be isolated from other
defects in the crystal lattice, or they may pair with lithium vacancies. The Vii— AgLi*
defect pairs can, when exposed to ionizing radiation at 77 K, trap two holes forming
VLi* — Agi?* in which the holes trapped at both the Vi and the holes trapped at the AgLi
are more stable than holes trapped at either isolated defect. When exposed to ionizing
radiation at room temperature, holes only trap at the substitutional Ag* ion forming VLii—
AgLi** defects. In diffusion doped Li2B4O7:Ag, oxygen vacancies with no other nearby
defects form. When exposed to ionizing radiation, the isolated Vo traps an electron
forming Vo~ The electron trapped at the isolated oxygen vacancy is stable to 225 °C

while electrons trapped at Vo perturbed by nearby Ag ions are only stable to near 75 °C.

1. Introduction

Silver doped lithium tetraborate (Li2B4O7:AQ) crystals show potential for
radiation dosimetry with intrinsic neutron sensitivity by either thermally stimulated

luminescence (TL) or optically stimulated luminescence (OSL) [9,13,15-16,18, 29].
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Enriching in either SLi or 1°B would increase sensitivity to thermal neutron interactions
for the same quantity of material. In Ag doped Li2B4O7, as grown or diffusion doped,
Ag* (4d*°) occupies lithium sites and interstitial sites. When exposed to ionizing
radiation at room temperature, interstitial silver ions trap an electron becoming AgP silver
atoms. These silver trapped electrons are stable up to approximately 150 °C [6,13], and
may be optically released by near 400 nm light [30]. Whether released thermally or
optically, subsequent recombination with holes yields TL and OSL light emission. Also
during room temperature irradiation, the substitutional silver ions trap a hole becoming
Ag?* (4d%), and forming one of two similar paramagnetic defects. One defect is in an
otherwise defect free lattice (AgLi?*) and one has a nearby perturbing defect. The angular
dependence of the EPR spectra of both species of substitutional silver trapped holes and
their role in thermoluminescence and optically stimulated luminescence has been
established [6,13,30]. It has also been shown that the intrinsic oxygen vacancy serves as
a short lived electron trap in Ag doped Li2B4O7 [30].

In the present paper, we use electron paramagnetic resonance and
thermoluminescence to show that the defect associated with the perturbed AgLi?* is a
nearby lithium vacancy, and that when exposed to ionizing radiation at 77 K the defect
pair traps two holes forming an S = 0 spin system. The thermal stability of both trapped
holes are explored, and a defect model for the Vi — AgLi* defect pairs is proposed.
Additionally, a model for a self-trapped hole, previously reported to be a lithium vacancy
trapped hole [31], is proposed. Finally, a new highly stable isolated oxygen vacancy

electron trap is identified in diffusion doped Li2B4Oz.
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2. Experimental

Lithium tetraborate crystals have a tetragonal structure (space group 141cd) with a
point group of 4mm. The lattice constants for the crystal, at room temperature, are
a=9.475 A and c=10.283 A. There are two inequivalent boron sites and four
inequivalent oxygen sites. All of the lithium sites are equivalent. There are 104 atoms in
the unit cell organized in eight formula units. The formula units transform one to another
in accordance with the symmetry of the crystal [32-35]. The basic repeating group,
(B40g)%, consists of two boron ions, B2, tetrahedrally coordinated by oxygen and two
boron ions, B1, triangularly coordinated by oxygen [32]. Each of the oxygen ions is
coordinated to two boron ions. Further, the boron-oxygen framework creates channels
along the c-axis which are filled by LiO4 polyhedra, in which, the O3 and O4 oxygen ions
are coordinated by two lithium ions, and the O1 and O2 oxygen ions are coordinated by
one lithium ion [34]. Figure 6 shows a crystal model of Li2B4O~ consisting of two
(B40g)® groups and two adjacent lithium ions.

The diffusion doped sample used for TL and EPR experiments was rectangular in
shape with nominal dimensions of 3 mm along the a axes and 1.5 mm along the b axis.
Silver was diffused into an undoped Li2B4O7 crystal by wrapping a single crystal in silver
foil (0.25 mm thick) and placing the wrapped crystal in one-zone tube furnace. The
crystal was held at 870 °C for 11.5 h in a flowing nitrogen atmosphere. The melting
point of Li2B4O7 is 917 °C [36]. After diffusion, the crystal was rapidly cooled to room

temperature. At the high temperature, silver enter the crystal as close-shelled singly
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ionized Ag" state and occupy Li* sites and interstitial spaces. It is not known if the silver

dopant is uniformly distributed within the diffused crystal.

[110]

Figure 6. Ball and stick model of Li2BsO7. The model contains two (B4Og)® groups
and six nearest lithium ions. Lithium ions are blue, boron ions are green, and
oxygen ions are red.

As grown silver doped and copper doped crystals were cut from larger boules.
The as grown silver doped crystal had nominal dimensions of 0.83 x 3 x 6.5 mm?®. The

[001] direction was normal to the broad faces. The as grown copper doped crystal had

nominal dimensions of 0.5 x 1.5 x 2.5 mm?®. The [001] direction was normal to the broad
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faces. The as grown doped samples was grown by the Czochralski method at the Institute
of Physical Optics (L’viv, Ukraine). A congruent melt, exposed to air, was contained in a
Pt crucible. The growth axis was [001] and the pulling and rotation velocities did not
exceed 0.3 mm/h and 10 revolutions/min, respectively. The concentration of Ag in the
Ag-doped sample is estimated, from the starting materials, to be 0.02 at. %. While the
concentration of Cu in the Cu-doped sample is estimated, from starting materials, to be
0.015 at. %.

EPR data were collected using a Bruker EMX spectrometer operating near 9.4
GHz. An Oxford helium-gas flow system controlled the temperature of the sample and
magnetic fields were measured using a Bruker teslameter. A proton NMR gaussmeter
was used to obtain static magnetic field values, and a small Cr-doped MgO crystal was
used to correct the magnetic field for the difference between the sample position and the
position of the gaussmeter. Crystals where irradiated using a Varian OEG-67H x ray
tube operating at 60 kV and 30 mA. Irradiation times were 3 min. A single zone furnace
was used to heat irradiated crystals above room temperature. The furnace was heated to
the annealing temperature and the crystal was inserted. After heating, the crystal was
rapidly cooled to room temperature.

Interstitial defects are denoted with a subscript i and substitutional defects are
denoted with a subscript Li or subscript O for defects at lithium or oxygen sites,
respectively. Superscripts are used to denote the charge state of individual ions or defects
when the superscript is adjacent to the ion or defect symbol. As an example, AgLi®, is a

1+ silver ion on a lithium site. If the superscript is adjacent to a pair of defects inside
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square braces, then the superscript denotes the charge state of the defect pair relative to a
defect free lattice. As an example, [VLim — AgLi*]™ is a lithium vacancy 1— adjacent to a
substitutional 1+ silver. The defect pair has a 1— charge state relative to a defect free

lattice.

3. Results

Large concentrations of paramagnetic defects were produced in Ag-doped
Li2B4O7 single crystals, both as grown and silver diffused, with ionizing radiation (x
rays). The x rays produce mobile electrons and holes in the Li2B4O~ lattice. Most of
these electrons and holes recombine immediately, but some are trapped at intrinsic and
extrinsic defects in the crystal lattice.

3.1 Vi — Agui Defect Pairs

When the as grown Ag-doped crystal in irradiated at 77 K, three holel-like centers
and two electronlike centers are formed. Figure 7 shows each of these centers. The data
was taken at 30 K with the magnetic field aligned parallel to the [001] direction of the
crystal and a microwave frequency of 9.39 GHz. There is a doublet centered at 290 mT
which is a hole trapped at an Ag* located at a Li* site in the crystal lattice forming a Ag®*
paramagnetic center [6]. The perturbed Ag?* center is not observed when the crystal is
irradiated at 77 K [13, 30]. There is also a seven line spectrum located at 335 mT which
Swinney [31] identified as a hole trapped at the site of a lithium vacancy. Swinney
identified that the hole traps at an oxygen atom, and the seven line hyperfine pattern is
due to the equal interaction of two boron nuclei. The two 3/2+ spin boron nuclei create a

6+ spin system resulting in 7 equally spaced hyperfine lines, 21 +1, with intensity ratios
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of 1:2:3:4:3:2:1 [31]. It seems as likely now that this seven line spectrum is due to a hole
trapped at an oxygen ion in an otherwise un-perturbed lattice, or a self-trapped hole. The
third hole-like center is visible as a broad shoulder in the low field and high field sides of
the self-trapped hole in Figure 7. There are also two electron-like centers, an Ag trapped
electron consisting of 16 lines centered at 335 mT and an oxygen vacancy trapped

electron consisting of 4 lines centered at 335 mT.

self trapped hole

reduced by 70X J

280 300 320 340 360
Magnetic Field (mT)

Figure 7. EPR spectrum showing isolated Ag?* ions, self-trapped holes, electrons trapped
at oxygen vacancies, and Ag® centers. The magnetic field was along the [001] direction
and the microwave frequency was 9.39 GHz at 30 K. The isolated Ag?* portion of the
spectrum was reduced by 70 times.

Figure 8 Swinney reported the g-value for the trapped hole as 2.0116 (£0.0001),

with an average separation between adjacent lines of 5.8 G. He further determined that
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the trapped holes became unstable near 90 K. He suggests that the hole is likely trapped
on an O4 adjacent to a lithium vacancy and that the hole trapped in LiB3Os described in
reference [37] is analogous [31]. The low thermal stability of the trapped hole center,
and the low thermal stability of the self-trapped hole in LiB3O7 [37], suggest that the
trapped hole center described by Swinney may be a self-trapped hole in Li2B4O7.

Figure 8 shows a model of a self-trapped hole in Li2B4O7 localized on an O4
oxygen ion. The O4 oxygen ion is the only oxygen ion in Li2B4O7 in which both
coordinating boron ions are equivalent, B2, and the bond lengths between O4 ion and the
two B2 ions are equal. As such, the interaction with each of the two B2 ions could be
equal. All other oxygen sites have a short and long bond with the two coordinating boron
ions, and would not likely have equal boron interactions. The distance from the O4 ion to
adjacent lithium ions represents the greatest Li-O separation in the Li2B4O7 crystal.
Furthermore, the Li-O4 bond distance is equal for both lithium ions coordinating the O4
ion [34]. As shown in Figure 8, a p; orbital containing the unpaired electron on the O4
ion aligned with the c-axis of the Li2B4O~ crystal would be equidistant from the two
coordinating B2 ions, and equidistant from the two coordinating lithium ions. This
orientation gives equal interaction at the two coordinating boron sites, and gives the
greatest separation between the trapped hole and neighboring positive ions reducing the

total energy.
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[110]

Figure 8. Model of the self-trapped hole in LizB4O7. During irradiation with
ionizing x rays at 77 K, a hole is trapped at the O4 oxygen. Lithium ions are blue,
boron ions are green, and oxygen ions are red.

Figure 9 (b) was taken after warming the crystal to 150 K while illuminating the
crystal with 442 nm laser light and cooling it again to 30 K. The seven line self-trapped
hole spectrum became unstable near 90 K, and completely disappeared by 100 K. A
second spectrum appears at a slightly higher field position. Warming to 150 K without
laser illumination and cooling back to 30 K eliminated the self-trapped hole spectrum, but

does not produce the second spectrum. The new laser induced spectrum has a g-value of
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2.0070 (x0.0001). This shifts the g-value higher than the free electron value of 2.0023
demonstrating that the spectrum is due to a trapped hole. The spectrum has a width of
2.013 mT. Further, the spectrum has some unresolved hyperfine structure. A similar
lithium vacancy spectrum was reported for Li enriched ®Li2B4O~ after irradiation with
fast neutrons [38]. In the case of the neutron-irradiated crystal, the lithium vacancies
were stable at temperatures in excess of 100 °C. Lithium vacancies were either formed
by knock-on damage caused by high energy neutrons, or by transmutation of Li thru the
®Li(n,®H)a reaction outlined in Equation 1.

The laser induced hyperfine spectrum at 335 mT is likely a pair of adjacent
defects, a lithium vacancy adjacent to a Ag** ion located on a lithium site, [VLi— Agi].
Prior to x ray irradiation, the defect pair traps no holes, and the substitutional silver is in
the 1+ state, and the lithium vacancy is in the neutral state. The defect pair is, therefore,
in the 1- state relative to the defect free crystal. When x ray irradiated at room
temperature, a hole is trapped by the substitutional silver creating a perturbed AgLi®*.
This state of the defect has been well described previously [6, 13, 30, 39]. When the
crystal is x ray irradiated at 77 K, two holes are trapped at the defect pair. The first hole
is trapped on an oxygen ion coordinating the Vi “creating a V%, and the second hole is
trapped on the substitutional silver creating a AgLi?*. The defect pair being [VLi®—
AgLi**]" is a net 1+ defect after trapping two holes. The hole trapped at the lithium
vacancy is likely trapped on the coordinating oxygen most distant from the substitutional
silver. If the Vi and Agui are on the two Li sites adjacent to a single O4 as depicted in

Figure 10, the Li vacancy trapped hole would be present on a O1 ion, represented by the
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dashed box, and the distance between trapped holes would be 6.165 A. This is the most
distant, and most likely model. The unresolved hyperfine spectrum may result from the
unequal bonds length between the O1 and its two boron neighbors, thereby creating
unequal interactions.

An Ag?* ion (4d°) has one unpaired electron in the d-shell. As shown in Figure
10, the nearest five oxygen ions surround a substitutional Ag ion resulting in distorted
trigonal bipyramidal symmetry. The two O3 and single O2 are in the xy plane
representing the equatorial ligands, while the coordinating O1 and O4 ions represent the
axial ligands. Crystal field theory estimates that the d.? orbital is the highest energy d
orbital in trigonal bipyramidal symmetry [40, p. 405]. Therefore the trapped hole on the
Ag?* ion should be in this orbital. A slight shift of the dz? orbital away from the O4
toward the adjacent lithium vacancy in the [VLi~— AgLi*]”defect pair would nearly place
the unpaired spin along the [110] direction of the crystal. This also, by symmetry, places
other distinguishable orientations of the d-*> Ag?* orbital nearly aligned with the [-110].
This orientation of the trapped hole agrees with the angular dependence of the [VLi —
AgLi?*1° trapped hole reported by Buchanan [13]. The d? orbital of the four
distinguishable orientations of the [VLi — AgLi?*]° site would all lie in the (001) plane of
the crystal. Aligning the unpaired spin in the dz? orbital parallel with the applied

magnetic field would yield the lowest g value which is evident in Buchanan’s work [13].
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Figure 9. EPR spectrum of self-trapped holes and holes trapped at isolated lithium
vacancies in Li2B4O7. The magnetic field was along the [001] direction with a
microwave frequency of 9.39 GHz at 30 K. (a) Spectrum taken after irradiation
with x-rays at 77 K. (b) Spectrum taken after warming the crystal to 150 K while
illuminating with 442 nm laser light and cooling again to 30 K.

If the Vi and the Agui are in closest coordination, at two adjacent Li sites in the
LO4 polyhedra wound along the c-axis, the hole could trap on either the O3 site or the O4
site. The O4 site would produce a seven line hyperfine spectrum much like the self-
trapped hole. The O3 site coordinates with neighboring boron ions via two unequal
bonds, thereby producing unequal hyperfine interactions from the two coordinating boron
neighbors. The O3 site would not place the trapped hole in the d2? orbital, and would
therefore represent an excited state, which isunlikely. In either model, the pair of trapped
holes could assume the singlet (S = 0) or triplet (S = 1) state. If in the singlet state, the
pair of trapped holes would not be visible in the EPR spectrum. If in the triplet state, the

pair of trapped holes might not be visible in the EPR spectrum. In the triplet state, the
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resulting spectrum created by two hole trapping sites with significantly different g values,
hyperfine structure, and levels of covalence would be difficult to predict or recognize. If
fact, the defect pair is not visible in the EPR spectrum when trapping two holes due to x

ray irradiation at 77 K.

[001]

[110]

Figure 10. Model of a VLi—AgLi defect pair. The lithium vacancy is in the dashed
box. Lithium ions are blue, boron ions are green, oxygen ions are red, and the
silver ion is grey.

The [VLi*— AgLi?*]?* charge state of the defect is not stable at room temperature
and therefore is not produced when the crystal is x ray irradiated at room temperature.
Also, when the crystal is x ray irradiated at 77 K and then warmed, the hole trapped by
the lithium vacancy is released as the temperature rises toward room temperature, and
only the perturbed Agvi?* defect remains [13]. Hole release from the lithium vacancy in
the [VLi* — AgLi®*]?* defect charge state occurs near 200 K. If the crystal is illuminated
by 442 nm laser light at low temperature, electrons released by the 442 nm light from
interstitial Ag® sites recombine with a holes trapped on the [VLi* — Agi?*]* defect pair.

The result is a [VLi* — Agi*]° pair in a net neutral charge state. At low temperature, the
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trapped hole prefers the oxygen site in coordination with the lithium vacancy. When a
crystal with defect pairs in the [VLi* — AgLi*]° charge state is left at room temperature for
10 hours some, but not all, of the holes trapped at the lithium vacancy are lost. This
indicates that the [VLi* — AgLi*]° trapped hole is stable to temperatures near 100 °C.
Whereas, the [VLi~— AgLi®*]° trapped hole is stable to temperatures greater than 200 °C.
In Cu-doped Li2B4O7, the [VLi — Cuci?*]° trapped hole does not anneal [11]. When the
lithium vacancy in the [VLi* — AgLi*]° releases a hole, it may simply move across the
lithium vacancy from the coordinating oxygen ion and re-trap at the perturbed-AgLi site.
Or, it may move about the crystal until it traps at an isolated-AgLi site or recombines at a
trapped electron site (either Vo~ or Ag?).

