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Lu,SiO5:Ce (LSO:Ce) serving as a core material for radiation detectors, plays a crucial role in the design and devel-
opment of positron emission tomography (PET) devices. Experiment has confirmed that low concentration of Al doping
can significantly enhance the light yield, decay time, rise time, energy resolution, and afterglow level of the LSO:Ce crys-
tals. The mechanisms regarding the lattice site occupancy of Al in LSO, while closely associated with the performance
improvements, are not yet fully understood. Particularly, it is unclear either the ionic radius or the chemical valence plays
a more critical role in determining the site occupancy. In this study, we utilized first-principles calculations based on den-
sity functional theory (DFT) to study the lattice site occupancy of Al in LSO crystals and to explore their impact on the
electronic structure. Our results indicate that with changes in the growth environment, as reflected by the atomic chemical
potentials, Al can occupy either the Si sites or the Lu, sites, and it is not inclined to occupy the Lu; sites. The doping of Al
at the Si site introduces a shallow acceptor level, which may contribute to the suppression of trap concentration and affect

the ratio of Ce3" to Ce** within the crystal, thereby influencing its scintillation properties.

Keywords: sincitillation materials, silicates, defects, first-principles calculations
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1. Introduction

Since the introduction of cerium-doped lutetium oxy-
orthosilicate (Lu;SiOs5:Ce or LSO:Ce) in the early 1990s, it
has shown broad application prospects in various fields such
as medical imaging, high-energy physics experiments, and
geophysical exploration, due to its high density (7.4 g/cm?),
high light yield (3 x 10* photons/MeV), and fast decay time
(40 ns).!" Especially in the field of nuclear medical imaging,
LSO:Ce has been widely applied in positron emission tomog-
raphy (PET) and x-ray computed tomography (CT).[>3! As the
core material of PET detectors,'*! scintillation crystals play an
essential role in improving image quality and efficiency. With
the advancement of time-of-flight positron emission tomogra-
phy (TOF-PET) technology, there is an increased demand for
scintillation crystals with higher time resolution and high light
yield. !> To enhance image quality, reduce image acquisition
time, and further achieve application in medical imaging de-
vices with full-body scanning capabilities, the key lies in im-
proving the performance of LSO crystals.

Element substitution and co-doping of cations have been
demonstrated to be effective methods for improving the perfor-
mance of scintillators.[’! LSO and Y,SiOs (YSO) form an in-
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finite solid solution system,®! and the introduction of yttrium
ions not only lowers the melting point of the material, but also
increases its light yield.[”! The typical method of co-doping in-
volves partially replacing rare-earth ions with divalent cations
such as Ca®* (Ref. [10]) and Mg>* (Ref. [11]), which sup-
press electron trapping and stabilizes the formation of Ce**,
thus significantly enhancing the scintillation light yield and re-
ducing the decay time.[''~1%! The presence of Ce** bypasses
the initial hole capture process of Ce3* emission, effectively
enhancing the efficiency of the scintillation light emission. In
the (Lu,Y),Si05:Ce (LYSO:Ce) system, co-doping with Ca?t
is widely considered to be the state of the art with the best
performance. In 2023, experiments successfully achieved the
doping of Al in LYSO:Ce crystals and grew crystals with var-
ious Al concentrations.!!>) When the doping concentration of
Al reached 0.6 atomic percent, the scintillation performance
of the crystals was significantly enhanced. Compared to un-
doped crystals, the signal-to-noise ratio has been improved
by 1.4 times, which is beneficial for the development of next-
generation TOF-PET technology. Moreover, the performance
of the afterglow level and energy resolution is superior to that

of Ca?* co-doping.[1%)
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To understand the high performance of Al-doped
LSO:Ce, it is imperative to know the site of Al atoms in the
crystal structure. The ability of an element to be doped into a
host material is closely related to the ionic radius and chemical
valence of the dopant element. Generally, the closer the radius
of the dopant ion is to the replaced host ion and the smaller
the difference in their chemical valences, the easier the dop-
ing process will be. Although AI** (with an ionic radius of
0.39 A) and Lu3*t (with an ionic radius of 0.86 A) have the
same chemical valence, their ionic radii differ significantly. In
contrast, AI** and Si** (with an ionic radius of 0.26 A) have
relatively smaller difference in ionic radius, but their chemical
valences are different.!!”! It is thus not certain that Al prefers
to occupy Lu or Si site. In addition, there are two Lu sites in
this crystal, there site occupancy is also worth of study. In this
work, we use first-principles calculations to investigate the sta-
bility of Al in LSO crystals, aiming to provide references and
guidance for the doping engineering of the LSO crystal.

