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A series of Li,B,O,:Mn single crystals with different dopant concentrations has been
produced and their thermoluminescence (TL) has been studied. The glow curve shapes
differ significantly with increase of Mn concentration, but all of them reveal two broad
complex peaks. The results of fractional glow technique application show the presence of
two groups, each with a large number of traps with close depths. Dose dependence of glow
curves shape testifies to the first order of TL kinetics.

IMonyuena cepua moHokpucrammos Li,B,0,:Mn c pasmoil kommeHTpamuweil Jerupyloeit
NpUMecH ¥ HcCjlefoBaHa UX TepMmocTumyaupoBanHasg JioMmuuecrennus (TCJI). @opma Kpu-
BeIX TepmoBbicBeurBauus (KTB) cymiecTBeHHO M3MEHsAETCS MPU MMOBBIMIEHUU KOHI[EHTPAI[UU
Mn, HO Ha BCcex HUX MOYKHO BBIZEJIUTH JBA CIOKHBIX MAKCUMyMa. PesyjbTaThl IPUMEHEeHUs
MeTO/a YACTUYHOI'O BBHICBEUMBAHWS CBETOCYMMBI YKAas3bIBAIOT HA HAJIWUYMe ABYX IPYII JOBY-
LIEeK, KaKJasi U3 KOTOPBIX COLEPIKUT HECKOJbKO YPOBHEH NPUIUNAHUSA C OIUSKUMU BEJIUYU-
HaMU 9Hepruu akrupanuu. 3asucumocTb (opmel KTB oT morsomnieHHO! 03Bl CBUAETEILCTBY-

er o nepsom mnopsigke Kuueruku TCJL.

Crystalline manganese-doped lithium
tetraborate (LTB) Li,B,O;:Mn is one of the
known thermoluminescent crystal lumino-
phors for X-ray and gamma dosimetry. Im-
provement of thermoluminophor charac-
teristics, in particular, reduction of back-
ground signal, enhancement of light output
due to collection of luminescent emission
from the entire detector volume as well as
reduction of hygroscopicity could be pro-
vided by using the single crystal samples
[1]. Therefore, the manufacturing methods
of doped (in particular, manganese-doped)
LTB single crystals are being developed and
their thermoluminescence (TL) properties
are being studied [2]. We have obtained
LTB:Mn single crystals with different
dopant concentrations, studied their decay
curves and determined the trap depths and
TL kinetics order.

The initial blend for single crystal grow-
ing was prepared using extra-pure reagents
by melting the stoichiometric amounts of
B,O3 and Li,CO5; and calculated amount of
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MnO, in a platinum crucible in the air. Tak-
ing into account the incongruent character
of LTB evaporation [3, 4], and in order to
reduce the boron oxide loss during the sin-
gle crystal growing, excess B,O3 (up to
0.3 mol.% ) was added to the blend. The sin-
gle crystals were grown by Czochralski
method along the <100> direction at the
3 mm/day pulling rate and 5-10 rpm rota-
tion speed. In the lower part of single crys-
tals produced, the solid phase and gas inclu-
sions were observed. With increasing
dopant content in the initial blend, the size
of areas free of macrodefects in the upper
part of single crystals decreased. A certain
amount of gas inclusions was also observed
along the single crystal growth axis. This
could be explained by insufficient melt mix-
ing in the central part of sub-crystal region
due to its high viscosity [5, 6]. In general,
distribution of inclusions in the crystal bulk
was similar to that reported in [7], where
the most defect areas were located in the
central part of single crystals along the
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growth axis and formed a circular areas,
while their number was much less close to
the outer surface. With increasing manga-
nese content in the initial blend, the size of
crystal areas with solid phase and gas inclu-
sions also increased. The X-ray analysis re-
sults of high-quality LTB:Mn crystal parts
are almost similar to the literature data ob-
tained for undoped LTB single crystals [8]
and show the absence of other phases —
borates and manganese oxides (within the
sensitivity limits of the method). Samples
for the studies were cut out from the crys-
tal parts free of macrodefects normally to
the pulling direction. The measurements
were carried out at polished samples of
6x6x1 mm? size.