In a Li2B4O7 crystal Ag-doped via diffusion, the number of [Vii — AgLi?*]°
trapped holes exceeds the number of AgLi?* trapped holes by 20 times after irradiation
with x rays at room temperature. This is opposite of the same relationship in as grown
Ag-doped Li-B4O7 where AgLi®* trapped holes exceed the number of [Vii — AgLi?*]°
trapped holes by 13 times. Furthermore, after the diffusion doped crystal has set at room
temperature for two months, the number of [Vii — AgLi?*]° trapped holes is nearly equal
to the number of AgLi?* trapped holes after irradiation with x rays at room temperature.
The VLi likely diffuses away from the substitutional Ag* over time at room temperature
toward more positively charged defects such as oxygen vacancies converting the [VLi —

AgLi*] “defect into a Agvi* defect.
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3.2 Isolated Oxygen Vacancies
Figure 11 shows the room temperature EPR spectrum of x ray irradiated copper

doped lithium tetraborate (Li2B4O7:Cu). Note that neither of the two 16 line EPR spectra
for electrons trapped at the interstitial copper atoms (Cua® or Cug® [11]) are visible in the
spectra. Individual lines in both 16 line spectra have broadened due to elevated
temperature and, therefore, are not visible. The only visible spectrum in this region of the
magnetic field is due to an electron trapped at an oxygen vacancy (Vo). The EPR spectra
for both species of Cuci?* are also broadened and not visible at room temperature. The
four lines in the Vo™ EPR spectrum are due to B hyperfine, and the smaller lines inside
the four line spectrum are due to the lesser abundant 1°B isotope [31]. In fact, in LiB3O7
crystals, the Vo" EPR spectrum clearly shows resolved hyperfine for two unequal boron
nuclei [41].

With the magnetic field aligned parallel to the [001] direction of the crystal, the
average separation between adjacent lines in Figure 11 (a) is 9.85 mT, with a line width
of 2.83 mT. The average separation between adjacent lines while the magnetic field is
aligned parallel to the [100] direction of the crystal is 11.38 mT with a line width of 2.49
mT in Figure 11 (b). The ratio of average separation [100] to [001] is 1.16. At low
temperature, Swinney found that the same ratio was 0.837 [31]. The g value for the Vo
spectrum in Figure 11 (a) is 2.0049 (= 0.001) with very little variation in the g value

when the magnetic field is rotated to align with the [100] crystal direction [31].
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Figure 11. Oxygen vacancy EPR spectrum in x ray irradiated LiB4sO7:Cu. EPR
spectrum taken at room temperature with the (a) magnetic field aligned with the
[001] direction of the crystal and (b) magnetic field aligned with the [100] direction
of the crystal.

Thermoluminescence glow curves for Li2B4O7:Cu are known and have been
presented in many publications [4-5, 10, 42-49]. The main glow peak is at 200 °C, with a
lesser intense peak near 100 °C [11]. The 100 °C glow peak is due to electrons released
from Vo™ recombining with holes trapped at Cui?* sites. The EPR spectrum for an x ray
irradiated Li2B4O7:Cu crystal left at room temperature for greater than 10 hours does not
have any spectrum for oxygen vacancy trapped electrons, and there is no 100 °C peak in
the TL glow curve. Furthermore, the wavelength spectrum of the TL emission at 100 °C
peaks near 370 nm indicate a Cul* related emission [11]. Brant’s third unobserved and
unidentified defect releasing electrons near 100 °C is an oxygen vacancy. In fact, the

defect is not simply an oxygen vacancy, it is an oxygen vacancy that is perturbed by a
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dopant Cu ion. As presented by Hunda, increasing the concentration of copper dopant
decreased the temperature of the lesser intense TL peak from near 160 °C, 0.0009 wt. %,
to only 100 °C, 0.381 wt. % [49]. As the concentration of copper dopant increases the
average distance between copper ions and intrinsic oxygen vacancies decrease. At low
dopant concentrations, 0.0009 wt. %, the 160 °C TL peak most likely represents the
intrinsic oxygen vacancy which may be perturbed by a nearby lithium vacancy. At high
dopant concentrations, 0.381 wt. %, the 100 °C, TL peak most likely represents an
oxygen vacancy perturbed by a nearby copper ion. In fact, in silver doped Li2B4O7 the
first less intense TL peak caused by release of electrons from oxygen vacancy traps is at
even lower temperature 75 °C [29], and the oxygen vacancy EPR spectrum disappears
within minutes at room temperature [30]. This dopant (type and concentration)
dependence of the lowest temperature and less intense TL peak strongly suggests the
oxygen vacancy is perturbed by a nearby dopant ion. Furthermore, the relatively broad
EPR line shape of 20 mT [31] and the larger width at half maximum and asymmetry of
the 100 °C TL [49] peak suggest more than one species of similar copper-perturbed
oxygen vacancy. It seems likely that the oxygen vacancies observed by Swinney had a
nearby perturbing defect. The perturbing defect is most likely a lithium vacancy. In the
as grown, undoped crystal the opposite charge of the lithium and oxygen vacancies would
encourage the two defects to diffuse together and form defect pairs.

Figure 12 (a) shows the EPR spectrum of a new oxygen vacancy species in Ag
diffusion doped Li2B4O7. The EPR spectrum consists of a telltale four line B hyperfine

spectrum centered at 334 mT with a g value of 2.0076 (+0.0001). The expected °B
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hyperfine is not visible between the four 1B lines due to lines from other defects. Some
interstitial Ag® trapped electrons are also still visible in the spectrum. The spectrum line
width was 0.74 mT with an average interline spacing of 8.86 mT when the magnetic field
is aligned with the [001] direction of the crystal. With the magnetic field aligned parallel
to the crystal [100] direction, Figure 12 (b), the line width was 1.27 mT with and average
interline spacing of 7.71 mT. The ratio of average separation [100] to [001] is 0.888
which is in good agreement with the value reported by Swinney for what are likely
oxygen vacancies perturbed by a nearby lithium vacancy. Figure 12 (a) and (b) were
taken after room temperature irradiation with x ray radiation, and warming the crystal to
170 °C for two minutes. The new oxygen vacancy spectrum was visible before the
anneal, and the Vi — AgLi®* spectrum was also visible before and after the anneal. Of
note, this new oxygen vacancy spectrum is not visible in the same EPR spectrum when
the EPR spectrum is taken at 30 K. It is likely that the spectrum is saturated due to the
low temperature. Furthermore, the same new oxygen vacancy spectrum is also visible in
Li2B4O7 crystals doped with copper via diffusion. Burak noted the same spectrum in
isotopically enriched ®Li2''B4O7 and "Li2'!'B4O7 crystals after irradiation with thermal

neutrons [50].

31



310 320 330 340 350
Magnetic Field (mT)

Figure 12. EPR spectrum of isolated oxygen vacancies in Li2BsO7:Ag. Spectrum
taken at room temperature after warming to 170 °C with the (a) magnetic field
aligned with the [001] direction of the crystal and (b) magnetic field aligned with the
[100] direction of the crystal.

Having very similar hyperfine and angular dependence as the intrinsic oxygen
vacancy identified by Swinney, and also oxygen vacancies perturbed by copper or silver
dopants, this new spectrum is most likely due to a new species of oxygen vacancy. The
narrower line width, 0.71 mT versus 2.0 mT, suggests that the new oxygen vacancy has
only one species, and no nearby additional defect. Taken along with the high thermal
stability compared to the other know oxygen vacancies, the new oxygen vacancy is likely
in an otherwise defect free lattice. When the crystal is rapidly cooled after diffusion
doping, the isolated oxygen vacancy is likely “frozen” in the crystal lattice. When the

crystal is grown and cooled slowly from melt temperatures, oxygen vacancies and other
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oppositely charged defects likely move within the lattice and form complexes. This
movement time is not available in the diffusion doped crystal because the crystal is
cooled rapidly.

The presence of isolated oxygen vacancies and the relatively high thermal
stability of the [VLi — AgLi®*]° trapped hole may give rise to the TL glow peaks at
temperatures above the main TL peak near 150 °C with a 1°C per second heating rate for
Ag-doped Li2B4Oy7 crystals [15, 29, 51-53]. Both charge traps demonstrate thermal
stability greater than that of the main TL peak, and recombination of electrons and holes

at the [VLi— AgLi?*]* trapped hole could produce luminescence near 270 nm.

4. Summary

Silver doping of Li2B4O7 single crystals produces electron and hole traps with
subtle yet significant variation for understanding Li2B4O7:Ag based thermoluminescence
dosimetry. The present paper clarifies the assignment of defect models for previously
known electron and hole traps in Li2B4O7:Ag, and identifies a new highly stable oxygen
vacancy electron trap by using the EPR technique. In unirradiated as-grown crystals of
Li2B4Oy, silver is all in the Ag™ charge state. The silver ions occupy both lithium sites as
well as interstitial sites. Irradiation with x rays converts the substitutional silver ions to
the Ag?* charge state (trapped hole) and the interstitial silver ions to Ag® atoms (trapped
electron). Of the substitutional silver ions, some are in an otherwise defect free lattice,
Agui. While others form defect pairs with an adjacent lithium vacancy, [Vii — AgLi*]°.
The relative concentration of the two defects can be controlled via the doping process.

Diffusion doping produces more Vi — Agui defect pairs than doping during growth.
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These hole traps serve as the recombination site for all TL peaks above room temperature
in Ag-doped Li2B4O7.

Two species of oxygen vacancies trap electrons during x ray irradiation of
diffusion doped Li2B4O7;Ag. Oxygen vacancies perturbed by a silver ion is unstable near
75 °C and is responsible for the lesser TL peak at the same temperature. These silver
perturbed oxygen vacancies are responsible for the rapid fading of TL signals in the first
few minutes after irradiation. Elimination of these oxygen vacancies would improve
material performance in TL dosimetry. Other oxygen vacancies are in an otherwise
defect free lattice, but are only formed by rapid cooling of the crystal after diffusion
doping. The isolated oxygen vacancy is stable to 275 °C. Such a high temperature
electron trap creates a high temperature TL peak in Ag-doped Li2B4O7, which reduces
fading in TL dosimetry, and enables dosimetry comparison to the main

thermoluminescence peak near 150 °C.
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IV. Optically stimulated luminescence (OSL) from Ag-doped Li2B4O- crystals

Abstract

Optically stimulated luminescence (CW-OSL) is observed from Ag-doped lithium
tetraborate (Li2B4O7) crystals. Photoluminescence, optical absorption, and electron
paramagnetic resonance (EPR) are used to identify the defects participating in the OSL
process. As-grown crystals have Ag* ions substituting for Li* ions. They also have Ag*
ions occupying interstitial sites. During a room-temperature exposure to ionizing
radiation, holes are trapped at the Ag* ions that replace Li* ions and electrons are trapped
at the interstitial Ag* ions, i.e., the radiation forms Ag?* (4d®) ions and Ag° (4d°5s?)
atoms. These Ag®" and AgP centers have characteristic EPR spectra. The AgP centers
also have a broad optical absorption band peaking near 370 nm. An OSL response is
observed when the stimulation wavelength overlaps this absorption band. Specifically,
stimulation with 400 nm light produces an intense OSL response when emission is
monitored near 270 nm. Electrons optically released from the Ag® centers recombine
with holes trapped at Ag?* ions to produce the ultraviolet emission. The OSL response is
progressively smaller as the stimulation light is moved to longer wavelengths (i.e., away
from the 370 nm peak of the absorption band of the AgP electron traps). Oxygen
vacancies are also present in the Ag-doped Li2B4O7 crystals, and their role in the OSL

process as a secondary relatively short-lived electron trap is described.
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1. Introduction

Lithium tetraborate (Li2B4O7), known simply as LTB, has emerged in recent years
as an important and versatile radiation-detector material. The primary focus thus far has
been on the thermoluminescence (TL) properties of Li2B4O7 [1-7, 9-15, 54]. Only
recently has optically stimulated luminescence (OSL) been reported from this material
[16-18, 55]. These TL and OSL investigations have shown that light emission is greatly
enhanced when Li2B4O7 is doped with either Cu™ or Ag* ions. These monovalent dopants
are unique in Li2B4O7, as they serve as both a hole trap and an electron trap during
exposures to ionizing radiation [6, 11]. When substituting for Li* ions, the Cu® and Ag*
ions trap holes and become Cu?* and Ag?* ions. The Cu* and Ag* ions also occupy
interstitial sites in this material where they trap electrons and become Cu® and Ag° atoms.
After being thermally or optically released, these electrons recombine with holes at Cu?*
and Ag?* ions and produce large TL and OSL signals. There is also interest in Li2B4O7
because the °Li and °B nuclei have large cross-sections for thermal neutron absorption.
Enrichment with either or both of these isotopes may allow Li2B4Oz7 to be used as a
neutron detector.

In the present paper, we investigate the fundamental mechanisms responsible for
OSL in Ag-doped Li2B4O7 crystals. One of the primary goals of our study is to establish
the properties of the optical absorption band that allows OSL stimulation light to release
electrons at room temperature. Photoluminescence (PL), photoluminescence excitation
(PLE), electron paramagnetic resonance (EPR), and optical absorption are used to

identify the electron and hole traps that are participating in the OSL process. The
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dependence of the OSL intensity on the wavelength of the stimulation light is determined
and the specific recombination site for the OSL is identified. In addition to the primary
interstitial AgO electron trap, unintentionally present oxygen vacancies are identified as a
second active electron trap in the Ag-doped Li2B4Oy crystals. These oxygen vacancies
decrease the rate at which OSL light is emitted during stimulation, and thus reduce the
OSL sensitivity of the material. Taken together, our results suggest that Ag-doped
Li2B4O7 will be a highly sensitive OSL-based radiation detector with commercial

promise.

2. Experimental

A single crystal of Li2B4O7 doped with Ag was grown by the Czochralski method
at the Institute of Physical Optics (L’viv, Ukraine). A congruent melt, exposed to air,
was contained in a Pt crucible. The growth axis was [001] and the pulling and rotation
velocities did not exceed 0.3 mm/h and 10 revolutions/min, respectively. This method
produces Li2B4O7 crystals of high optical quality with sizes up to 25 mm in diameter and
40 mm in length. All of the OSL, PL, optical absorption, and EPR data reported in this
paper were taken from one sample cut from the larger as-grown boule. The concentration
of Ag in this sample is estimated, from the starting materials, to be 0.02 at.%. Its
dimensions are approximately 0.83 x 3 x 6.5 mm3, with the [001] direction normal to the
broad faces.

The symmetry of Li2B4Oy crystals is tetragonal (space group 141cd and point
group 4mm) with lattice constants a = 9.475 A and ¢ = 10.283 A at room temperature

[34-35, 56-57]. There are 104 atoms (eight formula units) in a unit cell. A (B4Oo)®
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anionic group, consisting of two BO3s and two BO4 units, serves as the repeating
structural building block. In general, Li2B4O7 crystals have two inequivalent boron sites
and four inequivalent oxygen sites. All the lithium sites are crystallographically
equivalent. Each oxygen ion has two boron neighbors, whereas each lithium ion has four
close oxygen neighbors (arranged asymmetrically around it) and two additional slightly
more distant oxygen neighbors. Figure 13 shows a (B4O9)® group along with one nearby

Li* ion and its additional neighboring oxygen ions.
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Figure 13. Schematic representation of the (B4Oo)® basic anionic group used to
construct the tetragonal Li.B4O7 crystal. Also shown are a lithium ion and its
additional surrounding oxygen ions. Lithium ions are blue, boron ions are green,
and oxygen ions are red. The ions are labeled according to the scheme used in Refs.
[31, 34, 35].

An Horiba Fluorolog-3 spectrometer was used to obtain the PL, PLE, and OSL
data. This spectrometer has a xenon lamp as the excitation source, a Hamamatsu R928

photomultiplier as a detector, and two double-grating monochromators to measure
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emission and excitation spectra. The spectrometer was operated in a kinetics mode when
acquiring OSL data (i.e., emission data were collected as a function of time while using
fixed excitation and monitoring wavelengths). In all experiments, the slit widths were set
at 10 nm resolution for the excitation monochromator and 5 nm resolution for the
emission monochromator.

Optical absorption data were obtained with a Cary 5000 dual-beam
spectrophotometer from Varian. The absorption spectra were taken at room temperature
with corrections made for surface reflective losses. A Bruker EMX spectrometer
operating near 9.38 GHz was used to take the EPR data. The crystal was irradiated at
room temperature using an x-ray tube (Varian OEG-76H) operating at 60 kV and 30 mA.
Irradiation times were 2 min. Before each exposure to the x rays, the crystal was held at

400 °C for 3 min to remove any effects of previous irradiations.

3. Results

A comprehensive set of experiments was performed on a Ag-doped Li2B4O~
crystal. The goals were to identify the defects participating in the OSL response,
determine the site where the OSL radiative recombination occurs, and find the optimum
stimulation wavelengths that produce OSL. The following subsections describe the
results obtained from these PL, PLE, OSL, optical absorption, and EPR experiments.

3.1. Photoluminescence (PL and PLE)

Figure 14 shows the PL and PLE spectra obtained at room temperature from our
Ag-doped Li2B4O7 crystal. Prior to taking these data, the sample was reset to its as-

grown state by heating to 400 °C. The PL band has a peak at 270 nm and a full width at
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half maximum (FWHM) of 0.54 eV, whereas the corresponding PLE band has a peak
near 210 nm and a FWHM of 0.41 eV. Earlier studies [7, 10, 16] have assigned these PL
and PLE bands to Ag* ions occupying Li* sites in the Li2B4Oy7 crystals. The excitation
band corresponds to a 4d'° to 4d%5s? intracenter transition of the Ag* ion while the
emission band is a Stokes-shifted 4d°5s! to 4d° transition back to the ground state
(excitations and emissions of this type are usually described by a two-level
configurational coordinate diagram). The observation of this 270 nm emission peak and
210 nm excitation peak in our crystal before an x-ray irradiation verifies that Ag* ions are
present.

The PL spectrum in Figure 14 was acquired by operating the emission
monochromator of the Fluorolog-3 spectrometer in second order (i.e., this
monochromator was scanned from 470 to 630 nm while detecting the actual emission in
the 235 to 315 nm region). Also, the PLE spectrum in Figure 14 has not been corrected
either for the rapidly decreasing intensity of the xenon lamp in the 220 to 200 nm region
or for the wavelength dependence of the excitation monochromator. These corrections
(that account for changes in incident photon flux) will shift the PLE peak closer to the
205 nm value that has been reported by earlier investigators [7, 10, 16]. We do not
attempt to make these corrections in our PLE data because a calibrated power meter was
not available for use in determining the wavelength dependence of the combined output
of our xenon lamp and excitation monochromator in this short-wavelength region. The

lack of a correction is not a significant deficiency since the optical absorption data
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presented in Section 3.3.2 verifies that the excitation band producing the PL has a peak at

205 nm.
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Figure 14. PL and PLE spectra obtained at room temperature from Ag* ions in a
Li2B4O7 crystal. The PL spectrum (red curve) was taken with 210 nm excitation
light and the PLE spectrum (blue curve) was obtained by monitoring (in second
order) the emission at 270 nm.
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3.2. Optically stimulated luminescence (OSL)
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Figure 15. OSL response curves taken at room temperature from an x-ray-
irradiated Ag-doped Li2B4O7 crystal, while using 400, 450, and 500 nm stimulation
light and monitoring (in second order) the emission at 270 nm. The initial OSL
intensity decreases as the stimulation light moves to longer wavelengths.