2. Computational method

This study employs the first-principles calculations based
on density functional theory (DFT) as implemented in the Vi-

18] The interactions

enna ab initio simulation package (VASP).
between ion-cores and valence electrons were described by
the projector augmented wave (PAW) method.[!>?) We per-
formed calculations using the Perdew—Burke—Ernzerhof for
solids (PBEsol) functional within the generalized gradient
approximation (GGA)?!l and the Heyd—Scuseria—Ernzerhof
(HSEO06) hybrid exchange—correlation functional.??! The su-
percell method was used to model the defects. A 128-atom
supercell was used and the I"-point was used to represent the
Brillouin zone of the supercell. All calculations on neutral de-
fects, which exhibit a spin magnetic moment of 1 ug, were
spin-polarized. The atomic structures were fully relaxed until
the calculated forces on all atoms were less than 0.025 eV/A.
Plane waves with cutoff energy of at least 400 eV were taken
as the basis set. When calculating the atomic chemical po-
tentials, the product of the k-point numbers and the lattice
constants along the three lattice vectors was approximately
20 A. The setup above yielded a = 14.285 A, b = 6.632 A,
c=10.198 A, and B = 122.2° for LSO.

Defect formation energy is a function of atomic chemi-
cal potential and Fermi level. The formation energy of a point

defect carrying a charge g was calculated as follows: [2324]

AH(y;,Ep,q) = Ef, — Ep+ Y_ni(i +Ei) + q(Eg + Evem),
i

where Ef, is the total energy of the supercell containing a point
defect of charge g, Ep is the total energy of the perfect su-
percell, n; is the number of atoms added (n;<0) or removed
(n;>0) from the supercell during the formation of the defects,

*

H;
is the total energy of each atom in its stable phase. The al-

is the chemical potential of the constituent element i, E;

lowable range for u is determined by the presence of various
secondary phases. Eyppy represents the energy of the valence
band maximum (VBM) of the host material, while Fr denotes
the Fermi level, which varies between the VBM and the con-
duction band minimum (CBM). Defect transition level refers
to the Fermi level when a defect has the same formation energy
in different charge states. For a defect with its transition from
charge state g to ¢', the defect transition level can be expressed

asl?! ,
E‘I _Eq
e(q/qd) = <DD> —EvBMm.

q—q
To determine the allowable range of chemical potentials for
LSO, the chemical potentials need to satisfy

U <0 for all elements,

205, + pg; + SuG = AHpy,sios = —27.41 eV,
20y 4315 < AHpyo, = —18.59 ¢V,

Us; + 210 < AHsip, = —8.65 eV,

20y + 208 + TG < AHpy,si0, = —36.36 eV

with AH representing the enthalpy of formation. For Al dop-
ing, additional conditions need to be satisfied, i.e., ensuring
thermodynamic stability of the LSO crystal by preventing the
formation of other compounds between Al and the host ele-
ments, which will be further described below.

3. Results and discussion

As shown in Fig. 1(a), the 128-atom supercell is made of
two unit cells. There are two different Lu sites, named Lu; and
Lu,, which are surrounded by seven and six O atoms with av-
erage Lu—O bond lengths of 2.31 A and 2.22 A, respectively.
Si atoms occupy a single lattice site, located at the center of
the [SiO4] tetrahedron, with an average Si—O bond length of
1.64 A. There are five types of O sites in LSO, four of them are
bonded to Si atoms, while the remaining one is bonded only to
Lu atoms. In this study, we considered Al to replace both Lu
and Si sites. Our calculation shows that when Al replaces the
Lu; site, one Al-O bond length increases significantly from
2.58 A to 3.25 A, as shown in Fig. 1(b). This change may
stem from the smaller ionic radius and electronic configuration
of Al, which favor a 6-coordinate structure over a 7-coordinate
one to enhance the stability. This change in the coordination
structure effectively leads to the breaking (or significant elon-
gation) of the Al-O bond.