To determine the concentration depend-
ence of TL yield in LTB:Mn single crystals,
we have performed a series of similar an-
nealing/irradiation/measurement cycles for
the samples with different dopant concen-
trations. The annealing was done at 400°C
for 100 s. The samples were irradiated
using an X-ray tube with copper anti-cath-
ode at 20 kV operating voltage. The ab-
sorbed dose was 2 Gy at 2 Gy/min dose
rate. The decay curves were recorded imme-
diately after exposure using an automated
setup equipped with a FEU-136 photomulti-
plier operating in the photon counting
mode. To minimize the effect of sample and
heater thermal emission, a SZS-24 light fil-
ter was mounted in front of the photomulti-
plier window. The linear heating rate of the
sample was 0.5°C/s. A thin layer of silicon
grease was introduced between the heater
and sample to improve the thermal contact.
For each dopant concentration, the experi-
ment was repeated using several samples
cut out of the same part of the single crys-
tal. The data obtained were averaged, and
the measurement error was determined by a
standard procedure.

The fractional glow technique (FGT) was
applied to investigate the trap parameters.
The pre-annealed samples were exposed to
X-ray dose of about 100 Gy. During each
FGT cycle, the sample temperature was re-
peatedly increased by 7°C at about 0.1°C/s
rate and lowered by 5°C at the same rate.
The above parameters appeared to be opti-
mal from the standpoint of the method
resolution and measuring time. The whole
procedure consisted of about 100 heat-
ing/cooling cycles. The average depth value
E; of all traps emptied in the i-th cycle was
calculated using the formula proposed in [9]
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Fig. 1. Glow curves of Li,B,0,:Mn single crys-
tal samples with different Mn concentration
in the initial blend (mass.%): 0.001 (I),
0.002 (2), 0.006 (3), 0.016 (4), 0.024 (%),
0.033 (6), 0.1 (7), 0.16 (8).

and taking into account the difference be-
tween the heating and cooling ratio in a
cycle:
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where E,, and E,;. are, the energies esti-
mated for the heating and cooling part of
TL curve, respectively, in i-th cycle; w;;, and
w;., the linear heating and cooling rates in
the i-th cycle, respectively.

The luminescence emission of the single
crystal (as well as crystalline) LTB:Mn is in
the orange region of the visible spectrum.
Fig. 1 shows glow curves of LTB:Mn single
crystal samples with different Mn concen-
tration in the initial blend. As is seen, the
curves shape changes significantly as the
dopant concentration varies, but all the
curves demonstrate two well separated
broad peaks, the first lying within the 25-
150°C range and second, within the 150-
280°C one. The peak shapes correlate with
the data of [10] obtained for the crystalline
samples but differs from those for the sin-
gle crystal ones [2]. As the dopant concen-
tration increases, the intensity of the low-
temperature peak rises, thus exceeding that
of the high-temperature one, while its posi-
tion shifts towards lower temperatures. The
concentration dependence for the high-tem-
perature peak has a more complex charac-
ter. Namely, as the dopant concentration
increases, it is first broadened towards
higher temperatures with simultaneous in-
tensity rise and attains a maximum. At fur-
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Fig. 2. The FGT results for Li,B,0,:Mn single
crystal sample with 0.001 mass.% Mn con-
centration in the initial blend.

ther increase of the dopant concentration,
this peak first continues to broaden,
slightly decreasing in amplitude, and then
becomes narrower towards the lower tem-
peratures keeping almost unchanged form.

Fig. 2 presents the results of the FGT
measurement for one of the samples. The
symbols present the obtained trap depth
values, while the curve reflects the light
sum emitted in each cycle. The abscissa cor-
responds to the maximum temperature in
the cycle. In the left-hand part of this plot
that corresponds to the group of traps re-
sponsible for the low-temperature complex
TL peak, there is several more and less pro-
nounced plateaus. This indicates the pres-
ence of several traps in the crystal with
small difference in their depths. The above
difference is close to the FGT resolution,
which, according to [11], is 25 meV; that
complicates the identification of these
traps. The most pronounced plateaus corre-
spond to energy values of 0.64, 0.68, 0.72,
0.75, and 0.77 eV. In the high-temperature
part of Fig. 2, the error is much greater,
nevertheless, some plateaus can be distin-
guished. This also indicates the presence of
a group of traps with close depths, that are
responsible for the high-temperature com-
plex TL peak. The most pronounced pla-
teaus correspond to energy values of 1.5,
1.54, and 1.68 eV.