A large OSL response was observed from our Ag-doped Li2B4O~ crystal after
exposing it to ionizing radiation (i.e., Xx-rays) at room temperature. Three OSL decay
curves are shown in Figure 15. These OSL data were taken with our Fluorolog-3
spectrometer operating in the kinetics mode. The excitation monochromator was set for
10 nm resolution and centered at either 400, 450, or 500 nm, while the emission

monochromator was set at 5 nm resolution and used to monitor (in second order) the
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emission at 270 nm. As seen in Figure 15, the 400 nm stimulation light is more efficient
than the 450 or 500 nm light at generating an OSL signal. Although not shown, the OSL
response is even larger when 350 nm stimulation light is used. Our optical absorption
curves in Section 3.3.2 provide an explanation for this dependence on stimulation
wavelength. The OSL decay curves in Figure 15 are nonexponential and a cursory
examination suggests that fast and slow components may be present. As described in
Section 3.4, oxygen vacancies serving as electron traps may be partly responsible for the
slow component.

The series of spectra in Figure 16 illustrate the wavelength dependence of the
OSL emission. As the OSL signal was decaying as a function of time during stimulation
with 400 nm light, the emission monochromator in the Fluorolog-3 spectrometer was set
to scan repeatedly from 470 to 630 nm, thus allowing detection of the 270 nm emission
band in second order. Each scan took 12 s with 4 s required to reset the monochromator.
The five spectra shown in Figure 16 were taken 6, 38, 86, 278, and 630 s after turning on
the 400 nm stimulation light. These scans show no significant change in the wavelength
dependence of the emission during the OSL decay which, in turn, suggests that the
recombination site remains the same during the decay. The most intense (i.e., the first)
emission curve in Figure 16 has a peak near 270 nm and a FWHM of 0.53 eV. This and
the other OSL emission curves in Figure 16 strongly resemble the PL emission curve in
Figure 14. The same peak position and shape suggests that these two emissions have a
common origin (i.e., the recombination that gives rise to the PL and OSL emissions in

our Li2B4O7 crystal occurs at a Ag ion that occupies a Li site).
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Figure 16. Spectral dependence of the emitted OSL light from the Ag-doped Li2B4O~
crystal. The peaks in these emission scans were reached 6, 38, 86, 278, and 630 s
after starting the OSL decay. All of the OSL emission curves have a maximum near
270 nm, thus demonstrating that the OSL emission has the same spectral
dependence as the PL spectrum in Figure 14.

As expected, the OSL signal from our Ag-doped Li2B4O7 crystal was much larger
when a 65 mW diode laser emitting 405 nm light was used as a stimulation source. The
intensity of this laser light was significantly greater than the intensity of the 400 nm light
from the coupled xenon lamp and excitation monochromator in the Fluorolog-3
spectrometer. With the stronger stimulation light from the laser, the OSL decay occurred

in a shorter time and the signal-to-noise ratio of the OSL signal was much greater than in
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Figure 15. A second factor affecting the OSL signal is our use of a monochromator on
the detection side of the Fluorolog-3 spectrometer (when recording the OSL response in
second order, the resolution of this emission monochromator was set at 5 nm). The
signal-to-noise ratio of the OSL light will be larger if this monochromator is removed and
all the emitted light is incident on the photomultiplier tube (with perhaps one or more
filters to eliminate unwanted light).

3.3. Primary defects involved in OSL

3.3.1. Electron paramagnetic resonance (EPR)

Two trapped-hole centers and one trapped-electron center, each with an unpaired
spin, are formed when our Ag-doped Li2B4Oy crystal is irradiated at room temperature
with x rays [6, 13]. Figure 17(a) shows the EPR signals from each of these S = 1/2
centers. This spectrum was taken at 32 K with the magnetic field along the [001]
direction. The two distinct hole centers (which we have labeled isolated Ag?* and
perturbed Ag?*) are observed in the low-field region of Figure 17(a). These labels,
respectively, refer to a Ag?* ion with no other defect nearby and a Ag?* ion with an
adjacent defect. These trapped hole centers are formed when Ag* (4d'°) ions at Li* sites
trap the radiation-induced holes and become Ag?* (4d°) ions. Direct evidence that the
two EPR spectra represent Ag?* ions comes from their large positive g shifts, their small
hyperfine splittings, and the unambiguous electron-nuclear double resonance (ENDOR)
identification of 1°’Ag and 1 Ag as the nuclei responsible for the hyperfine splittings [6].
In previous papers [6, 13], these trapped-hole centers were simply labeled Center A and

Center B, respectively. Our new labels are more informative. The perturbing entity
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associated with Center B was suggested, in the past, to be a Na* or Ag* ion at an adjacent
regular lithium site [13]. Our observations of how OSL stimulation light affects the two
EPR signals (these results are described in Section 3.3.3) now suggest that an adjacent
lithium vacancy is a third, and very likely, possibility for the perturbation. Analogous
defects, i.e., isolated Cu?* ions and Cu?*-VLi centers, have been previously observed in
Li2B4O7 and LiAIO2 crystals [11, 58].

The electron center in Figure 17(a) has a 16-line EPR spectrum centered at 335.4
mT. This defect is formed during the x-ray irradiation when an interstitial Ag* (4d°) ion
traps an electron and becomes a Ag°® (4d°5s?) center. As described previously [6], the
trapped-electron spectrum in Figure 17(a) has 16 lines because of resolved hyperfine
interactions with 1“Ag and %Ag nuclei and one additional | = 3/2 nucleus. A
comparison of our spectrum with the analogous spectrum from radiation-induced Cu®
centers in Cu-doped Li2B4Oy7 crystals [11] strongly suggests that the | = 3/2 nucleus in
our Ag° spectrum is a 1B neighbor. In the Cu® centers, the participating | = 3/2 nucleus
must be 1B because resolved less intense hyperfine lines from °B nuclei are also seen
(**B nuclei are 80.1% abundant with I = 3/2 while the °B nuclei are 19.9% abundant with

I =3).
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Figure 17. EPR spectra of isolated Ag?* ions, perturbed Ag?* ions, and Ag° centers.
These data were taken after the Ag-doped Li2B4O7 crystal was irradiated at room
temperature with x rays. The magnetic field was along the [001] direction and the
microwave frequency was 9.38 GHz. (a) Spectrum taken at 32 K (the intensities of
the Ag?* ions at low field have been reduced by a factor of 12). (b) Spectrum taken
at room temperature.

The large hyperfine interaction of approximately 3.9 mT with the neighboring *'B
nucleus in the Ag° trapped-electron center provides supporting evidence that this Ag®
center is located at an interstitial position in the Ag-doped Li2B4O~ crystals. Such a large
hyperfine interaction is not expected if the Ag® atom occupies a regular Li* site in the
crystal (this is because of the relatively large separation distance of 2.7 A between a Li*

site and the nearest B®* site). Having the Ag® center at an interstitial position is, however,
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consistent with one large 1B hyperfine interaction. In as-grown or reset crystals (i.e.,
before an x-ray irradiation), Ag* ions will occupy interstitial positions that are
preferentially located near a (BO3)*~ or (BO4)>~ unit, since the positive charge of the Ag*
ion is attracted to the negative charge of the borate unit. After an irradiation, the 5s
electron in the interstitial Ag® atom will have significant overlap with this one nearest-
neighbor boron (a result in agreement with the EPR hyperfine data). In addition to this
boron hyperfine result, the relative sizes of the Li* and Ag* ions also support having Ag*
ions occupy interstitial positions during growth. The ionic radius of Ag* (1.15 A) is
greater than the ionic radius of Li* (0.76 A) in six fold coordination, and thus
replacement of regular Li* ions with Ag™ ions requires significant distortion in the
surrounding lattice.

Interestingly, the EPR spectra from the trapped-hole and trapped-electron centers
can be observed at room temperature after an x-ray irradiation (see Figure 17(b)).
Comparing the spectra in Figure 17(a) and Figure 17(b) shows that the EPR signals from
the two trapped-hole centers broaden significantly, but are still easily recognizable, at the
higher temperature. As the temperature increases, lines from the isolated Ag?* centers
broaden at a slightly greater rate than lines from the perturbed Ag®* centers. In contrast,
the signals from the trapped-electron centers broaden only slightly as the temperature
increases. The option of observing these EPR spectra at room temperature allows easier
monitoring of the trapped holes and trapped electrons when searching for correlations
with OSL and TL emissions (i.e., there is no need to have access to low-temperature EPR

capabilities).
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3.3.2. Optical absorption

Figure 18 shows the optical absorption spectrum of the Ag-doped Li2B4O7 crystal
before and after an irradiation at room temperature with X rays, and also after exposures
to OSL stimulation light. These data were taken at room temperature using unpolarized
light propagating along the [001] direction in the crystal. The sample thickness was 0.83
mm and the two broad faces of the crystal were polished. Known values of the refractive
indices of crystalline Li2B4O7 in the 800 to 195 nm region [59] were used to correct the
spectra for surface reflective losses. Before the irradiation with x rays (trace a), the only
absorption feature present is a band peaking near 205 nm (6.05 eV). This band has been
widely reported and is assigned to Ag* ions at Li* sites [7, 10, 16].

After the x-ray irradiation, the optical absorption spectrum is very different (see
trace b in Figure 18). The x-rays have introduced four addition absorption bands that
extend across the visible and well into the ultraviolet region [39, 60-61]. The primary
radiation-induced band peaks near 370 nm (3.35 eV), while the others peak near 250 nm
(4.95eV), 296 nm (4.19 eV), and 650 nm (1.91 eV). Attempts to deconvolute the after-
irradiation spectrum (trace b) in Figure 18 into a set of Gaussian bands suggest that two
overlapping bands with peaks in the 340-400 nm region are needed to replicate the large
370 nm absorption feature. The band in the longer wavelength portion of this 370 nm
feature is assigned to the electric-dipole-allowed 4d'%5s! to 4d*°5p? transition of the AgP
center [26]. This 4d'5p! excited state has a delocalized character and is near, or possibly
in, the conduction band [62-63]. Thus, stimulation wavelengths within this band easily

release trapped electrons from the AgP centers. These released electrons then recombine
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with trapped holes at Ag?* ions and produce OSL emission. The second band, on the
short wavelength side of the 370 nm feature, is possibly due to a charge-transfer process
associated with the isolated Ag?* center (i.e., an electron is transferred from a
neighboring oxygen ion to the Ag?* ion) [64]. Stimulation light in this second band will
create an excited state that can decay in either of two ways. The excited-state complex
(consisting of a Ag* ion with an adjacent O~ ion) may decay radiatively to restore the
initial Ag?* and O% ions or the hole on the oxygen ion may migrate away from the Ag*
ion (i.e., by hoping from oxygen to oxygen). This latter decay mechanism provides an
alternative path to generate an OSL signal wherein the holes optically released from the
Ag?* ions move to AgP centers and recombine with the trapped electrons to produce the
characteristic 270 nm emission light.

As illustrated in Figure 18, the radiation-induced optical absorption decreases
when 400 nm OSL stimulation light (from the Fluorolog-3 spectrometer) is incident at
room temperature on the Ag-doped Li2B4O7 crystal. Spectra taken after 100 s (trace c),
300 s (trace d), and 700 s (trace e) of 400 nm exposure are shown in Figure 18. All of the
absorption features decrease except for the band peaking near 296 nm (4.19 eV). The
EPR results described in Section 3.3.3 show that the perturbed Ag?* centers are the only
defects not affected by the OSL excitation light. This, in turn, suggests that the perturbed
Ag?* centers (via a charge-transfer transition) are responsible for the 296 nm optical
absorption band. At the present time, the absorption band peaking near 250 nm (4.95 eV)

in Figure 18 is not assigned to a specific defect. The band peaking near 650 nm (1.91
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eV) is most likely due to a crystal-field (i.e., d-to-d) transition of the isolated Ag?* ions

[64].
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Figure 18. Optical absorption from the Ag-doped Li2B4O7 crystal. These spectra
were taken at room temperature with unpolarized light propagating along the [001]
direction. (a) Before an x-ray irradiation (black curve). (b) After a room-
temperature x-ray irradiation (red curve). (c) After exposure to 400 nm light for
100 s (green curve). (d) After exposure to 400 nm light for 300 s (blue curve). (e)
After exposure to 400 nm light for 700 s (purple curve).
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3.3.3. Correlation of EPR and optical absorption with OSL

The trapped electron and trapped hole centers that participate in the OSL response
of the Ag-doped Li2B4Oy7 crystal are determined by monitoring their EPR spectra during
an exposure to 400 nm stimulation light. The spectrum in Figure 19(a) was obtained
immediately after an irradiation with x rays, while the spectrum in Figure 19(b) was
taken after exposing the crystal for 700 s to 400 nm stimulation light from the Fluorolog-
3 spectrometer (this is the same stimulation source used to obtain the OSL data in Figs. 3
and 4). Vertical scales are kept the same for Figure 19(a) and Figure 19(b) to allow easy
comparison of signal intensities. These two EPR spectra show that the OSL stimulation
light does not affect the number of perturbed Ag?* centers, but significantly decreases the
concentrations of isolated Ag?* centers and Ag® centers. The results in Figure 19 provide
evidence that the recombination of electrons and holes occurring during OSL takes place
only at isolated Ag?* centers, and not at perturbed Ag?* centers. This difference in
behavior for the two trapped-hole centers is expected if the perturbed Ag?* centers are
electrically neutral and thus do not attract the optically released electrons at the same rate
as the isolated Ag?* centers with their effective positive charge. The perturbed Ag?*

center will be electrically neutral if a Li* vacancy is adjacent to the Ag?* ion.
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Figure 19. Effect of 400 nm stimulation light on the EPR signals from the isolated
Ag?* ions, the perturbed Ag?* centers, and the Ag® centers. These spectra were
taken at room temperature with the magnetic field along the [001] direction. (a)
Spectrum taken after an x-ray irradiation, but before exposure to OSL stimulation
light. (b) Spectrum taken after exposure to 400 nm light for 700 s. In both spectra,
the intensity of the 16-line AgP® center has been reduced by a factor of 3.
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Figure 20. Decrease in the intensities of the 370 nm optical absorption band, the
isolated Ag?* center, and the Ag® EPR spectrum during exposure at room
temperature to 400 nm OSL stimulation light. The crystal was initially irradiated
with x rays. The red curve (circles) represents the 370 nm absorption band, the blue
curve (triangles) represents the isolated Ag** EPR signal, and the green curve
(squares) represents the Ag® EPR signal.

Figure 20 shows in more detail the effects of the OSL stimulation light on the
EPR and optical absorption spectra from the participating trapped electron and trapped
hole center. Intensities of the Ag® EPR spectrum, the isolated Ag?* EPR spectrum, and
the 370 nm optical absorption band are plotted as a function of the time the crystal was
exposed to 400 nm stimulation light from the Fluorlog-3 spectrometer. The observed

reductions in the intensities of the three spectra in Figure 20 (representing the
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concentrations of active trapped electrons and trapped holes) correlate with the emission
of OSL light described in Figure 15. In Figure 20, the curve representing the decay of the
370 nm optical absorption band is slightly above the curves representing the two EPR
centers. This suggests that there is an underlying less-intense band contributing to the
optical absorption at 370 nm in Fig. 6 that is not affected by the 400 nm stimulation light.
The presence of an underlying absorption band is also suggested by the small shift to
shorter wavelength of the peak of the 370 nm feature during the decay sequence shown in
Figure 18.

3.4. Role of oxygen vacancies in OSL

Oxygen vacancies are present in our Ag-doped Li2B4O7 crystal [31]. These
vacancies are in the doubly ionized charge state in the as-grown crystal, with no trapped
electrons and thus no EPR signal. During an x-ray irradiation at room temperature, a
portion of the oxygen vacancies trap an electron and form the EPR-active singly ionized
charge state. These paramagnetic oxygen vacancies have a characteristic 4-line EPR
spectrum due to the hyperfine interaction with one !B neighbor, thus making them easy
to monitor [31]. After they are formed by the x rays, the singly ionized oxygen-vacancies
slowly decay at room temperature over times on the order of 5-10 min, as the trapped
electrons are thermally released from the vacancies. This means that the electrons
trapped at oxygen vacancies are thermally much less stable than electrons trapped at Ag°
centers.

The EPR results in Figure 21 verify that oxygen vacancies are present and active

in our Ag-doped Li2B4O7 crystal. The spectrum in Figure 21(a) was taken several hours
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after an irradiation with x rays, and is similar to the spectrum in Figure 19(a). Then the
crystal was exposed to 405 nm stimulation light from the 65 mW diode laser. After an
exposure for 120 s to this laser light, the EPR spectrum in Figure 21(b) was immediately
taken. The 405 nm light releases electrons from the AgP centers, thus making the
intensity of the Ag® EPR spectrum in Figure 21(b) less than its intensity in Figure 21(a).
Many of the released electrons recombine with holes at the isolated Ag?* ions and
produce an OSL emission. Some of these optically released electrons, however, become
trapped temporarily at oxygen vacancies. By acquiring the spectrum in Figure 21(b)
within 20 s of turning off the 405 nm stimulation light, the electrons trapped at oxygen
vacancies did not have time to thermally decay. In Figure 21(b), the 4-line EPR spectrum
from the electrons trapped at the oxygen vacancies overlaps the 16-line spectrum from
the Ag® centers. A difference spectrum obtained by subtracting the spectrum in Figure
21(a) from the spectrum in Figure 21(b) reveals the underlying EPR spectrum from the
oxygen vacancies. Before the subtraction, the intensity of the 16-line Ag® spectrum in
Figure 21(a) was reduced to be the same as the 16-line spectrum in Figure 21(b). The
difference spectrum, shown in Fig. 9(c), represents the singly ionized oxygen vacancies.
It is identical to the oxygen-vacancy EPR spectrum previously seen in undoped Li2B4O~

crystals that had been x-ray irradiated at 77 K [31].
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Figure 21. EPR spectra from AgP centers and singly ionized oxygen vacancies in the
Ag-doped Li2B4O7 crystal. (a) Spectrum taken after an x-ray irradiation at room
temperature. (b) The same spectrum taken immediately after exposing the crystal
to 405 nm laser light for 120 s. (c) The difference spectrum showing the underlying
four-line oxygen vacancy EPR signal. These four lines are due to the hyperfine
interaction with one !B nucleus (see Ref. [31]).