We computed the atomic chemical potentials and defect
formation energies using the PBEsol and HSE06 functionals.
During the doping process, the secondary phases formed by
the interaction between dopant atoms and host atoms can in-
fluence the defect formation energy, which in turn affects the
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26271 We therefore determined the chemical po-

doping limit.[
tentials associated with the defect formation energy in Al-
doped LSO. In Fig. 2(a), the equilateral triangle defines the
chemical potential space spanned by py,, ug;, and uj that
permit the formation of the primary phase, i.e., LSO. Dur-
ing the synthesis of LSO, elements such as Lu, Si, and O
are prone to form secondary phases like SiO;, LuyO3, and
Lu,Si» 07, which limit the allowable region for the chemical
potentials. When using the PBEsol functional, the thermody-
namically stable region of LSO is delineated by two dashed
lines (blue and green), which correspond to SiO; and Lu,03,
respectively. Due to the relatively small formation enthalpies
of LSO from the two secondary phases (about 0.17 eV per
formula unit), the allowable region for the chemical potentials
can be approximately represented with a red solid line AB, as
shown in Fig. 2(a), which corresponds to the midpoint line of
the narrow region. At the point A, uj =0, ', = —9.34 eV,
ug; = —8.74 eV, and at the point B, ug; =0, u;, = —2.78 eV,
ud, = —4.37 eV. When using the HSEO6 functional, the ther-
modynamically stable region of LSO is delineated by SiO»
and Lu;SiO7 (blue and orange). The formation enthalpies

(a) Suo =AH Lu,SiO (b)

of LSO from these two secondary phases are approximately
0.35 eV per formula unit, as shown in Fig. 2(d). Neverthe-
less, the allowed chemical potentials are still limited in a nar-
row region, which can also be approximately represented by
an AB line similar to that in Fig. 2(a). At the point A, ud =0,
Uiy = —9.52 eV, ug; = —9.07 eV, and at the point B, ug; = 0,
Uiy = —2.72eV, uy = —4.54 eV.

Lu; Lus Si
o “,‘? o8 bﬂ
= \%'o 2~ o
~o g\;{\r} dd o
AlLul AlLl12 AlSi

Fig. 1. (a) Crystal structure of Lu;SiOs (LSO). Lu, Si, and O atoms
are represented by blue, green, and red colors, respectively. (b) Local
coordination structures of the LSO crystal before and after Al doping,
which favor a 6-coordinate structure over a 7-coordinate one to enhance
the stability. This change in the coordination structure effectively leads
to the breaking (or significant elongation) of the Al-O bond, illustrating
the structural changes due to Al substitution. Lu atoms are located at
two distinct lattice sites, labeled as Lu; and Luy, respectively, each co-
ordinated by seven and six O atoms. Si atoms are located at the centers
of [SiO4] tetrahedra.
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Fig. 2. Chemical potential analysis for the Lu—Si—O system with Al doping using PBEsol (top panels) and HSEO6 (bottom panels) functionals.
(a) Lu=Si-O system with allowed region between SiO; and LuyO3. Red line AB shows the approximate allowed region. (b) Consider the
dopant element Al, limited by the compounds formed between Al and the three primary elements, including Al;;O;g, LuzAlsO1,, Al;SiOs,
and Al,O3. (c) Allowed region of chemical potentials for Al-doped LSO. The formation of Al,O3 limits the system to achieve extreme Al-rich
condition (i.e., uy; = 0). (d)—(f) Similar results obtained using the HSE06 functional.

O-rich (u = 0) or Si-rich (ug; = 0) conditions are defined
as the conditions where the chemical potential of O atoms or
Si atoms reaches their respective maximum allowed values, A
and B points, respectively. Under these conditions, we fur-
ther considered the allowed range of the chemical potential
for Al (uy,). As a dopant, it is desired that uy, =0, i.e., the

extreme Al-rich condition. However, it is actually limited by
the formation of other Al-containing compounds. As shown
in Fig. 2(b), the height of the triangular prism corresponds to
the value of p;. We calculated the formation enthalpies of all
possible secondary phases that could be formed between Al

and the host elements. Some of these secondary phases, such
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as LuAls, LuAl,, LusAl,, LuAl, LuAlSi, and Lu,AlSi,, do
not significantly affect the favorable growth conditions of LSO
and are not shown in the figure. In Figs. 2(b) and 2(e), only
the secondary phases that limit px, are presented, including
Al; O3, Al»SiO5, Al O3, and Lu3AlsO1;. The stable regions
for these secondary phases intersect with the region of ABCD.