The results of FGT application to the
samples with other dopant concentrations
also indicate the presence of two trap
groups, each including a large number of
traps with close depths. In addition, it has
been found that the most of obtained energy
values are common for most samples with
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Fig. 8. Glow curves of Li,B,0,:Mn single crys-
tal sample with 0.002 mass.% Mn concentra-
tion in the initial blend irradiated with dif-
ferent doses (Gy): 0.035 (1), 0.14 (2), 0.56
(3), 3.6 (4), 14 (5).

different dopant concentration. This may
testify to the similarity of the energy struc-
ture of the above single crystals. In that
case, the change of the decay curve shape
with varying dopant concentration could be
explained by redistribution of the elemen-
tary peak intensities that form two complex
peaks or, more clearly, by redistribution of
traps filling during the irradiation of the
sample.

To determine the order of the TL kinet-
ics, we have studied the dependence of
decay curve shape on the absorbed dose for
several samples with different dopant con-
centration. Fig. 3 shows glow curves for
one of the samples normalized to unity. The
irradiation doses were 0.035, 0.14, 0.56,
3.6, and 14 Gy, the linear heating rate was
1°C/s. As is seen from the Figure, as the
absorbed dose increases, the high-tempera-
ture peak exceeds the low-temperature one
at almost constant half-widths, while the
temperature position is shifted towards
higher temperatures by only 5°C. This in-
significant shift could be explained by re-
distribution of the elementary peak intensi-
ties towards the high-temperature compo-
nents. The slight change in the half-width
and temperature position of the TL peak
while the absorbed dose increases by a fac-
tor of 400 testifies to the first order of TL
kinetics. Similar results and conclusions
were obtained for the samples with other
dopant content.

According to [8, 12], LTB belongs to so-
called carcass structures based on the rigid
anion sublattice formed by the 3D boron-
oxygen net. Its basic structural fragment is
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B4Og®-group, where two boron atoms are in
the triangular and two, in the tetrahedral
coordination. These complexes are inte-
grated by common oxygen atoms into spi-
rals with symmetry axis along the <001>
direction. The spirals, in turn, are also com-
bined by common oxygen atoms, while lith-
ium ions are located in the hollows between
the spirals. Electron density peaks in the
B—O bonds are shifted towards oxygen, i.e.
the chemical binding in the anion sublattice
is polar covalent, while that between the
lithium ions and anion sublattice is ionic
one. In the anion sublattice, there are chan-
nels oriented along the <001> crystal-
lographic direction, where tetrahedral-coor-
dinated lithium ions are located. Those are
relatively weakly bound with anion sublat-
tice, thus providing both ionic conduction
realized due to the lithium ions according
to the vacancy mechanisms and a consider-
able electric conduction anisotropy [13].

It is known [14] that the boron-oxygen
tetrahedrons in the LTB structure are pro-
duced due to attachment of an additional
oxygen atom produced due to interaction of
lithium oxide Li,O with boron oxide B,0s,
and the cations are located close to BO,
tetrahedrons, thus compensating the exces-
sive negative charge distributed over the
tetrahedron [15]. Thus, tetrahedral complex
becomes a negatively charged point defect
provided it is isolated from the lithium cat-
ion that compensates the charge. The above
point defects could act as hole traps. Oxy-
gen vacancies in the structure form addi-
tionally charged point defects (holes) capable
of trapping electrons. In some cases, electron
and hole traps could be associated with bridg-
ing and non-bridging oxygen bonds [14].