Our results indicate that oxygen vacancies in Li2B4O7 serve as a short-lived
electron traps at room temperature and reduce the rate at which the optically released
electrons recombine with holes at isolated Ag?* ions. Fewer oxygen vacancies will mean

larger OSL signals in Ag-doped Li2B4O7. Also, by showing that OSL stimulation light

57



forms singly ionized oxygen vacancies, we verify that the optical release of electrons

from AgP electron traps is the primary OSL mechanism in Ag-doped Li2B4Oy.

4. Summary

A large OSL response has been observed from a Ag-doped Li2B4Or7 crystal. The

Ag" ions enter the lattice and occupy two distinctly different sites (i.e., they replace Li*
ions and they also become interstitials). During an irradiation, Ag* ions at Li* sites trap
holes and become isolated Ag?* ions while Ag* ions at interstitial sites trap electrons and
become Ag® atoms. The AgP centers have a broad optical absorption band peaking near
370 nm with a tail extending beyond 500 nm. Stimulation light with wavelengths in this
AgP band releases electrons, that then recombine with holes at the isolated Ag?* ions and
form Ag" ions in a short-lived excited state, i.e., (Ag")* ions. The OSL emitted light with
a peak near 270 nm is characteristic of the radiative decay of these (Ag*)* ions and is the
same as the photoluminescence band observed from an intracenter excitation of Ag* ions
in Li2B4O7. The following summarizes the primary OSL process in Ag-doped Li2B4O7
(Agi represents Ag at an interstitial position and Agvi represents Ag at a Li™ site).
(2) Irradiation step:

e+ Agit— Ag/° (trapped electron)

h* + AgLi* —— AgLi®* (trapped hole)
(2) Stimulation step:

Agi® + hv (400 nm photon) —> Agi" + released e~

(3) Emission step:
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released e~ + AgLi®* —— (AgLi*)* —> AgLi* + hv (270 nm photon)

In conclusion, our results suggest that Ag-doped Li2B4O7 will be a useful OSL
material because of a unique combination of defect properties. (1) Doping with Ag
produces both electron and hole traps since the Ag* ions occupy two distinctly different
sites in as-grown material. (2) Electrons trapped as interstitial Ag® centers have an
intense optical absorption band that allows the OSL stimulation light to easily release
electrons. (3) Highly efficient electron-hole recombination occurs at isolated Ag?*
trapped-hole centers located at regular Li* sites. Future studies are needed to identify the
optimum concentrations of interstitial Ag* ions (electron traps) and Ag* ions at lithium
sites (hole traps) that must be present in the pre-irradiated Li2B4O7 to make the most
sensitive OSL dosimeters. Also, methods must be found to minimize the concentration

of oxygen vacancies.
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V. Two new silver related electron traps in Ag-doped Li2B4O7 crystals

Abstract

Electron paramagnetic resonance (EPR) and thermoluminescence (TL) are used to
identify and characterize two new silver related electron traps, [Agi* — AgLi*]* and [Agi™ —
Li*T", in Ag-doped lithium tetraborate (Li2B4Oy7) crystals. Additionally, the one known,
interstitial silver atom (AgP) electron trap is further characterized. In as grown Ag-doped
Li2B4O7, Ag™ ions substitute for Li* ions, and Ag* ions also occupy interstitial sites. Ag*
ions substituting for Li* ions act as hole traps and interstitial Ag* ions act as electron
traps when the crystal is exposed to ionizing radiation. Interstitial silver ions occur in
three distinct environments in the Ag-doped Li2B4Oy7 crystal. Interstitial ions may be in
an otherwise unperturbed lattice ([Agi*— Li*]"), adjacent to a substitutional silver ion
([Agi* — Agvi*]"), or near a lithium vacancy ([Agi* — VLi]°). When exposed to ionizing x
ray radiation at room temperature, the [Agi* — AgLi*]* and [Agi* — Vi ]° defects trap an
electron becoming [Agi® — AgLi*]® and [Agi® — Vi ]~ while the [Agi* — Li*]* traps two
electrons becoming [Agi — Li*]~ When exposed to ionizing radiation at 77 K, the [Agi* —
AgLi']* defect traps two electrons becoming [Agi® — Agui’]~ One electron is released
from the [Agi® — AguLi®] defect near room temperature, and one electron is released from
the [Agi — Li*]"defect near 120 °C. Electrons trapped at the [Agi® — AgLi*]° and [Agi® —
Li*]° defects both have greater thermal stability than an electron trapped at the [Agi® —
V] defect. Both [Agi* — AgLi*]* and [Agi* — Li*]* defects lead to TL peaks at

temperatures greater than 150 °C.
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1. Introduction

Single crystal, silver doped lithium tetraborate (Li2B4O7:Ag) is a potentially
important radiation dosimetry material. The crystal makes a functional dosimeter in both
the thermally stimulated luminescence (TL) and the optically stimulated luminescence
(OSL) modes [9, 13, 15-16, 18, 29-30]. Furthermore neutron dosimetry may be achieved
by enriching the crystal in either ®Li or 1°B. In Ag doped Li2B4O7, Ag* (4d'°) occupies
lithium sites and interstitial sites. Room temperature exposure to ionizing radiation
produces electron hole pairs in the crystal lattice. These charge pairs may quickly
recombine, or become trapped at defect sites in the crystal. Interstitial silver ions trap an
electron becoming AgP silver atoms. These silver trapped electrons are stable up to
approximately 150 °C [6, 30]. When thermally released, recombination with holes yields
TL light emission. Substitutional silver ions trap a hole becoming Ag®* (4d°). Two
different substitutional sites exist. One substitutional silver ion is in an otherwise defect
free lattice (AgLi?*) and the other has a nearby lithium vacancy ([Vii — Agvi]). The role of
both species of substitutional silver trapped holes in thermoluminescence has been
established [13, 30]. It has also been shown that intrinsic oxygen vacancies and oxygen
vacancies perturbed by silver ions serve as a short lived electron trap in Ag doped
Li2B4O7 [30].

In the present paper, we use electron paramagnetic resonance and
thermoluminescence to identify three different interstitial silver electron traps that exist in
Ag-doped Li2B4O7. Interstitial silver ions may be in an otherwise unperturbed lattice

([Agi* — Li*]"), adjacent to a substitutional silver ion ([Agi* — AgLi*]"), or near a lithium
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vacancy ([Agi* — VLi]%. Under x-ray irradiation the interstitial Ag* (4d'°) ion traps an
electron and becomes an AgP (4d*°5s?) center. In the cases where no lithium vacancy is
present, a second electron may be trapped. The maximum reduction in each case is to the
1- charge state, relative to a defect free lattice. In previous work, the [Agi® — Vii]~
trapped electron has been referenced as the silver atom, Ag®. Lastly, [Agi® — Li*]° and
[Agi® — AgLi*]° are shown to have greater thermal stability than electrons trapped at
[Agi®—-Vii]~.

Interstitial defects are denoted with a subscript i and substitutional defects are
denoted with a subscript Li or subscript O for defects at lithium or oxygen sites,
respectively Superscripts are used to denote the charge state of individual ions or defects
when the superscript is adjacent to the ion or defect symbol. As an example, AgLi, isa
1+ silver ion on a lithium site. If the superscript is adjacent to a pair of defects inside
sguare braces, then the superscript denotes the charge state of the defect pair relative to a
defect free lattice. As an example, [VLi™ — AgLi’]” is a lithium vacancy 1- adjacent to a
substitutional 1+ silver. The defect pair has a 1— charge state relative to a defect free

lattice.

2. Experimental

Lithium tetraborate crystals have a tetragonal structure (space group 141cd) with a
point group of 4mm. The lattice constants for the crystal, at room temperature, are
a=9.475 A and c=10.283 A. There are two inequivalent boron sites and four
inequivalent oxygen sites. All of the lithium sites are equivalent. There are 104 atoms in

the unit cell organized in eight formula units. The formula units transform one to another
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according to the symmetry of the crystal [32-35]. The basic repeating group, (B4Oo)®",
consists of two boron ions, B2, tetrahedrally coordinated by four oxygens and two boron
ions, B1, triangularly coordinated by three oxygens [32]. Each of the oxygen ions is
coordinated to two boron ions. Further, the boron-oxygen framework creates channels
along the c-axis which are filled by LiOs polyhedra, in which, the O3 and O4 oxygen ions
are coordinated by two lithium ions, and the O1 and O2 oxygen ions are coordinated by
one lithium ion [34]. Figure 22 shows a sparse crystal model of Li2B4O7 consisting of
two LOs polyhedra from two adjacent polyhedra chains, and the common O4 ion linking
them. Also shown is the next O4 ion in the minus c direction.

Silver doped crystals were cut from a larger boules. The as grown silver doped
crystal had nominal dimensions of 0.83 x 3 x 6.5 mm?. The [001] direction was normal
to the broad faces. The Ag-doped sample was grown by the Czochralski method at the
Institute of Physical Optics (L’viv, Ukraine). A congruent melt, exposed to air, was
contained in a Pt crucible. The growth axis was [001] and the pulling and rotation
velocities did not exceed 0.3 mm/h and 10 revolutions/min, respectively. The
concentration of Ag in the Ag-doped sample is estimated, from the starting materials, to

be 0.02 at. %.
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Figure 22. Sparse ball and stick model of Li2B4O7. The model contains two LiO4

polyhedra that share a single O4 ion. The O4 ion at the top of the figure is shared
by the two LiOs polyhedra. The O4 at the bottom of the figure represents the next
lower (B4Og)® group in the crystal. Lithium ions are blue and oxygen ions are red.

EPR data were taken using a Bruker EMX spectrometer operating near 9.4 GHz.
An Oxford helium-gas flow system controlled the temperature of the sample and
magnetic fields were measured using a Bruker teslameter. A proton NMR gaussmeter
was used to obtain static magnetic field values, and a small Cr-doped MgO crystal was
used to correct the magnetic field for the difference between the sample position and the
position of the gaussmeter. Crystals were irradiated using a Varian OEG-67H x ray tube
operating at 60 kV and 30 mA. The duration of each irradiation was three minutes. TL
“glow curves” were obtained using an ANDOR Shamrock 193i spectrograph coupled to
an iDus 420 CCD camera (the sample was heated at a constant rate with an Instec

HCS621G stage).
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3. Results

Figure 23 shows a typical room temperature EPR spectrum for Ag-doped Li2B4O7
after irradiation with x rays at room temperature. The spectrum was taken with the
magnetic field aligned along the [001] direction of the crystal, and the microwave
frequency was 9.38 MHz. The upper field portion of the EPR spectrum has been reduced
by 3 times for ease of plotting. Clearly visible in Figure 23 are Ag.i®* and [VLi — Agui]®*
trapped holes as well as [Agi — Vi]° trapped electrons (AgP®). The trapped-electron
spectrum centered at 335.4 mT has 16 lines because of resolved hyperfine interactions
with 1°”Ag and 1%°Ag nuclei and one additional | = 3/2 nucleus [6].

After irradiation with x rays, the crystal was held at room temperature for at least
10 minutes to allow fading of oxygen vacancy trapped electrons. Furthermore, electrons
thermally released from oxygen vacancies may re-trap at other vacant electron traps or
recombine with holes stabilized at hole traps thereby increasing the intensity of the
corresponding electron and hole spectra. By allowing for complete fading of the oxygen
vacancies, re-trapping and recombination events cease thereby allowing EPR spectra

intensities to stabilize prior to measurement.
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Figure 23. EPR spectra of isolated Agci?* ions, perturbed [Vii- — AgLi?*]?* ions, and
Ag° centers. These data were taken after the Ag-doped Li2B4Oy7 crystal was
irradiated at room temperature with x rays. The magnetic field was along the [001]
direction and the microwave frequency was 9.38 GHz. Spectrum taken at room
temperature (the intensity of the 16-line Ag® center has been reduced by a factor of
3).

3.1 Electron trap: interstitial silver ions adjacent to substitutional silver ions

When the doping level of silver into the Li2B4O7 crystal is relatively high,
interstitial silver ions may be adjacent to silver ions present on a lithium site. In this case
the net effective charge state of the silver-silver defect is 1+ relative to a defect free
lattice ([Agi — AgLi]?). When exposed to room temperature ionizing radiation, this silver-
silver defect traps an electron becoming [Agi — Agvi]®. Figure 24 (c) shows the EPR

spectrum for [Agi — Agi]®. This spectrum, Figure 24 (c), was obtained by subtracting
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Figure 24 (a) from Figure 24 (b). Figure 24 (a) was taken at least 10 minutes after room
temperature x ray irradiation of the Ag doped Li2B4O7 crystal. The 16-line hyperfine
spectrum is due to electrons trapped at interstitial silver atoms perturbed by lithium
vacancies. Figure 24 (b) was collected after the crystal was warmed to 93 °C and
exposed to room light for 20 hours. At 93 °C, the [Agi — Agvi]® trapped electron is
slightly less likely to be released by room light than the [Agi — VLi] ~ trapped electron.
Therefore, the relative intensity of the [Agi — AgLi]° trapped electron spectrum increases
relative the [Agi — VLi] ~ trapped electron spectrum. The 16-line hyperfine spectrum in
Figure 24 (a) is then reduced to match the intensity of the 16-line hyperfine spectrum in
Figure 24 (b). Subtraction then cancels the 16-line [Agi — VLi] ~ spectrum leaving only
the [Agi — Agvi]° spectrum in Figure 24 (c).

The hyperfine spectrum for the [Agi — Agi]° trapped electron is produced by
interaction of the trapped electron with two nearly equal silver ions. The spectrum is
composed of two triplets, one each at 315 mT and 360 mT, and a four line spectrum near
337 mT. The extreme outer two lines at high and low field are due to interaction with
two 1Ag nuclei (red stick diagram). While the next line in at either end (the middle
double intensity line in the high and low field triplet) are due to interaction with one
107 Ag nucleus and one ®°Ag nucleus (black stick diagram). While the blue stick diagram
represents the lines due to interaction with two °’Ag nuclei. The inner four lines are due
to superposition of two triplet spectra as found in the outer triplets. First order
approximations would yield a triplet of twice the intensity of the outer triplets directly

midpoint between the outer triplets. Second order effects cause the first order double
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intensity triplet to separate into four hyperfine lines near the midpoint of the outer two

triplets.
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Figure 24. EPR spectrum of [Agi — AgLi]® in the Li2B4O- crystal. (a) Spectrum
taken after an x-ray irradiation at room temperature. (b) The same spectrum taken
after 20 hrs at 93 °C under room light. (c) The difference spectrum showing the
underlying [Agi — Agwi]° EPR signal. (d) A simulation of the [Agi — AgLi]° EPR
spectrum. The magnetic field was along the [001] direction and the microwave
frequency was 9.40 GHz. Spectrum taken at room temperature.

The ratio of the splitting between the outer [*°’Agi — ”AgLi]° lines and the
splitting between the outer [1*Agi — 1%AgLi]° lines is 0.8647, which agrees well with the
ratio of the nuclear magnetic moments of 1°’Ag to ®®Ag of 0.8682. This confirms that
the hyperfine splitting is due to silver nuclei.

Figure 24 (d) is a simulated [Agi — AgLi]° produce using the EasySpin computer

program. lIsotropic hyperfine matrices were used, with values of 18.3 mT for 197Ag
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nuclei and 21.1 mT for 1®°Ag nuclei at one Ag site, and hyperfine values if 18.6 mT for
07Ag nuclei and 21.4 mT for 1%Ag nuclei at the other Ag site. The simulation linewidth
was set to 0.7 mT. Agreement between the experimental spectrum Figure 24 (c) and the
simulation Figure 24 (d) is good. The simulation shows that roughly 49.7 % of the
electron spin density is on one Ag ion, while 50.3 % of the spin density is on the other Ag
ion. In fact, the four-line hyperfine structure in the center of the [Agi — Agwi]° EPR
spectrum is very sensitive to the amount of spin density on each Ag ion. As little as a
half a percent change in spin density from one ion to the other causes poor agreement
between the center of the experimental spectrum and the simulated spectrum.

Figure 25 displays a defect model for the [Agi — AgLi] electron trap. The
interstitial Ag ion is placed on the line connecting the two nearest O4 ions along the [001]
direction in the crystal. The Ag ion is placed slightly closer to the upper O4 ion than the
lower O4 ion. The four boron 3+ ions in the (B4O9)®~ anionic block associated with the
lower O4 ion would be between the O4 ion and the Ag ion along the c direction.
Whereas the upper 04 would be between the Ag ion and the (B4Og)® ~ anionic group
associated with the upper O4 ion. The Ag ion would feel a slightly greater negative
charge from the upper O4 ion than the lower O4 ion and mover toward the upper O4 ion
accordingly. Although the model shows the interstitial Ag ion along the ¢ axis between
the two O4 ions, it is likely that the interstitial Ag ion would be offset from the ¢ axis
position. The immediate symmetry of the crystal around the interstitial Ag ion site is not
sufficient to suggest this unique position is favored. A slight offset toward the

substitutional Ag ion, depicted, would yield the [Agi — AgLi] defect.
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Figure 25. Model of [Agi — Agui] electron trap. The lithium ion is blue, oxygen
ions are red, and the silver ions are gray.

An electron trapped on one of the Ag ions in the [Agi — Agvi]° defect (4d°5s! )
would not display much angular dependence in the g or hyperfine matrices due to the
largely s nature of the unpaired electron. Indeed, the g matrix is nearly isotropic for the
[Agi — AgLi]° defect, and the hyperfine matrix shows less than 10 % variation in a [001]
to [100] rotation of the applied magnetic field. Furthermore, the measured value of the
hyperfine parameter for the 1®°Ag is 1372 MHz from Figure 24 (c). This is in good
agreement with the typical splittings reported for 1°Ag° atoms (1300-2100 MHz) [65].
Nearly all the unpaired spin is present on one of the two Ag ions. Compared to Morten
and Preston’s prediction (1831 MHz for Ag) 75 % of the unpaired spin density resides on
the two Ag ions [66-67]. Some additional unpaired spin density may be on oxygen ions
surrounding the substitutional Ag ion, but that represents a small portion of the unpaired

spin. If the two Ag ions were in the two closest lithium sites in the crystal lattice, each
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would be coordinated by five oxygen ions, and share coordination with a single O3 ion.
In that situation, we would expect that more of the unpaired spin density would fall on
coordinating oxygen ions, particularly the shared O3 ion. The fact that nearly all the
unpaired spin density resides on of the two Ag ions suggest an interstitial site must be
involved.