Based on the process above, we determined the thermo-
dynamically stable range of chemical potentials for Al-doped
LSO. As mentioned above, for each secondary phase, the sum
of the chemical potentials of the constituent elements p; must
be less than the formation enthalpy of that phase. Using the
PBEsol functional, as depicted in Fig. 2(c), among these sec-
ondary phases, the oxide Al,O3 played a key role in pre-
venting the growth condition reaching uy, = 0, even though
other secondary phases Al;10;3, Al;SiOs, and Lu3zAlsO;s
could also limit py,. Specifically, only under Si-rich condi-
tions, py; could reach as high as —1.24 eV, whereas under
the O-rich conditions, py; can only be below —8.04 eV. Us-
ing the HSEO6 functional, as depicted in Fig. 2(f), the oxide
Lu3Als04; plays the role in preventing the growth condition
from reaching px, = 0. In other words, if one expects that Al
can be doped in high concentration, the Si-rich (or relatively
O-poor) condition will be required. Unfortunately, it is usually
hard to be achieved, given the typical oxygen environment em-
ployed in the growth of LSO.

Figure 3 presents the band structure of LSO calculated us-
ing the PBEsol functional, which confirms the direct bandgap
nature of the material at the I" point. Based on this finding,
a I'-only k-point mesh was employed for defect calculations
in Al-doped LSO. While the PBEsol calculation yields a band
gap of 4.35 eV, the HSEO6 calculations give an improved value
of 6.27 eV, showing better agreement with experimental mea-
surements (6.4 eV-6.6 eV).[?39 Because of the high compu-
tational cost, we did not calculate the full band strcutre using
the HSEO6 functional.

Energy (eV)
0
1

i |u m

r C Y I M D A r

Fig. 3. Band structure of LSO using the PBEsol functional, with the top
of the valence band set at zero.
Figure 4(a) shows the defect formation energies of Al at
Lu and Si sites as a function of Fermi energy using the PBEsol
functional. In the O-rich environment (left panels), when the
Fermi level is above 1.1 eV, the lowest formation energy shifts

from Al at the Lu, site to the Si site. In the Si-rich environ-
ment (right panel), this transition occurs at 3.28 eV. Using the
HSEO6 functional, the transitions are observed at 2.13 eV in
the O-rich and 4.40 eV in the Si-rich environment. This dif-
ference is attributed to the well-known bandgap error of the
semi-local functionals, such as PBEsol. In these calculations,
we considered both +1 and —1 charge states. For Al on Si site,
our results show that it is a shallow acceptor in PBEsol calcu-
lations, while the (0/—) transition level is relatively deep in
HSEOQ6 calculations. For Al on Lu sites, PBEsol calculations
did not yield transition level in the band gap, while HSE06
suggests a very deep donor level. In addition, the formation
energy of Al at the Lu; site is consistently higher than that
at the Lu, site, which is consistent with the observation that
at Lu; site bond breaking is needed to accommodate the Al

atom.
€ b
= 52 o 5(0)
o O-rich Si-rich 2
5 -
1% ; 56
g % 5 3
2 Al Al © 21 Al
o Luy Luy = Lu,
2 1 AILuz Alp,, 9 1 Al[_u2
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E 0 <« E 0 P
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01234 0123456 1T 1T
Fermi energy (eV) O-rich Si-rich

Fig. 4. Defect formation energy for Al doping of LSO as a function of Fermi
energy (a) and chemical potentials (b) using the PBEsol functional. Panels (c)
and (d) are obtained using the HSEO6 functional. We considered Al on Lu
(Lu; and Luy) sites and Si sites. The Fermi level varies between the VBM and
CBM. When plotting panels (b) and (d), we set the Fermi level at the center
of the band gap.

For undoped semiconductor materials, the Fermi level is
typically located in the middle of the band gap. When the
Fermi level is at the center of the band gap (3.14 eV), the de-
fect formation energy is a function of the atomic chemical po-
tentials. The relationship between defect concentration in a
material and the defect formation energy as well as tempera-
ture can be described by

AH
ND:Nsiteexp _kBiT .