In the process of LTB single crystal
growth from the melt with boron oxide ex-
cess, the single crystal may, according to
[16], contain up to ~0.1 mol.% of excessive
B,O3 that corresponds to the limit of the
compound homogeneity domain. Obviously,
in this case, a certain number of negatively
charged cation vacancies is produced, and
their charge is compensated by the in-
creased number of triangular boron-oxygen
complexes and thus by the increasing ratio
between the boron-oxygen tetrahedrons and
triangles in the anion sublattice (which is
2:2 in stoichiometric LTB) in favor of the
latter. In this case, the chemical composi-
tion of LTB does not exceed the homogene-
ity domain. Thus, both electron and hole
traps appear mainly at the defects related
to the basic structural units of the lattice.
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Taking into account the peculiarities of
LTB structure, in particular, the anion
sublattice rigidity, dopant introduction into
sublattice is most probable with the produc-
tion of substitution (i.e. lithium ion substi-
tution) and establishment (in the interstitial
sites located in the conduction channels)
solid solutions. It is also to take into ac-
count the ion size and its charge state. Ac-
cording to [17, 18], manganese enters LTB
in the octahedral coordination in the form
of Mn2*, and this should be explained by
decomposition of thermally unstable MnO,
during the synthesis at temperatures above
535°C with MnO formation. In this case, the
excessive charge of Mnj; is compensated
most likely by the increasing number of cat-
ion vacancies and boron-oxygen triangles in
the anion sublattice due to formation of
oxygen vacancies in the sites of bridge oxy-
gen atoms. For instance, the ratio of the
"physical” ionic radii for manganese and
lithium ry,44+/7+ at the octahedral manga-
nese coordination and tetrahedron lithium
one is 1.10/0.73 = 1.51 [19]. This quantity
is larger than that for copper (1.01) but is
less as compared to silver (1.56). In the case
of LTB:Mn single crystal growth from the
melt with low (0.3-0.5 mol.%) excess of
B,O3, a certain number of cation vacancies
could be formed, thus making easier the
formation of both substitution solid solu-
tion where lithium ion positions are occu-
pied by manganese, and, probably, of estab-
lishment solid solution, where the latter
could occupy interstitial positions in the
conduction channels. When manganese en-
ters the interstitial sites, the excessive Mn;
charge could also be compensated due to the
formation of vacancies in the cation sublat-
tice. In accordance with the data [20] ob-
tained when studying the LTB thermoelec-
tric properties, lithium atoms occupy ener-
getically non-equivalent positions. On this
basis, the dopant atoms (manganese) that
substitute lithium may be assumed to be
also energetically non-equivalent. This
could stimulate the presence of several
traps and, respectively, the complex struc-
ture of TL curve.
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3aJIesKHICTh TePMOCTHMYJHOBAHOI JIOMiHECI[eHIIil
MoHoKpucraiis Li,B,0,:Mn Bix kxonmenTpanii momimku

B.M.I'onoseii, B.1.J1amaee, M.M.Bipoe, I1.Il Ilyza, A.M.Conomon

Opepsxano cepiro momokpucranis Li,B,O,:Mn s pisHOl0 KoHmeHTpamicio jerymodoi mo-
MIIIKM Ta ZOCIifKeHO iX TepMocTUMYJhoBaHy JioMiHecueHniio (TCJI). @opma KpuBuX Tep-
moBucBiuyBauua (KTB) cyrreBo smiHmeTbesa npu migsuinenni koumenrpanii Mn, ame ma Beix
HUX MOYKHA BHUAIJIUTH ABa CKJagHI MakcumMyMmu. PedynbraTy 3acToCyBaHHS METOLa YACTKO-
BOI'O BHUCBiUYBaHH#A CBITJIOCYMM BKAa3yIOTh Ha HAABHICTH JBOX TI'PYIl IIACTOK, KOMKHA 3 AKUX
MiCTUTH [IeKiJbKa piBHIB mpujaumaHHA 3 OJIMSBKUMU BeJIMYMHaMu eHeprii akrtusamii. 3a-
aexHicTh popmu KTB Bix morsmuyToi 03U cBiguuTh npo nepmiuii nopAnok kKinetuxwu TCJI.
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