When Ag-doped Li2B4O7 is x ray irradiated at 77 K, the [Agi — Agvi]’ EPR
spectrum does not appear in the crystal EPR spectrum. At 77 K the [Agi — AgLi]* defect
traps two electrons forming the [Agi — AgLi] “charge state of the defect. The two trapped
electrons pair (S=0), and the defect is not paramagnetic in the 1- charge state. When the
crystal is warmed to near 30 °C one of the trapped electrons is thermally released, and the
defect takes on the neutral charge state, [Agi — Agwi]®. In the neutral charge state, the
second trapped electron is thermally stable to much higher temperatures. Observation of
neutron irradiated Li2B4O7:Ag suggests that the neutral charge state may be stable to
temperatures nearing 230 °C [53].

3.2 Electron trap: interstitial silver ions in an otherwise defect free lattice

While an interstitial Ag* ion is a positive defect relative to a defect free lattice and
as such requires a compensating negatively charged defect (lithium vacancy), in some
instances the compensating lithium vacancy is distant enough that the electron trapped on
the interstitial Ag* ion appears to be in an otherwise defect free lattice. In this case, the
interstitial Ag* ion has a net 1+ charge relative to a defect free lattice. This isolated
interstitial Ag* ion is abbreviated as [Agi — Li]* due to the observed lithium hyperfine

contribution to the EPR spectrum when an electron is trapped at the defect.
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Figure 26 shows the EPR spectrum for [Agi — Li]°. [Agi— Li]%is an electron
trapped at a [Agi — Li]* defect. The spectrum was obtained with the magnetic field
aligned with the [001] direction of the crystal and a magnetic field of 9.34 MHz. Again
the 16-line hyperfine spectrum is due to electrons trapped at interstitial silver atoms
perturbed by lithium vacancies. While the four sets of four lines at 305, 310, 360 and 363
mT are due to a [Agi — Li]° trapped electron. The wide, 50-60 mT splitting is due to the
Ag hyperfine, while the smaller 2.5 mT splitting is due to Li super-hyperfine. The
spectrum was obtained after the Li2B4O7:Ag crystal was x ray irradiated at room
temperature. Under these conditions, the [Agi — Li]* defect traps two electrons forming a
[Agi — Li]™ trap with a set of paired electron in the non-paramagnetic S = 0 state. Indeed,
after room temperature x ray irradiation, no EPR spectrum is visible for the [Agi — Li]~
trapped electrons, see Figure 23. When the crystal is then warmed to near 120 °C, one of
the trapped electrons is thermally released, and the remaining [Agi — Li]° trapped electron
has the EPR spectrum shown in Figure 26.

To obtain Figure 26 the crystal was bleached with 90 seconds of 442 nm laser
light using a He-Cd laser at 150 mW. The [Agi — Agui]® and [Agi — V]~ trapped
electrons both have a stronger oscillator strength for 442 nm bleaching than the [Agi —
Li]° defect. The 442 nm bleaching nearly eliminates the [Agi — Agvi]° EPR spectrum
which collocates with the 360 and 363 mT portions of the [Agi — Li]° EPR spectrum.
Additionally, the [Agi — VLi] ~ spectrum is reduced in intensity by the 442 nm laser

bleaching to about three times the intensity of the [Agi — Li]° EPR spectrum.
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Figure 26. EPR spectrum of [Agi — Li]° in Li2B4Or crystal. The spectrum taken
after an x-ray irradiation at room temperature followed by heating the crystal to
120 °C for 2 minutes followed by 90 seconds of 442 nm laser irradiation in the EPR
cavity. The magnetic field was along the [001] direction and the microwave
frequency was 9.40 GHz. Spectrum taken at room temperature.

The ratio of the splitting between the [*°’Agi — Li]° spectra and the splitting
between the [*°Agi — Li]° spectra is 0.8644, which agrees well with the ratio of the

nuclear magnetic moments of 1%’Ag to ®*Ag of 0.8682. This confirms that the hyperfine

splitting is due to silver nuclei.
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Figure 27. (a) Expanded view of the low field half [*’Agi — Li]° electron trap
spectrum. The magnetic field was along the [001] direction and the microwave
frequency was 9.40 GHz. Spectrum taken at room temperature. (b), (c) and (d)
simulations of the low half of [Agi — Li]° [Agi — B]°% and [Agi — Na]° electron
traps respectively.

Simulations of the [Agi — Li]° ER spectrum resulted in good agreement to the
experimentally obtained spectrum. Simulations were produced using the SimFonia

computer program from Bruker. Figure 27 shows the results of the simulation. Only the
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lower half of the [’ Ag — Li]° EPR spectrum is displayed. There are three potential 3/2
spin nuclei in the Ag-doped Li2B4O~ crystal. B, 'Li and *Na are all present in the
crystal with a nuclear spin of 3/2. The boron and lithium isotopes are a natural part of
the Li2B4O7 crystal, and sodium is introduced as an impurity during growth through the
use of a sodium containing flux. The presence of sodium was also confirmed though
neutron activation of other crystals from the same boule. Although all three isotopes
have 3/2 spin, they do not produce the same EPR spectra. Na has a 100 % abundant spin
3/2 isotope, Figure 27 (d), which produces a four line hyperfine spectrum in which all
four lines are vertically centered on the spectrum baseline. The Na ion EPR spectrum
does not have the stair-stepping down with magnetic field strength spectrum shown in the
experimental spectrum, Figure 27 (a). Whereas the hyperfine contribution of both of the
lesser abundant isotopes, 1°B (I = 3) and °Li (I = 1), produces the stair stepping down
spectrum, Figure 27 (c) and Figure 27 (b), matching the same feature in the experimental
spectrum, Figure 27 (a). Careful observation of the relative intensities of the four
hyperfine lines shows that only the lithium spectrum, matches these relative intensities.
See the arrows in Figure 27 (a) and Figure 27 (b).

Figure 28 displays a defect model for the [Agi — Li]° electron trap. The interstitial
Ag ion is placed in the same position as in the [Agi — AgLi]° electron trap for the same
reasons. It is likely that the interstitial Ag ion would be offset from the ¢ axis position
toward one of the two nearest Li ions due to the low immediate symmetry of the crystal,

thereby yielding the [Agi — Li]* defect.
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Figure 28. Model of the [Agi — Li] electron trap. Lithium ions are blue, oxygen
ions are red, and the silver ion is gray.

An electron trapped on the Ag ions in the [Agi — Li]° defect (4d'°5s? ) would not
display much angular dependence in the g or hyperfine matrices due to the largely s
nature of the unpaired electron. Indeed, the g matrix is nearly isotropic for the [Agi — Li]°
defect, and the hyperfine matrix shows little variation in a [001] to [100] rotation of the
applied magnetic field. Furthermore, the measured value of the hyperfine parameter for
the 1%Ag is 1618 MHz from Figure 26. This is in good agreement with the typical
splittings reported for 1®AgP® atoms (1300-2100 MHz) [65]. Nearly all the unpaired spin
is present on the Ag ion. Compared to Morten and Preston’s prediction (1831 MHz for
Ag) 88 % of the unpaired spin density resides the Ag ion [66-67]. Some unpaired spin
density resides on the Li ion, 10-20 %, and any additional unpaired spin density may be
on oxygen ion surrounding the substitutional Ag ion, but that represents a small portion

of the unpaired spin. Again, this suggests an interstitial Ag ion must be involved.
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The maximum intensity of the [Agi — Li]° trapped electron EPR spectrum occurs
after heating to 175 °C. At temperatures above 175 °C, the electron trapped at [Agi — Li]°
is thermally released, and the defect resets to the [Agi — Li]" state.

3.3 Electron trap: interstitial silver ions nearby lithium vacancies

In previous work, the 16-line hyperfine spectrum visible near 335 mT in Figure
23 was reported to be an interstitial Ag* ion trapping a hole forming an interstitial Ag®
atom. The Ag® atom shared unpaired spin density with a nearby 3/2 nucleus creating the
16-line hyperfine spectrum [6]. EPR spectra of x-ray-irradiated-Ag-doped-1°B-enriched
Li2B4O7 conclusively demonstrates that the 3/2 nucleus contributing to the 16-line
hyperfine spectrum of the Ag® atom is boron. Furthermore, charge neutrality suggest that
the interstitial Ag* ion requires a compensating 1— defect in the as grown Li2BsO7:Ag
crystal. The lithium vacancy is just such a 1— defect, and the resulting defect pair would
be neutral relative to the defect free lattice [Agi — VLi]°. While charge compensation can
be distant from the interstitial Ag* ion, see Section 3.2, it may also be very near the
interstitial Ag* ion. If the lithium vacancy is contained in one of the LiO4 polyhedra
directly accessible to the interstitial Ag1l* ion or accessible by lithium ion movement
within the polyhedra, it seems likely that lithium ions within the polyhedra would shift as
necessary to facilitate the interstitial Ag* ion occupying the empty lithium lattice position
becoming a substitutional Ag* ion. The nearby lithium vacancy must be in a position

nearby the interstitial Ag'* yet inaccessible to the interstitial Ag'* ion.
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Figure 29. Model of a [Agi — Vui] electron trap. The lithium vacancy is in the
dashed box. Lithium ions are blue, boron ions are green, oxygen ions are red, and
the silver ion is gray.

Figure 29 shows a defect model for the [Agi — Vi] ~ electron trap. The model is
very similar to the model suggested for the Ag related electron traps outlined in sections
3.1and 3.2. The lithium vacancy, dashed box, is placed in the lithium site closest to the
interstitial Ag that is not within an LO4 polyhedra accessible to the interstitial Ag!* ion.
A straight line connecting the lithium vacancy to the interstitial Ag ion runs directly
through a B1 ion. If an interstitial Ag* ion moves toward the 1— lithium vacancy, the

interstitial moves directly toward the intervening B1 ion. This movement would facilitate
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partition of the unpaired spin between the interstitial Ag** ion and the B1 ion after
trapping a hole under ionizing radiation. This model for the [Agi — Vi] defect and the
models for the [Agi — AgLi] and [Agi — AgLi] defects, proposed in section 3.1 and 3.2, are
subtle variation of the local environment on the same Ag'* interstitial site.

3.4 Thermoluminescence (TL)

Most recent investigation of thermoluminescence Ag-doped Li2B4O7 focus on
what is considered the main TL peak near 150 °C [6, 9-10, 13, 15]. Although a few other
investigations have identified the existence of TL peaks at temperatures other than 150 °C
[51-53], also see Chapter I11. Also, Doull notes a slight shift to lower temperature for the
main TL peak in Cu and Ag co-doped Li2B4O7 [68]. As shown in Figure 30, the Ag-
doped Li2B4Oy crystal also shows a TL peak at 150 °C. The TL data in Figure 30 were
obtained at a heating rate of 1°C/s after x ray irradiation at room temperature. A series of
25 °C heating steps followed by recording the intensity of EPR spectra were performed to
identify the role played by the three silver related electron traps in the recombination
process. The heating steps were 50, 75, 100, 125, 150, 175, 200 and 225 °C. After initial
recording of the EPR spectrum intensities at room temperature before any annealing, the
crystal was placed in a preheated (50 °C) single zone furnace for 23 seconds and rapidly
cooled back to room temperature. The sample was then transferred to the EPR
spectrometer and EPR spectrum intensities were recorded at room temperature. This
process was repeated for each temperature step. The effective heating rate of the heating
steps was 1.09 °C /s. The relative intensities of the trapped holes in Figure 30 were

normalized to the peak intensity of the isolated Ag?* trapped hole. The initial intensity of
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the [AgLi — Vi]* trapped hole was 1/4™ of the isolated Ag?* trapped hole. The relative
intensities of the trapped electrons in Figure 30 were normalized to the peak intensity of

the [Agi — VLi]™ trapped electron.
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Figure 30. Thermoluminescence from Ag doped Li2B4O7 crystal after an irradiation
at room temperature with x rays. The TL peak occurs at 150 °C (the heating rate
was 1 °C/s). The TL glow curve is black. The intensities of the EPR signals from
isolated Ag? ions (red curve), [AgLi — Vwi]° defect pairs (blue curve), [Agi — Vii]
electron traps (green dashed curve), [Agi — AgLi] electron traps (blue dashed
curve), [Agi — Li]° electron traps (red dashed curve), and Vo* electron traps
(purple dashed line) were monitored in a separate experiment following a similar
irradiation at room temperature with x rays.

Initially, the AgLi?* EPR spectrum decreases from 30-50 °C, and then increases
from 50-100 °C, finally from 100-200 °C it decreases continually until completely gone.

The [Agui — VLi]° EPR spectrum is unchanged from 30-100 °C, and decreases, albeit at
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different rates, from 100-200 °C. At 225 °C a small amount of the [AgLi — VLi]° EPR
spectrum is still visible. The [Agi — V]~ EPR spectrum decreases slowly from 30-125
°C, decreases more rapidly from 125-175 °C, and decreases until gone from 175-225 °C.
The [Agi — AgLi]® EPR spectrum is unchanged from 30-175 °C, and decreases until gone
from 175-225 °C. The [Agi — Li]° EPR spectrum is not visible thru 125 °C. From 125-
175 °C it increases to its maximum. The spectrum decreases from 175-225 °C, but is not
completely gone at 225 °C. Finally, the isolated Vo™ EPR spectrum increases from 30-50
°C, decreases from 50-100 °C, increases again from 100-150 °C, decreases from 150-175

°C, and finishes by increasing continually from 175-225 °C.

4. Discussion of the TL mechanism

The [Agi — Agvi]® trapped electron, the isolated Vo* trapped electron, and the
[AgLi — VLi]° trapped hole are thermally stable to at least 225 °C, see Chapter III and [53].
Any decrease in intensity of the EPR spectrum of these three trapped charges must
correspond to net recombination at the site of the thermally stable trap. The simplest
charge trap to monitor in order to understand the net flow of trapped charge in the x ray
irradiated crystal is the isolated Vo™ electron trap. From 30-50 °C additional electrons are
trapped at the isolated oxygen vacancies. Another electron trap must be thermally
releasing electrons. In this temperature range perturbed oxygen vacancy trapped electron
are thermally released, see Chapter 111. The thermally released electrons re-trap at
isolated oxygen vacancies, but also recombine with trapped holes yielding the AgLi®*

EPR spectrum decrease over the same temperature.
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While the isolated oxygen vacancy EPR spectrum decreases from 50-100 °C,
holes are being thermally released in the crystal from isolated lithium vacancies over this
temperature range, see Chapter Il1l. These thermally released holes recombine with
electrons trapped at isolated oxygen vacancies and [Agi — VLi]™ yielding a decreased EPR
spectra for both defects. The thermally released holes are also re-trapped at the AgLi*
defect site yielding an increase in AgLi®* EPR spectrum from 50-100 °C.

From 100-150 °C, the EPR spectrum for isolated oxygen vacancies increases.
Over this temperature range electrons are being thermally released in the crystal and re-
trapping at isolated oxygen vacancy defects (Vo?*) yielding an increase in the Vo EPR
spectrum. Over this temperature range trapped electrons are being thermally released
from [Agi — VLi]™ defects. The decrease in the [Agi — VLi]” EPR spectrum follows. The
thermally released electrons re-trap at isolated oxygen vacancies, but also recombine at
trapped hole sites. The EPR spectra for holes trapped at both AgLi®* and [Agvi — Vi]°
both decrease over this temperature range due to electron hole recombination at the hole
trapping defects.

From 125-175 °C, the [Agi — Li]° EPR spectrum increases from zero to its
maximum value. One of the two electrons trapped at the [Agi — Li]™ defect is thermally
released yielding the paramagnetic [Agi — Li]° trapped electron.

From 150-175 °C the isolated oxygen vacancy EPR spectrum decreases. Again
holes are being thermally released in the crystal over this temperature range. The
decrease in the [Agi — Agvi]° defect intensity confirms holes are being thermally released.

However, the decrease of the EPR spectrum for [AgLi — VLi]° indicates the thermal
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release of electron over the same temperature range. Both electron and holes are being
thermally released over the range of 150-175 °C. More holes than electron are being
released thus the net decrease in the number of electron trapped at isolated oxygen
vacancies. AgLi?* defects are thermally releasing holes, and are completely annealed by
200 °C. [Agi— VLi]™ defects continue to thermally release electrons until completely
annealed by 225 °C. The long temperature range of electron release for [Agi — Vii]~
defects, 100-225 °C, suggest the presence of two slightly different [Agi — VLi]™ defects.
The decrease in the rate of thermal release of electrons trapped at [Agi — VLi]™ defects at
175 °C, indicated by the reduced downward slope of the decrease in EPR intensity, also
suggest the presence of two very similar defects. In fact, in Cu-doped Li2B4O7 two very
similar interstitial Cu electron traps have been identified [11].

Finally, from 175-225 °C the EPR spectrum for isolated oxygen vacancy trapped
electrons increases. Over this temperature range more electrons are thermally released
than holes. The complete annealing of Agi®* trapped holes and continued decrease of
the [Agi — Agvi]° trapped electron EPR spectrum confirms the thermal release of some
holes. It is not clear if the decrease in the [Agi — Li]° EPR spectrum indicates
recombination of holes with electrons trapped at this site. It is however likely given the
[Agi — Li]° EPR spectrum is still visible after heating to 225 °C. The complete annealing
of the [Agi — V]~ trapped electrons and decrease in [Agei — VLi]° EPR spectrum,
demonstrates that electrons are being thermally released from the [Agi — VLi]~ defect and
some of those electrons are recombining with trapped holes at the [AgLi — VLi]° defect.

At 225 °C three EPR spectra are still visible: the isolated oxygen vacancy (Vo®) trapped
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electron, the [AgLi — Vi]° trapped hole, and the [Agi — Li]° trapped electron. It is
apparent that trapped electrons that are neutral or positive relative to the defect free lattice
([Agi — AgLi]®, [Agi — Li]° and Vo*) are more thermally stable than trapped electrons that
are negatively charged relative the defect free lattice ([Agi — V], [Agi — AgLi]~, and
[Agi — Li]"). The trapped hole that is neutral relative to the defect free lattice ([AgLi —
VLi]°) is also more stable than the trapped holes that are positively charged relative to the

defect free lattice ([AgLi®*]").