Here, N denotes the total number of lattice sites available
for accommodating the defects or dopants, and 7T is taken as
the experimental temperature for growing the crystal, which
was taken to be 2150 °C. As shown in Fig. 4(d), in the O-rich
environment, Al on Si site is more stable that Al on Lu sites.
Note that the extreme O-rich condition cannot be reached, as
the formation energy of Al on Si site becomes negative. As the
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environment transitions from O-rich to Si-rich, the preference
of Al shifts from the Si site to the Lu, site, where the forma-
tion energy is about 0.91 eV, resulting in a maximum doping
concentration of about 1.3%. The experimental result shows
that AI’* codoping in LSO:Ce can reach 1%, suggesting
that the experimental grow condition is close to the transition
point from Alg; to Alpy,. In this regard, the PBEsol results are
consistent with the HSEO6 results.

An interesting observation in Fig. 4 is that Al on Lu site
is not dependent on the chemical potential. This is because the
chemical potentials of Al and Lu change in the same trends.
As can be seen in Fig. 2(c), from O-rich (A point) to Si-rich (B
point) condition, py, increases from —9.34 eV to —2.78 eV,
while uy, also increases from —7.87 eV to —1.32 eV. In
Fig. 2(f), uy, increases from —9.52 eV to —2.72 eV, while i},
also increases from —8.04 eV to —1.24 eV. Considering the
equation of defect formation energy introduced in Section 2,
the chemical potential dependence canceled each other, result-
ing in the observation that defect formation energy of Al on
Lu is independent of the growth condition.

— Total — Lu-5d — O-2p Al

100
-
R
=i
=
& —100 T T T
0
8 04 -—-/-6!;3
.
o
> —100 T T T
‘E AlLu2
=}
)
A AN
—100 T T T
-2 0 2 4 6

Energy (eV)
Fig. 5. Total and projected density of states for Al-doped LSO.

Figure 5 depicts the total and atomic projected density of
states (DOS) of Al-doped LSO calculated at the neutral charge
state. The projected DOS indicates that the VBM primarily
consists of O-2p orbitals, while the CBM is mainly constituted
by Lu-5d orbitals. In the case of Al on Si site, the defect energy
level is at the VBM, i.e., there is a hole at the VBM, resulting
in minimal perturbation to the overall electronic structure of
the host. This is consistent with the calculated shallow accep-
tor level in Fig. 4(a). Al on Lu sites yields clear band gaps with
no any defect levels inside. Even though structurally there ex-
ists a difference between the two sites, as seen in Fig. 1, the
electronic structures for Al on the two sites show negligible
difference. The DOS calculations are also consistent with the

observation that Al on Lu sites is free of defect transition levels
as seen in Fig. 4.

Experimentally, to suppress O vacancy defects, supple-
menting oxygen during growth or oxidizing post-annealing af-
ter growth are commonly employed.*!3%! Such conditions are
supposed to be O-rich, in which Al would tend to replace Si
sites. The acceptors thus formed may compensate the O va-
cancies or oxidizing the Ce3* to Ce*" ions. The x-ray ab-
sorption near edge spectroscopy (XANES) spectra presented
by Melcher et al.
LSO crystals do not contain any Ce

of LSO:Ce evidences that non-co-doped
4+ 1331 In experiments with
Al co-doped LYSO:Ce crystals, a Ce*" related charge transfer
(CT) band was observed in the absorption spectrum within the
range of 200 nm to 350 nm.!">) This result suggests that Al
ions indeed occupy the Si sites. However, our results suggest
that the possibility of Al on Lu sites cannot be excluded, even
though these defects are most probably benign defects that do
not affect the optoelectronic properties given that they do not

generate any gap states and defect transition levels.

4. Conclusion

The site occupation of Al doping in LSO crystals is sig-
nificantly influenced by ionic radius and chemical valence.
Our first-principles calculations revealed that Al doping fa-
vors Si sites under O-rich conditions and Lu sites under Si-
rich conditions. Al favors low-coordinated Lu site, i.e., the
six-coordinated Lu, site, over the seven-coordinated Lu; site.
Al on Si site introduces a shallow acceptor level, which could
affect the electron trap and the ratio of Ce>* and Ce**. Al on
Lu site does not introduce any defect levels in the band gap.
These results provide useful insights into the mechanisms of
Al doping in LSO and theoretical support for further optimiz-
ing the doping strategies in LSO crystals.
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