5. Summary

Two new electron traps involving interstitial Ag'* ions are identified by EPR
spectroscopy. These two defects, [Agi — AgLi]", [Agi — Li]" can trap one or two electrons
yielding the neutral and 1- states of each defect respectively. EPR hyperfine spectra of
each of these 1— charge state defects and the previously known [Agi — VLi]™ trapped
electron conclusively show the majority of the trapped electron unpaired spin resides on
the interstitial silver atom. In fact, the more unpaired spin that resides on the interstitial
silver atom, the greater the thermal stability of the trapped electron. Defect models are
proposed for each of the three interstitial silver defects which are subtle variations on the
same interstitial position. Furthermore, thermoluminescence and EPR are used to show
the role of all known electron and hole traps in the main dosimetry peak of Li2B4sO7:Ag.
These results suggest that the by adjusting the Ag-doping level, the relative intensity of
high and low temperature TL peaks may be controlled yielding less fading and a more

useful dosimetry material.
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V1. Copper-doped lithium triborate (LiB3Os) crystals: a photoluminescence,
thermoluminescence, and electron paramagnetic resonance study

Abstract

When doped with copper ions, lithium borate materials are candidates for use in
radiation dosimeters. Copper-doped lithium tetraborate (Li2B4O7) crystals have been
widely studied, but little is known thus far about copper ions in lithium triborate (LiB3Os)
crystals. In the present investigation, Cu* ions (3d%) were diffused into an undoped
LiBsOs crystal at high temperature (these ions occupy both Li* and interstitial positions
in the crystal). A photoluminescence (PL) band peaking near 387 nm and a
photoluminescence excitation (PLE) band peaking near 273 nm verify that a portion of
these Cu™ ions are located at regular Li* sites. After an irradiation at room temperature
with x rays, electron paramagnetic resonance (EPR) spectra show that Cu™ ions at Li*
sites have trapped a hole and converted to Cu?* ions (3d°) while Cu* ions at interstitial
sites have trapped an electron and converted to Cu® atoms (3d*°4s'). Two distinct Cu?*
trapped-hole spectra are formed by the x rays (one due to isolated Cu?* ions with no
nearby defects and the other due to perturbed Cu?* ions). A thermoluminescence (TL)
peak appears at 120 °C with a maximum in the emitted light near 630 nm when the
irradiated crystal is heated above room temperature. EPR shows that the TL peak occurs
when trapped electrons are thermally released from interstitial Cu® atoms. Thermal
quenching above room temperature prevents the electron-hole recombination at Cu?* ions

from contributing to the TL emission.
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1. Introduction

Lithium triborate (LiB3Os) is a well-established nonlinear optical material widely
used in frequency conversion applications ranging from the mid-infrared to the deep
ultraviolet [69-71]. In recent years, this material has also been proposed as a possible
candidate for radiation dosimeters [72-78]. Further investigation, however, is needed to
determine if LiB3Os can serve as a practical thermoluminescence (TL) dosimeter. A
related borate compound, lithium tetraborate (Li2B4O7), is known to be an excellent TL
dosimeter material when doped with copper [5, 10, 16-17, 79-80]. Because of the
similarities of the two materials (LiB3Os and Li2B4Ov7), we have initiated a
comprehensive study of copper in LiB3Os, with the goal of establishing whether or not
copper ions behave the same in the two materials. Interest in both materials also arises
because the ®Li and '°B nuclei have large cross-sections for thermal neutron absorption
(enrichment with either or both isotopes may allow these materials to be used as neutron
detectors).

Our focus on copper is a result of the unique role played by Cu* ions in the TL
response of doped Li2B4O7. These monovalent ions serve as both hole traps and electron
traps during an exposure to ionizing radiation [11]. The diametrically opposite behaviors
occur because Cu* ions are located at two different sites in the Li2B4O7 crystals. When
substituting for Li* ions, the Cu* ions trap holes and become Cu?* ions. The Cu* ions
also occupy interstitial sites where they trap electrons and become Cu® atoms. During a
subsequent heating after an irradiation, electrons are thermally released from Cu® centers

and recombine with holes at the Cu?* ions. This produces an intense TL signal in
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Li2B4O7 because electron-hole recombination at the Cu?* sites is primarily radiative.
Similar behavior has been reported for Ag* ions in Li2B4Oy crystals [6, 30].

In the present paper, we identify the Cu-related electron and hole trapping sites in
LiB3Os that are active during an exposure to ionizing radiation, and we also explore the
recombination process when charge is thermally released by heating above room
temperature. Diffusion at 650 °C is used to introduce Cu* (3d*°) ions into a previously
grown undoped crystal. The Cu™ ions occupy both substitutional Li* sites and interstitial
sites in the LiB3Os crystal. Complementary optical and magnetic resonance
characterization techniques are then applied. These are optical absorption,
photoluminescence (PL), photoluminescence excitation (PLE), thermoluminescence
(TL), and electron paramagnetic resonance (EPR). The PL and PLE results verify that
Cu™ ions are present at Li* sites in the diffused crystal. After irradiating at room
temperature with x rays, EPR spectra show that Cu™ ions at Li* sites have trapped a hole
(Cu?* ions are formed) and Cu* ions at interstitial sites have trapped an electron (Cu®
atoms are formed). A TL peak near 120 °C corresponds to the release of electrons from
the Cu® traps. Surprisingly, the spectral dependence of the TL signal peaks near 630 nm,
thus showing that this TL-related radiative recombination is not occurring at the Cu?*

ions.

2. Experimental

Lithium triborate (LiB3Os) crystals have an orthorhombic structure (space group Pna21)
for all temperatures below their 834 °C melting point. At room temperature, lattice

constants are a = 8.447 A, b = 7.3789 A, and ¢ = 5.1408 A [81-83]. There are three
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inequivalent boron sites and five inequivalent oxygen sites in LiB3Os (all the lithium sites
are equivalent). The 36 atoms in a unit cell separate into four sets of nine atoms that
transform into each other according to the symmetry elements of the crystal [37]. More
generally, the LiB3Os crystals are best described as helices of fully connected (B3O7)>
groups separated by Li* cations [71]. Each (BsO7)° anionic group has two boron ions
that are part of BOs units and one boron ion that is part of a BO4 unit. A “ball-and-stick”

representation of this basic building block is shown in Figure 31.

Figure 31. Schematic representation of the basic (B3O~)*> anionic group in the
LiB3Os. This view is along an arbitrary direction in the crystal. Two of the
equivalent lithium sites are also shown. Boron ions are green, oxygen ions are red,
and the lithium ions are blue.

The sample used in our optical and EPR experiments was rectangular in shape
and had nominal dimensions of 2.5 x 3 x 3.5 mm? along the a, b, and ¢ axes, respectively.
The following process was used to diffuse copper into an undoped LiB3Os crystal. After

wrapping a single layer of copper foil (0.0125 mm thick) around a sample, it was placed
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in a one-zone tube furnace and heated to 650 °C in a static air atmosphere. The sample,
surrounded by copper, was held at this temperature for 11 h, and then was quickly cooled
to room temperature. At the high temperature, copper enters the crystal as close-shelled
Cu* ions and occupies Li* sites and interstitial spaces. A mismatch in both size and
charge prevents Cu* ions from occupying B®* sites. It is not known if the copper was
uniformly distributed within our diffused crystal.

A Horiba Fluorolog-3 spectrometer was used to collect the PL and PLE spectra
(slits for the excitation and emission monochromators were set at 10 nm resolution). PL
spectra were not corrected for system response. A Bruker EMX spectrometer operating
near 9.40 GHz was used to collect the EPR spectra. An Oxford helium-gas flow system
controlled the temperature of the sample and magnetic fields were measured using a
Bruker teslameter. Optical absorption spectra were obtained using a Cary 5000
spectrophotometer. A Harshaw TLD-3500 reader provided the TL “glow” curve (the
heating rate was 1 °C/s). The spectral dependence of the TL emission was obtained using
an ANDOR Shamrock 193i spectrograph coupled to an iDus 420 CCD camera (the
sample was heated at a constant rate with an Instec HCS621G stage). An OEG-76H x-
ray tube from Varian (operating at 60 kV and 30 mA) was used to convert the Cu* ions to

Cu?* ions and Cu® atoms. The duration of each irradiation was three minutes.

3. Optical and magnetic resonance results

3.1. Photoluminescence (PL and PLE)
After diffusing Cu® ions into the LiB3Os crystal, an intense PL emission band is

observed at room temperature. This PL band peaks near 387 nm (3.20 eV) when the
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excitation light is 275 nm. Its full width at half maximum (FWHM) is 0.40 eV. The
corresponding room-temperature PLE band, obtained by monitoring the emission at 385
nm, has a peak at 273 nm (4.54 eV) and a FWHM of approximately 0.43 eVV. These PL
and PLE bands are shown in Figure 32. Their Stokes shift is approximately 1.34 eV.
The bands in Figure 32 were not present before the LiB3Os crystal was diffused with
copper. We assign the PLE band to the 3d'° to 3d%4s! intracenter transition of Cu* ions
substituting for Li* ions and the PL band to the Stokes-shifted 3d%s! to 3d'° emission (a
two-level configurational coordinate diagram describes this localized excitation and
emission). PL and PLE bands similar to those shown in Figure 32 have been previously
attributed to Cu™ ions substituting for Li* ions in Li2B4O7 and LiAlO2 crystals [5, 7, 10,

16, 58].
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Figure 32. Photoluminescence (PL) and photoluminescence excitation (PLE) spectra
from the Cu* ions in a copper-diffused LiBsOs crystal. The PL (red curve) was
taken with 275 nm excitation and the PLE (blue curve) was obtained by monitoring
the emission at 385 nm.

The intensity of the PL emission band at 387 nm in the copper-diffused LiB3Os
crystal was monitored as the temperature was raised above room temperature. These
results are shown in Figure 33. The data suggest that the PL signal from the Cu* ions is
thermally quenched even at 75 °C (the intensity of this PL emission is expected to be
much larger for temperatures below room temperature). The Cu* emission in LiB3Os is

nearly 100% quenched at 100 °C. For comparison, data taken under identical conditions
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from a Cu-doped Li2B4O7 crystal are also shown in Figure 33. For this latter crystal, the
intensity of the emission at 370 nm from Cu"* ions [7] was recorded as the temperature
was steadily increased. As seen in Figure 33, the Cu* emission in Li2B4O7 does not begin

to significantly quench until the temperature is above 200 °C.
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Figure 33. Thermal quenching of the PL emission from Cu* ions. A comparison of
the copper-diffused LiB3sOs crystal (blue curve) and the copper-doped Li2B4O+
crystal (red curve). The two curves are normalized at 35 °C.

3.2. Electron paramagnetic resonance (EPR)
Irradiating the copper-diffused LiB3Os crystal at room temperature with X rays

produces EPR signals from Cu?* (3d°) ions and Cu® (3d*°4s') atoms. Although the
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majority of the “free” electrons and holes created by the x rays quickly recombine in
otherwise perfect regions of the crystal, a small portion become trapped at existing
defects and create the EPR signals. The Cu?* ions are at Li* sites in the crystal and are
formed when a radiation-induced hole is trapped at a Cu* ion [84]. At the same time, the
Cu® atoms are formed when a radiation-induced electron is trapped at an interstitial Cu*
ion [11].

The EPR spectra of two distinct x-ray-induced Cu?* ions are shown in Figure 34.
These data were obtained at 25 K with the magnetic field along the b axis. Stick
diagrams above and below the spectrum identify the lines belonging to separate Cu?*
centers. The red stick diagrams above the spectrum identify the lines from isolated Cu?*
ions (specifically, Cu?* ions on Li* sites with no nearby perturbing point defects),
whereas the blue stick diagrams below the spectrum identify lines from perturbed Cu?*
ions (those Cu?* ions with a Li* vacancy at a nearest-neighbor Li site). Hyperfine
interactions with the two stable isotopes of copper allow these spectra in Figure 34 to be
unambiguously assigned to Cu?* ions. The %3Cu nuclei are 69.2% abundant with | = 3/2
and the %Cu nuclei are 30.8% abundant with I = 3/2. Two sets of hyperfine lines, with
four lines in each set, are observed for each Cu?* spectrum as a result of these | = 3/2
nuclear spins (the number of EPR lines in a set is given by 21 + 1). For a specific
spectrum, the separations between the four ®°Cu lines are greater (by a small amount)
than the separations between the four ®3Cu lines. This is a result of the magnetic moment

of the %Cu nucleus being slightly larger than the moment of the 53Cu nucleus. The
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different natural abundances of the two copper isotopes explain why ®3Cu lines are more

intense than ®Cu lines in Figure 34.
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Figure 34. EPR spectra from Cu?* ions in the copper-diffused LiBzOs crystal. Data
were taken at 25 K after irradiating the crystal at room temperature with x rays.
The magnetic field is along the b axis and the microwave frequency is 9.398 GHz.
Upper (red) stick diagrams are lines from the isolated Cu?* ions and lower (blue)
stick diagrams are lines from the perturbed Cu?* ions.
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Figure 35. EPR spectrum from Cu® atoms in the copper-diffused LiB3Os crystal.
Data were taken at room temperature after irradiating the crystal at room
temperature with x rays. The magnetic field is along the ¢ axis and the microwave
frequency is 9.397 GHz. Lines from both 8Cu and ®°Cu nuclei are present in each
of the four primary groups.

The EPR spectrum from the x-ray-induced Cu® atoms is shown in Figure 35. This
spectrum was taken at room temperature with the magnetic field along the crystal’s ¢
axis. There are four widely separated groups of EPR lines in Figure 35, centered at
approximately 185, 240, 335, and 450 mT. As indicated by the red and blue stick

diagrams above the spectrum, these four groups are due to hyperfine interactions with
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Cu and ®°Cu nuclei. The large Cu hyperfine parameters and their isotropic nature
establish that the responsible defect is, to first order, a copper atom. Also present in Fig.
5 are a set of Cu?* lines near 285 mT. A comparison of the Cu® and Cu?* spectra shows
that the magnitude of the hyperfine interaction, as expected, is much larger for a Cu®
atom. This is because the unpaired spin is in a 4s orbital for the Cu® atom and is in a 3d
orbital for the Cu?" ion. The larger interaction for the Cu® atoms causes the separation
between adjacent sets of lines to increase from low to high field in Figure 35.

Figure 36 is an expanded view of the lowest-field set of Cu® EPR lines in Figure
35. Each Cu hyperfine line is split into additional superhyperfine lines by an interaction
with a boron neighbor (lines from both 1°B and B are resolved). The other sets of
primary ®38Cu lines at higher fields in Figure 35 also have similar patterns due to the
interactions with 1%11B nuclei. As shown by stick diagrams above the spectrum in Figure
36, the %3Cu line and the ®°Cu lines are separately split into a set of four lines due to an
interaction with a B nucleus (80.2% abundant, | = 3/2) at one nearby boron site and a
set of seven lines due to the interaction with a 1°B nuclei (19.8% abundant, | = 3) at the
same nearby boron site. This pattern of seven lines of smaller intensity and four lines of
larger intensity is consistent with a boron interaction. The nuclear magnetic moment of
198 is nearly three times smaller than the nuclear magnetic moment of 1B, thus
explaining why the!°B lines appear between the B lines. A detailed analysis of the EPR
spectra from these Cu?* and Cu® centers in LiB3Os, including the determination of their

spin-Hamiltonian parameters, will be reported in a later publication.
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Figure 36. Expanded view of the lowest-field group of EPR lines in the Cu®

spectrum from the copper-diffused LiBsOs crystal (taken from Fig. 5). In addition

to the ®3Cu (red) and ®*Cu (blue) hyperfine interactions, stick diagrams identify
resolved hyperfine lines from °B and B nuclei at one neighboring boron site.

3.3. Optical absorption

Optical absorption spectra from the LiB3Os crystal diffused with copper are

shown in Figure 37. These spectra were taken at room temperature using unpolarized

light propagating along the c direction. The lower (blue) spectrum was taken from the as-
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diffused crystal and the upper (red) spectrum was taken after an irradiation at room
temperature with x rays. Before the irradiation, the crystal had broad absorption bands
peaking near 292 nm (4.25 eV), 254 nm (4.88 eV), and 226 nm (5.49 eV), with the 292
nm band being weakest and the 226 nm band being most intense. The defects responsible
for these absorption bands are not unambiguously identified in our study (the bands are
tentatively assigned to transitions from the ground state to different excited states of the
Cu® ions). After the x-ray irradiation (red curve), additional absorption bands are present
near 355 nm (3.49 eV) and 312 nm (3.97 eV). These latter two bands are most likely

associated with the radiation-induced Cu?* and Cu® defects seen with EPR (see Section

3.2). Singly ionized oxygen vacancies (Vg ) have an optical absorption band near 300

nm (4.13 eV) in LiB3Os [41], and they may also be contributing to the after-irradiation
absorption spectrum (red curve) in Figure 37. Additional in-depth studies will help
determine final assignments for these optical absorption bands appearing in the copper-

diffused LiB3sOs crystal.
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Figure 37. Optical absorption spectra from the copper-diffused LiBsOs crystal.
These data were taken at room temperature with unpolarized light propagating
along the c direction. The lower (blue) curve was taken before an x-ray irradiation
at room temperature. The upper (red) curve was taken after the irradiation with x
rays.

3.4. Thermoluminescence (TL)

Recently, investigators [72, 75] reported that a thermoluminescence (TL) glow
curve occurs near 120 °C when a LiB3Os crystal containing copper is exposed at room
temperature to ionizing radiation. As seen in Figure 38, our copper-diffused LiB3Os

crystal also shows this 120 °C TL peak (green curve). The TL data in Figure 38 were
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obtained with a heating rate of 1 °C/s after an irradiation at room temperature with x rays.
To help identify the defects participating in this TL glow curve, a series of EPR
measurements that reproduced the TL heating rate were made on the same copper-

diffused LiB3Os crystal.
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Figure 38. Thermoluminescence (green curve) from the copper-diffused LiB3Os
crystal after an irradiation at room temperature with x rays. The TL peak occurs at
120 °C (the heating rate was 1 °C/s). Intensities of the EPR signals from isolated
Cu?* ions (red curve), perturbed Cu?* ions (blue curve), and Cu® atoms (black
curve) were monitored in a separate experiment following a similar irradiation at
room temperature with x rays.

After an irradiation at room temperature with x rays, the EPR spectra of the

isolated and perturbed Cu?* trapped-hole centers and the Cu° trapped-electron centers
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were monitored during an isochronal thermal anneal. The irradiated copper-diffused
LiB3Os crystal was placed in the microwave cavity and the three EPR spectra were taken
at 25 K. Next, the sample was moved to a small furnace (preheated to 60 °C) and held at
this temperature for 23 s before being returned to the microwave cavity where the EPR
spectra were again recorded at 25 K. This incremental process was repeated at 85 °C and
again in 25 °C steps above 85 °C with 23 s holding times at each of the elevated
temperatures (the equivalent constant heating rate was approximately 1.09 °C/s).
Following each heating step, the three EPR spectra were recorded at the 25 K monitoring
temperature. Results from these thermal anneals are included in Figure 38. The TL peak
intensity and the initial intensities of the isolated Cu?* and the Cu® spectra are
normalized. The intensity of the perturbed Cu?* spectrum is not normalized; instead, its
initial value is set to approximately 60% of the initial intensity of the isolated Cu?*
spectrum, thus indicating that the x-ray irradiation initially created more isolated Cu?*
ions than perturbed Cu?* ions.

In Figure 38, the intensity of the Cu® trapped-electron spectrum increases slightly
in the 30-85 °C region and then decreases rapidly in the 85-160 °C region and is
completely gone at 160 °C. At 120 °C, the intensity of the Cu® EPR spectrum has
decreased by half. This thermal decay of the Cu® centers correlates very well with the
width and peak position of the TL glow curve. In contrast, the intensity of the isolated
Cu?* trapped-hole spectrum decreases gradually over the 30-160 °C region.
Approximately 23% of these trapped-hole centers remain after the 160 °C anneal step and

there is no further decay when the anneal temperature reaches 185 °C. The intensity of

101



the perturbed Cu?* EPR spectrum does not decrease over the 60-185 °C region in Figure

38.
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Figure 39. Spectral dependence of the primary emission associated with the 120 °C
TL peak from the copper-diffused LiB3Os crystal. This peak in the wavelength
dependence occurs at 630 nm.

Figure 39 shows the wavelength dependence of the emitted light associated with
the 120 °C TL peak. These data were obtained using a spectrograph and a CCD camera
as the sample was heated in a TL experiment. The spectral curve in Figure 39 was

collected during a 1.1 s interval of time while the temperature of the sample was near 120
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°C (i.e., corresponding to the peak of the TL glow curve). The maximum in this emission
spectrum occurs at 630 nm (1.97 eV) and the FWHM of the band is 0.31 eV. Light near

380 nm was not detected when the crystal was at 120 °C.

4. Discussion of the TL mechanism

The early studies [72, 75] of the TL response of copper-doped LiB3Os did not
identify the participating electron and hole traps and did not specify a recombination site.
Now, however, by combining the results from our EPR, thermal quenching, and spectral-
dependence experiments, we have sufficient information to establish the primary physical
mechanisms responsible for the TL glow curve peaking at 120 °C in a copper-diffused
LiB3Os crystal.

The EPR results in Figure 34, Figure 35, and Figure 38 show that isolated Cu?*
ions at Li* sites are the active hole traps and that Cu® atoms at interstitial sites are the
active electron traps. In Figure 38, a portion of the isolated Cu?* ions and all of the
perturbed Cu?* ions survive after the temperature reaches 185 °C, whereas all of the Cu°
atoms disappear by 160 °C. These annealing results, with their 100% change in the Cu®
spectrum, demonstrate conclusively that the 120 °C TL peak is caused by the thermal
release of electrons from Cu® centers. If the TL peak were caused by holes being
thermally released from isolated Cu?* ions, then the intensity of their EPR signal would
be 100% gone after the anneal step at 160 °C. There is a second, and smaller effect, also
present in Figure 38. Increases in the intensity of the Cu® trapped-electron spectrum and
decreases in the intensity of the isolated Cu?* trapped-hole spectrum appear at 60 and 85

°C. We attribute these changes in the Cu® and Cu?* spectra in the 60-85 °C range to the
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thermal release of electrons from singly ionized oxygen vacancies (the released electrons
are trapped at interstitial Cu* ions to form additional Cu® atoms and they recombine with
holes at isolated Cu?* ions to restore Cu* ions at Li* sites).

Thermal quenching results in Figure 33 strongly suggest that the electron-hole
recombination site in the TL process is not the isolated Cu?* ions. The 3d%s! to 3d*°
emission of a Cu?* ion in LiB3Os is completely quenched (i.e., is non-radiative) at 120
°C, and thus they do not contribute to the TL emission. Additional evidence that the
electron-hole recombination responsible for the observed emission does not occur at Cu?
ions comes from the 630 nm maximum in the spectral dependence of the TL emitted light
(see Figure 39). Annalakshmi et al. [78] recently studied the TL properties of Mn-doped
LiB3Os and reported an emission peak near 600 nm. They suggest that Mn?* ions trap
holes and convert to Mn®" during an irradiation. Trapped electrons are released during
heating and recombine radiatively with the holes at the Mn** ions (this forms Mn?* ions
in an excited state, which then relax to the ground state while emitting 600 nm photons).
Similarly, TL investigations of Mn-doped Li2B4O7 [8, 85-88] have reported light
emission near 580-615 nm. Thus, for our present study, we conclude that the most likely
radiative recombination site in the copper-diffused LiB3Os crystal are Mn?* ions at Li*
sites. In support of this assignment, our EPR spectra show that trace amounts of Mn?* are

present in the copper-diffused crystal.

5. Summary

The present investigation describes the behavior of copper ions in LiB3Os

crystals. An immediate goal was to establish the basic properties of copper ions in this
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host lattice, and thus determine the feasibility of using Cu-doped LiB3Os crystals as
thermoluminescence-based radiation dosimeters. As part of the study, comparisons were
made with Cu-doped Li2B4O7 crystals, a known functional radiation-dosimeter material.
Except for one important difference, copper ions have similar behaviors in the LiB3Os
and Li2B4O7 crystals. An irradiation at room temperature with x rays produces Cu?
trapped-hole centers and interstitial Cu® trapped-electron centers in both materials. Then,
when heated above room temperature, the Cu® centers releases the trapped electron and
electron-hole recombination takes place at the isolated Cu?* centers. As the electron
returns to the Cu?* ion, the excited state (Cu*)* is formed which then decays to the Cu*
ground state. This recombination at the Cu?* ions in Li2B4O is radiative whereas the
recombination at the Cu?* ions in LiB3Os is thermally quenched, and thus nonradioactive.
Instead of the expected spectral peak near 380 nm, we observe a peak near 630 nm in
LiB3Os for light emitted near the maximum of its 120 °C TL glow curve. This suggests
that trace amounts of Mn®* ions, produced by the x rays, serve as the radiative
recombination site in the copper-diffused LiB3Os crystal.

The observed strong thermal quenching of Cu-related emission above room
temperature suggest that Cu-doped LiB3Os may not be well suited for use as a practical
thermoluminescence-based radiation dosimeter. For these devices to be useful, radiative
recombination at Cu?* ions is needed to produce an intense TL peak above room

temperature.
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VI1I. Silver-doped lithium triborate (LiB3O5) crystals: a photoluminescence,
thermoluminescence, and electron paramagnetic resonance study

Abstract

Silver-doped lithium triborate (LiB3Os) is a promising candidate material for
radiation dosimetry. A similar material, silver-doped lithium tetraborate (Li2B4O7)
crystals have been shown to have excellent TL and OSL dosimeter properties. Silver-
doped lithium triborate crystals, however, have not been studied for dosimetry. In the
present investigation, Ag* ions (3d'%) were diffused into an undoped LiB3Os crystal at
high temperature (these ions occupy both Li* and interstitial positions in the crystal). A
photoluminescence (PL) band peaking near 270 nm and a photoluminescence excitation
(PLE) band peaking near 225 nm verify that a portion of these Ag* ions are located at
regular Li* sites. After an irradiation at room temperature with x rays, electron
paramagnetic resonance (EPR) spectra show that Ag* ions at Li* sites trap a hole and
convert to Ag?* ions (3d° while Ag* ions at interstitial sites trap an electron and
converted to Ag® atoms (3d'%4s'). Two distinct Ag?* trapped-holes are formed after x
rays irradiation (one due to isolated Ag?* ions with no nearby defects and the other due to
perturbed Ag?* ions). Three Ag° trapped-electron EPR spectra are evident after x ray at
room temperature. Two slightly different Ag® atoms both with hyperfine interactions due
to a nearby | = 3/2 nucleus, and an additional one Ag® atom that shares a trapped-electron
with an adjacent Ag* ion on a Li* site are observed. A rich multi-peak

thermoluminescence (TL) glow curve with maxima at 60, 100, 140, 250 and 305 °C
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where measured. TL emitted light is composed principally of two emissions, one near

270 nm and another near 630 nm.

1. Introduction

Lithium triborate (LiB3Os) is a well-established nonlinear optical material widely
used in frequency conversion applications ranging from the mid-infrared to the deep
ultraviolet [69-71]. In recent years, this material has also been proposed as a possible
candidate for radiation dosimeters [72-78]. While Ag-doped lithium tetraborate
(Li2B4Oy7), a similar material, has been shown to be an efficient and sensitive radiation
dosimetry material in both TL and OSL modes [6, 9-10, 16, 29], Ag-doped LiB3Os has
not been investigated for dosimetry applications. This investigation was undertaken to
determine if Ag-doped LiB3Os may be used as an efficient and neutron sensitive
dosimetry material in the same manner as Ag-doped Li2B4Oy.

For dosimetry purposes, a material should have an effective atomic number (z
value) as close to tissue equivalence (7.42) as possible [89]. LiBsOs has an effective z
value near tissue equivalent at 7.3 [74], while Li2B4O7 has an effective z value of 7.23
[89]. Furthermore, unlike most dosimetry materials, LiB3Os and Li2B4Ov are intrinsically
sensitive to neutrons due to the presence of °Li and 1°B both of which have relatively
large thermal neutron absorption cross sections. In fact lithium and boron combine to
comprise 44 % and 46 % of the nuclei in LiB3Os and Li2B4O7 respectively, and boron
comprises 33 % of LiB3Os and 31 % of Li2B4O7. The larger number density of boron in

LiB3Os makes it potentially more sensitive to neutrons than Li2B4Oz. In effort to make a
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neutron sensitive yet gamma blind radiation detector, LiB3Os could be made slightly
thinner than Li2B4O7 and thus less sensitive to gamma radiation.

Our focus on silver is a result of the unique role played by Ag* ions in the TL
response of doped Li2B4O7. These monovalent ions serve as both hole traps and electron
traps during an exposure to ionizing radiation [6]. This diametrically opposite behavior
occurs because Ag* ions are located at two different sites in the Li2B4O7 crystals. When
substituting for Li* ions, the Ag* ions trap holes and become Ag?* ions. The Ag"* ions
also occupy interstitial sites where they trap electrons and become Ag® atoms. During
subsequent heating after irradiation, electrons are thermally released from Ag° centers
and recombine with holes at the Ag?* ions. This produces an intense TL signal in
Li2B407 because electron-hole recombination at the Ag?* sites is primarily radiative.
Optically stimulated luminescence has also been reported in Ag-doped Li2B4O7 [29-30].

In the present paper, we identify the Ag-related electron and hole trapping sites in
LiB3Os that are active after exposure to ionizing radiation. Diffusion at 750 °C is used to
introduce Ag* (4d'°) ions into a previously grown undoped crystal. The Ag* ions occupy
both substitutional Li* sites and interstitial sites in the LiB3Os crystal. Complementary
optical and magnetic resonance characterization techniques are then applied. These are
optical absorption, photoluminescence (PL), photoluminescence excitation (PLE),
thermoluminescence (TL), and electron paramagnetic resonance (EPR). The PL and PLE
results verify that Ag* ions are present at Li* sites in the diffused crystal. After
irradiating at room temperature with x rays, EPR spectra show that Ag* ions at Li™ sites

have trapped a hole (Ag?* ions are formed) and Ag* ions at interstitial sites have trapped
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an electron (Ag° atoms are formed). Two slightly different silver atom (Ag°) electron
traps are present after x ray irradiation. Pairs of silver ions adjacent to each other, one in
an interstitial site and one at a L.i site, also trap an electron after x ray irradiation. TL
peaks near 100, 250 and 300 °C correspond to electron and hole recombination at silver
sites. The TL signal peaks near 275 nm and 630 nm indicating that the recombination

sites also include Mn impurities.

2. Experimental

Single crystal lithium triborate (LiB3Os) has orthorhombic structure with a space
group of Pna21. The lattice constants are a = 8.447 A, b = 7.3789 A, and ¢ = 5.1408 A at
room temperature [81-83]. All boron and oxygen sites in LiB3Os are unequal, but all the
lithium sites are equivalent. The unit cell consists of 36 atoms which can be divided into
four sets of nine atoms that are equivalent after application of crystal symmetry [37].
Helices of (Bz0O7)° groups are separated by Li* cations in the LiB3Os crystal [71]. Each
(B307)° anionic group has two boron ions that are part of BOs units and one boron ion

that is part of a BO4 unit. Figure 40 depicts the basic (B3O7)*> anionic unit.
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Figure 40. Schematic representation of the basic (BsO7)> anionic group in the
LiB3Os. This view is along an arbitrary direction in the crystal. Two of the
equivalent lithium sites are also shown. Boron ions are green, oxygen ions are red,
and the lithium ions are blue.

The sample used in our experiments was rectangular in shape and had nominal
dimensions of 2 x 3 x 3 mm?® along the a, b, and ¢ axes, respectively. Silver was diffused
into an undoped LiB3Os crystal by wrapping a single layer of silver foil (0.25 mm thick)
around a sample, placing the sample in a one-zone tube furnace and heating to 750 °C in
a static air atmosphere. The sample was held at this temperature for 27 h, and then was
quickly cooled to room temperature. At temperatures over 700 °C, silver enters the
crystal as close-shelled Ag* ions and occupies Li* sites and interstitial spaces. Size and
charge mismatch prevents Ag* ions from occupying B®* sites. It is unlikely the silver
was uniformly distributed within our diffused crystal. The presence of adjacent
interstitial and substitutional Ag ions suggests regions of relatively high Ag concentration

most likely near the surface of the crystal, but the intensity of Ag related PL emission
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suggests light Ag doping overall. Hence, the total doping level remains relatively low
while concentration near the surface yields more complex defects than simple isolated
silver ions.

A Horiba Fluorolog-3 spectrometer was used to collect the PL and PLE spectra
(slits for the excitation and emission monochromators were set at 10 nm resolution). PL
spectra were not corrected for system response. A Bruker EMX spectrometer operating
near 9.40 GHz was used to collect the EPR spectra. An Oxford helium-gas flow system
controlled the temperature of the sample and magnetic fields were measured using a
Bruker teslameter. Optical absorption spectra were obtained using a Cary 5000
spectrophotometer. TL “glow curve” and spectral dependence of the TL emission where
obtained using an ANDOR Shamrock 193i spectrograph coupled to an iDus 420 CCD
camera (the sample was heated at a constant rate of 1 °C/s with an Instec HCS621G
stage). An OEG-76H x-ray tube from Varian (operating at 60 kV and 30 mA) was used
to convert the Ag* ions to Ag?* ions and Ag® atoms via x ray irradiation that lasted five

minutes.

3. Results

3.1 Photoluminescence (PL and PLE)

A PL emission band peaking near 270 nm (4.59 eV) is observed in Ag* diffused
LiB3Os when exposed to excitation light of 215 nm. The full width half max of the 270
nm emission is 0.7 eV. The room temperature PLE band is found by monitoring
emission at 285 nm. Monitoring the higher emission wavelength provided greater

separation from the PL peak, thereby facilitating better resolution of the PLE peak. The
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PLE band peaked at 225 nm (5.51 eV) with a full width half max of 0.7 eV. The PL and
PLE bands are shown in Figure 41. The Stokes shift is 0.92 eV. The PL and PLE bands
at 270 nm and 225 nm were not present prior to diffusion doping of Ag ions into the
crystal. We assign the PLE band to the 4d*° to 4d°5s! intracenter transition of Ag* ions
substituting for Li* ions and the PL band to the Stokes-shifted 4d°5s* to 4d'® emission (a
two-level configurational coordinate diagram describes this localized excitation and
emission). Similar PL and PLE bands have been reported for Ag™ ions substituting for
Li* ions in Li2B4O7 crystals [7, 10, 16].
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Figure 41. Photoluminescence (PL) and photoluminescence excitation (PLE)
spectra from the Ag* ions in a silver-diffused LiB3Os crystal. The PL (red curve)
was taken with 215 nm excitation and the PLE (blue curve) was obtained by
monitoring the emission at 285 nm.
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Figure 42. Thermal quenching of the PL emission from Ag* ions. A comparison of
the silver-diffused LiBsOs crystal (blue curve) and the silver-doped Li2B4Oy7 crystal
(red curve). The two curves are normalized at 35 °C.

The intensity of the PL emission band at 270 nm in the silver-diffused LiB3Os
crystal was monitored as function of increasing temperature from room temperature up to
275 °C. Figure 42 shows that the 270 nm PL emission in LiB3Os begins quenching near
75 °C, and is about 80% quenched by 175 °C. Data taken under identical conditions from
a Ag-doped Li2B4Oy7 crystal are also shown in Figure 42. For this latter crystal, the
intensity of the emission at 270 nm from Ag™ ions [7] was recorded as the temperature
was steadily increased. Quenching of the 270 nm emission is identical in the two crystals

to within the experimental error.
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3.2 Electron Paramagnetic Resonance (EPR)

Room temperature X ray irradiation of silver-doped LiB3Os produces six distinct
EPR signals: Ag?* (4d°) ions (two species); Ag® (3d'%s?) atoms (three species); and O ~
(1p°) ions (lithium vacancies). The x ray irradiation produces “free” electrons and holes
which may be trapped at crystal defects creating EPR signals, or recombine in defect free
crystal regions. Ag* ions substituting for Li* ions trap x-ray-liberated-holes forming Ag?*
ions in the same manner as in Li2B4O7 [6, 13]. Interstitial Ag* ions trap electrons after x
ray irradiation forming two species of Ag® atoms and a single species if Ag® atoms
adjacent to a substitutional Ag* ion. The silver-silver trapped electron and one species of
AgP atom is similar to defects in Li2B4O7 (see reference [6] and chapter V), while the
second Ag® atom is similar to the same phenomenon in copper-doped Li2B4O7 [11].

Figure 43 shows the EPR spectrum of Ag-doped LiB3Os after irradiation with
ionizing radiation at room temperature. The spectrum was taken at 30 K with the
magnetic field aligned parallel to the [001] crystal direction. The 25 lines indicated by
AgP result from both interstitial Ag® species. The 11 lines indicated by [Agi — Agvi]° are
the silver-silver electron trap. These represent 11 of 16 total lines in the EPR spectrum.
The two lines near 295 mT are the two species of Ag?*, and the spectrum centered at 335
mT is the isolated-lithium vacancy. The lithium vacancy spectrum is composed of a set
of seven hyperfine lines with intensity ration of 1:2:3:4:3:2:1 due a hole trapped at an
oxygen ion adjacent to the lithium vacancy equally interacting with two nearby boron

nuclei (1=3/2). Similar EPR spectra have been observed for lithium vacancy species and
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self-trapped holes in both LiB3Os and Li2B4O~ (see chapter | and references [6, 31, 37,

41].
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Figure 43. EPR spectrum of silver-doped LiB3Os. The EPR spectrum is taken after
room temperature x ray irradiation with the magnetic field aligned along the [001]
direction. Sample temperature during acquisition was 30 K, and microwave energy
was 9.400087 GHz. The left side of the spectrum was reduced 25 times for ease of
plotting

3.2.1 Trapped Hole Centers (Ag** ions)

X ray irradiation at room temperature produces two hole-like centers in Ag-doped

LiBsOs. Figure 44 shows the EPR spectrum of the two hole-like centers collected at 30
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K. The magnetic field was aligned along the [001] direction. Neither center is visible in
the EPR spectrum prior to diffusion doping with silver. Both centers are S=1/2, and are a
pair of equal intensity lines. In the higher field center, located at 333 mT (g = 2.0164
(x0.0001)), the pair of lines are separated by 1.39 mT, and in the lower field center,
located at 330 mT (g = 2.0307 (£0.0001)), the lines are separated by 0.74 mT. The lower
field spectrum is approximately one fourth as large as the higher field doublet. Hyperfine
interaction with Ag nuclei are responsible for these doublets. Hyperfine spectra for the
two silver isotopes, 1?Ag and 1%Ag, are not resolved due to the relatively small
difference in isotopic magnetic moments. ENDOR spectra of the two centers would
positively identify silver as the responsible 1=1/2 nucleus causing the doublet hyperfine
in each center. The unresolved hyperfine for the two S=1/2 centers along with the large
positive g shifts lead to the assignment of the centers to two similar Ag?* ions substituting
for Li* ions in the crystal lattice.

Ag-doped Li2B4O7 also contains two hole-like Ag?* centers [6]. In Ag-doped
Li2B407, the two centers are a Ag®* ion on a Li* site in an otherwise unperturbed lattice,
and a Ag?* ion on a Li* site adjacent to a lithium-vacancy ([Vi — AgLi?*]°), see chapter
I11. In Figure 44, the higher field doublet is labeled AgLi?* while the lower field doublet
is labeled [Vii — AgLi®*]°. The lithium vacancy perturbed Ag?* doublet in the Li2B4O7
EPR spectrum has smaller intensity like the lower field doublet in Figure 44. Also as in
Li2B4O7, when x ray irradiated at 77 K, the [VLi — Agi?*]° center is not visible in the EPR
spectrum for LiB3Os. Furthermore, when warmed to room temperature, the [VLi —

AgLi?*1° doublet reappears in the EPR spectrum of both Li2B4O7 and LiB3Os. For these
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reasons the lower field doublet is assigned to the [VLi — AgLi**]° and the higher field

doublet is assigned to isolated Agi®*.

[VLi - Agur

310 320 330 340 350
Magnetic Field (mT)

Figure 44. EPR spectra from Ag?* ions in the silver-diffused LiB3Os crystal. Data
were taken at 30 K after irradiating the crystal at room temperature with x rays.
The magnetic field is along the b axis and the microwave frequency is 9.398 GHz.
Upper (red) stick diagrams are lines from the isolated Ag?* ions and lower (blue)
stick diagrams are lines from Ag?* ions perturbed by a nearby lithium vacancy.

3.2.2 Trapped electron centers

Figure 45 shows the EPR spectra for three separate trapped electron-like S=1/2
centers in Ag-doped LiB3Os after room temperature x ray irradiation. The spectrum was

taken with the magnetic field aligned along the [001] direction at 30 K. Spectrum (a) is
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the experimental spectrum, and spectrum (b) is a simulated spectrum of a [Agi — AgLi]°
trapped electron produced using the EasySpin computer program. Bracketing the top and
bottom of spectrum (a) are two sets of stick diagrams. The upper red set of stick
diagrams total 16 hyperfine lines representing a set of 8 hyperfine lines for each of the
two silver isotopes 1%“Ag and 1®®Ag. The two silver isotopes are in nearly 50%
abundance (1%’Ag is 51.83% abundant and 1®Ag is 48.17% abundant) resulting in nearly
equal intensity spectra for each of the two isotopes. Each of the two silver isotope, 1=1/2
diagrams has additional super-hyperfine provided by an 1=3/2 nuclei resulting in four
lines in the low field and four lines in the high field for both isotopes totaling 16 lines.
The 1=3/2 isotope could be either !B or ’Li, both present in the crystal, but the most
likely candidate is *B given similar electron traps in Cu-doped LiB3Os, Cu-doped
Li2B4O7, and Ag-doped Li2B4O7 see Chapters 11l and V and [11]. This ratio of the
hyperfine splitting of the 1’Ag to 1®Ag spectra is 0.8607 which compares favorably to
known ratio of the nuclear magnetic moments of the two isotopes of 0.8682. The gc for
the 19Ag isotopes spectrum and the gc value for the 1%°Ag isotope spectrum are shifted by
0.16 mT. The difference in the two gc values is a result of second order effect and the
difference in the Ac values for the two isotopes, Ac = 311 mT for the 1°’Ag isotope, and
Ac = 361 mT for the 1%Ag isotope. Each of these attributes of this electron-like center is
similar to the [Agi — VLi] ~trapped electron in Ag-doped Li2B4Oy7, as described in [6] and
Chapter V. By analogy, the most likely defect model for this electron like, S=1/2

spectrum is an electron trapped at an interstitial Ag* ion yielding an interstitial Ag® atom
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[6]. Itis unknown if the analogy can be extended to the [Agi — VLi] ~ defect model
suggested in Chapter V.

The second set of two stick diagram sets (blue) below spectrum (a) is a second,
slightly different version of the same defect represented by the upper red stick diagrams.
The gc for the 197Ag isotopes spectrum and the gc value for the 1°°Ag isotope spectrum are
shifted by 0.42 mT. Again, the difference in gc values for the two isotopes is due to
second order effect given the relatively large Ac values of 285 mT for the 1%’ Ag spectrum
and 328 mT for the 1%Ag spectrum. The ratio of the hyperfine splitting of the 1%’Ag to
199Ag spectra is 0.8674, in good agreement with the known ratio of the two isotopes’
nuclear magnetic moments of 0.8682. These two silver interstitial electron trap species
are similar to the two species of interstitial copper electron traps in Cu-doped Li2B4O7
[11], while Cu-doped LiB3Os displays only one type of interstitial copper electron trap,
see chapter V1. It has not been shown that there are two species of interstitial silver
electron traps in Ag-doped Li2B4Oy7, but the change in slope in the decay of [Agi — VLi]~
trapped electrons at 175 °C in Figure 30 (Chapter V) suggests a second slightly different

[Agi — VLi] ™ may occur in Li2B4O7 as well.

119



A
—f F 7 0 X AsAn
N BN 6 T 1Ag
(a) L/WV\/\/W expenment
l ] | i i ] ] 1°7Ag
L 1 { 1 | | 'mAg
Agg
(b) M simulation
1 1 [l |107Ag _107Ag
Ll 1 1 1 1 u 107Ag . 109Ag
( | | | 109Ag = 109Ag
[Ag.-Ag,.I°
1 1 1 1 1 1 1 1 1 1 | 1 1 )
315 335 355

Magnetic Field (mT)

Figure 45. EPR spectrum of trapped electrons in Ag-doped LiBsOs. Spectrum (a)
taken after room temperature x ray irradiation. Upper (red) stick diagrams are for
Aga® center and lower (blue) stick diagrams are for Ags® center. Spectrum (b) is a
simulation of the [Agi — Agui**]° defect. The top (blue) stick diagram is for the

W7Ag — 107Ag defect, the middle (black) stick diagram is for the 7Ag — 1%Ag defect,
and the bottom (red) stick diagram is for the 1®°Ag — 1®Ag defect. Magnetic field
along [001] direction. EPR spectrum taken at 30K with a microwave energy of
9.400087 GHz.

The measured value of the hyperfine parameter for the 1Ag isotope is 1008 MHz
for Aga® and 924 MHz for Ags® from Figure 45 for the interstitial silver atoms. This is

in good agreement with the typical splittings reported for 1®Ag° atoms (1300-2100 MHz)
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[65]. Most of the unpaired spin is present on the Ag ions. Compared to Morten and
Preston’s prediction (1831 MHz for Ag) 55 % of the unpaired spin density resides on the
Ag ion for Aga® and 50 % for Agg® [66-67]. Some of the remaining unpaired spin
density resides on the B ion <50 %. The similar defect in Ag-doped Li2B4+O7 has
approximately 50 % of the electron spin density on the Ag ion [6].

Spectrum (b) in Figure 45 is a simulation of an EPR spectrum produced using the
EasySpin computer program. The hyperfine spectrum was created by simulating
interaction with two unequal silver nuclei. 60.8% of the electron spin density resided on
one silver nuclei, and 39.2% of the spin density resides on the other silver nuclei. Natural
abundance of each silver isotope is used in the simulation. The Ac value for the silver
nuclei with greater spin density is 972.2643 MHz, and the spin density for the silver
nuclei with less spin density is 627.182 MHz (Ac values are for the 1°’Ag isotope). Note
that in the high field near 365 mT, and in the low field near 305 mT the simulation is in
good agreement with the experimental spectrum including the subtleties of the overlap of
individual hyperfine lines. The agreement between simulation and experiment is very
sensitive to the relative magnitudes of the two Ac values. A change of a couple tenths of
one percent in the relative size of the two hyperfine values results in poor agreement
between the simulation and experiment. Near 330 mT and 340 mT, the agreement is not
as obvious due to the overlap with the spectra for the interstitial silver atoms. The likely
point defect acting as the electron trap is an interstitial silver ion adjacent to a silver ion

substituting for a lithium ion, [Agi — AgLi].
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The extreme outer two lines at high and low field and two lines in the inner sets
are due to interaction with two %Ag nuclei (red stick diagram). While the next two lines
at either end (the middle lines in the high and low field sets) and outer two lines in the
inner sets are due to interaction with one 1%’ Ag nucleus and one **®Ag nucleus (black
stick diagram). Finally, the blue stick diagram represents the lines due to interaction with
two 1%Ag nuclei.

The ratio of the splitting between the outer [*°’Agi — ”AgLi]° lines and the
splitting between the outer [1*Agi — 1%AgLi]° lines is 0.8676, which agrees well with the
ratio of the nuclear magnetic moments of 1%’Ag to 1®®Ag of 0.8682. This confirms that
the hyperfine splitting is due to silver nuclei. In addition, an electron trapped on the Ag
ions in the [Agi — Li]° defect (4d*°5s! ) would not display much angular dependence in
the g or hyperfine matrices due to the largely s-orbital nature of the unpaired electron.
Indeed, the g matrix is nearly isotropic for the [*®Agi — 1®AgLi]°, and the hyperfine
matrix shows little variation in a [001] to [100] rotation of the applied magnetic field.

The measured value of the hyperfine parameter for the ®°Ag is 1840 MHz from
Figure 45. This is in good agreement with the typical splittings reported for 1°Ag° atoms
(1300-2100 MHz) [65]. Nearly all the unpaired spin is present on the Ag ions.
Compared to Morten and Preston’s prediction (1831 MHz for Ag) 99 % of the unpaired
spin density resides the Ag ion [66-67]. Any additional unpaired spin density may be on
oxygen ion surrounding the substitutional Ag ion, but that represents a small portion of

the unpaired spin. This suggests an interstitial Ag ion must be involved. The same defect

122



in Ag-doped Li2B4O7 has a total spin density of 75 % that resides on the two silver ions,
see chapter V.

3.3 Thermoluminescence (TL)

Ag-doped LiB3Os displays a strong thermoluminescence between 30 and 350 °C,
see Figure 46, after exposure to ionizing radiation at room temperature. Prior to
obtaining the TL data in Figure 46, the sample was x-ray irradiated at room temperature
for five minutes. After x-ray irradiation, the sample was immersed in liquid nitrogen
until mounted on the Instec stage held at 10 °C. This was done to prevent the fading of
emissions below 100 °C prior to obtaining the TL data. The red curve is a 630 nm
emission, and the purple curve is a 275 nm emission. These two emissions wavelengths
are the only two emission bands in the spectrum of the bulk TL. The combined TL
“bulk” glow curve is nearly a sum of the 630 nm and 275 nm emissions. The 630 nm
emission may be an emission from electron and hole recombination occurring at Mn
impurities in the sample, see chapter VII. The 275 nm emission is likely electron and
hole recombination at silver sites in the sample. The TL emission and the Ag-related PL

emission, Figure 41, both peak at 275 nm.
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Figure 46. Thermoluminescence from the silver-diffused LiB3Os crystal after an
irradiation at room temperature with x rays. The heating rate was 1 °C/s.

In the bulk TL glow curve, the emissions from 30 thru 175 °C combine to form

one broad emission. The higher temperature emissions are generally more resolved as
separate peaks. The recombination mechanisms for each peak is not yet known, but an
isochronal anneal study relating the intensity of EPR spectra, and annealing temperature,
as discussed in earlier chapters, should identify the recombination sites active in each TL

glow peak.

5. Summary

The present investigation describes the behavior of silver ions in LiB3Os crystals.

An immediate goal was to establish the basic properties of silver ions in this host lattice,
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and thus determine the feasibility of using Ag-doped LiB3Os crystals as
thermoluminescence-based radiation dosimeters. As part of the study, comparisons were
made with Ag-doped Li2B4Oy crystals, a known functional radiation-dosimeter material.
Silver ions have similar behaviors in the LiB3Os and Li2B4Oy7 crystals. An irradiation at
room temperature with x rays produces Ag?* trapped-hole centers, interstitial Ag®
trapped-electron centers, and [Agi — Agvi]° trapped electron centers in both materials. In
LiB3Os the room temperature irradiation also produced a second interstitial Ag° trapped-
electron center not observed in Ag-doped Li2B4O7. TL peaks near 100 °C, 250 °C and
300 °C with emission peaks at 275 nm and 630 nm are evident. This suggests that the
electron hole recombination sites are Ag ions and Mn impurities in silver-diffused
LiB3Os crystal. We also observe OSL emission from the Ag-doped LiB3Os crystal when
stimulated with light near 400 nm. The results of this study indicate that Ag-doped

LiB3Os is a strong candidate to be an efficient and sensitive radiation dosimetry material.
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IX. Conclusion

Previously unidentified point defects in Ag-doped Li2B4O7 have been
investigated. These newly identified defects include lithium vacancy substitutional-
silver-ion defect-pairs (hole trap); isolated lithium vacancies (hole trap); isolated oxygen
vacancies (electron trap); interstitial-silver-ion substitutional-silver-ion defect pairs
(electron trap); isolated interstitial silver ions (electron trap); and interstitial-silver-ion
lithium-vacancy defect pairs (electron trap). EPR spectra for each new defect have been
identified, and the role of each defect in thermoluminescence and optically stimulated
luminescence has been reported. In each case, where available data permitted, defect
models have been developed for new and previously reported defects. The combined
results of this and previous work suggests that Ag-doped Li2B4Oy7 is a promising
candidate material for TL and OSL based radiation dosimetry. Additional work focused
on optimizing the combinations of defect types for TL and OSL dosimetry during crystal
growth may provide an even more sensitive and efficient dosimetry material with
intrinsic neutron sensitivity.

Copper diffused LiB3Os was evaluated for its potential as a radiation dosimetry
material based on the similarity with Cu-doped Li2B4O7. Copper diffused into the crystal
occupied both lithium sites and interstitial sites. The Cu ions on lithium sites trap holes
after irradiation with x rays at room temperature, and the Cu ions at interstitial sites trap
electrons after irradiation with x rays at room temperature. This dual role for copper is
analogous to the same dopant in Li2B4O7 an efficient TL dosimetry material. However,

in LiB3Os, thermal quenching of the Cu™ PL emission prevents use of the copper doped
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LiB3Os as a TL material. The Cu* PL emission is thermally quenched prior to the release
of electrons from interstitial copper atoms. Any future evaluation of Cu-doped LiB3Os
must be based on luminescence mechanisms accessible at temperatures near room
temperature (OSL or multiple dopants) to avoid quenching of the Cu* emission.

Silver diffused LiB3Os was also evaluated for its potential as a radiation
dosimetry material. In this case, the analogy is to Ag-doped Li2B4O7. Silver diffused
into the crystal occupied both lithium sites and interstitial sites. The Ag ions on lithium
sites trap holes after irradiation with x rays at room temperature, and the Ag ions at
interstitial sites trap electrons after irradiation with x rays at room temperature. Silver
ions also occupy adjacent lithium and interstitial sites which trap electrons after
irradiation with X rays at room temperature. In Ag-doped LiB3Os, thermal quenching of
the Ag™ PL emission is not the issue it is in Cu-doped LiB3Os. Ag-doped LiB3Os,
therefore, makes a good candidate material for TL based radiation dosimetry.
Furthermore, the presence of the OSL mode emission also indicates that OSL based
dosimetry is also possible. Further study of Ag-doped LiB3sOs should be undertaken to
determine the recombination mechanisms for both TL and OSL processes. Additionally,
studies should be undertaken to determine the maximum sensitivity of Ag-doped LiB3Os
for radiation detection, and optimization of defect types through growth to enhance
sensitivity.

Lithium borates doped with silver and/or copper represent promising materials for
radiation dosimetry in both TL and OSL modes. The presence of 5Li and 1°B make all

lithium borates intrinsically neutron sensitive, and the near tissue equivalent effective

127



atomic number of lithium borates represents an improvement in dosimetry character over
presently available OSL materials. The relatively large percent of lithium and boron in
lithium borates means that this class of materials will retain neutron sensitivity in
relatively thin samples leading to detectors blind to gamma radiation yet still sensitive to
neutron radiation. In fact, LiB3Os has a slight advantage over Li2B4O7 in this regard.
Further study of lithium borates as radiation detecting and dosimetry materials is
warranted. In fact, the low mobility of electrons and holes in lithium borates, a product
of the large band gaps of these oxide crystals, indicates that the materials may also be
useful as imaging materials in radiography, and uniquely in neutron based radiography.
This area of research has not yet been undertaken and represents an important area in

which lithium borates may be more suited than presently available materials.
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