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Complex doping schemes in RE3Al;012 (RE=rare earth element) garnet compounds have recently
led to pronounced improvements in scintillator performance. Specifically, by admixing lutetium and
yttrium aluminate garnets with gallium and gadolinium, the band-gap was altered in a manner that
facilitated the removal of deleterious electron trapping associated with cation antisite defects. Here,
we expand upon this initial work to systematically investigate the effect of substitutional admixing
on the energy levels of band-edges. Density functional theory (DFT) and hybrid density functional
theory (HDFT) was used to survey potential admixing candidates that modify either the conduction
band minimum (CBM) or valence band maximum (VBM). We considered two sets of compositions
based on LuzB5012 where B = Al, Ga, In, As, and Sb; and RE3Al5012, where RE = Lu, Gd, Dy, and
Er. We found that admixing with various RE cations does not appreciably effect the band-gap or
band-edges. In contrast, substituting Al with cations of dissimilar ionic radii has a profound impact
on the band structure. We further show that certain dopants can be used to selectively modify only
the CBM or the VBM. Specifically, Ga and In decrease the band-gap by lowering the CBM, while As
and Sb decrease the band-gap by raising the VBM, the relative change in band-gap is quantitatively
validated by HDFT. These results demonstrate a powerful approach to quickly screen the impact
of dopants on the electronic structure of scintillator compounds, identifying those dopants which
alter the band-edges in very specific ways to eliminate both electron and hole traps responsible
for performance limitations. This approach should be broadly applicable for the optimization of
electronic and optical performance for a wide range of compounds by tuning the VBM and CBM.

I. INTRODUCTION

A3B5015 garnets, and in particular RE3Al50q5 com-
positions (where RE is rare earth element or Y), have
been studied for technical use as optical materials for
over 50 years [1-3]. Although garnets also received in-
terest as a scintillator ~20 years ago [4], a lower light
yield than other compounds ultimately led to relative
disinterest. Often, defects trap charge carriers, other-
wise available to participate in the scintillation process,
thus potentially resulting in delayed and/or reduced light
output. The important role that defects play in scintil-
lator performance has been well-documented [5]. How-
ever, recent studies involving co-doping of garnets have
demonstrated dramatic improvements in light yield and
these findings have consequently reinvigorated interest in
garnets as high performance scintillators [6-16]. These
optimization efforts have relied on the manipulation of
the garnet electronic structure through admixing, and
in the process creating so-called “multicomponent” gar-
nets [17]. It is well-known that cation antisite defects are
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present in garnets (RE3* on A3 sites and vice versa)
[18-23] and that they contribute to reduced scintillator
performance [24] by creating traps for the electronic car-
riers which results in considerable slowing down of scin-
tillation response. However, the challenge of removing
cation antisite defects in garnet is that they are isova-
lent (i.e. charge neutral) and the corresponding defect
formation energy is rather low, thereby preventing a de-
fect engineering approach. Therefore alternative defect
management methods are required. Interestingly, it has
been shown that adding Ga to aluminate garnets removes
the signature of antisite defects [25]. This implies that
Ga admixing eliminates the effectiveness of the antisite
traps. However, Ga is closer in size to the RE cation than
it is to Al [26], which suggests that a higher concentra-
tion of antisites should exist in Ga-doped garnets than
in pure aluminate garnets - a hypothesis validated by
a joint experimental-atomistic simulation study [27, 28].
Rather, instead of reducing the concentration of delete-
rious antisite defects, the benefit of Ga-admixing arises
from shifts in the conduction band such that it envelops
the trap state in the forbidden gap associated with the
antisite defect [17, 29]. This is a primary example of the
“band-gap engineering” approach to defect management.
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FIG. 1. A simplified schematic showing activator transition levels and electron and hole traps with respect to valence and
conduction band-edges of a scintillator, where (a) is the case of an undoped scintillator, where both electron and hole traps
reside within the band-gap, (b) illustrates the idealized scenario of the same scintillator that has been strategically doped to
shift only the conduction band-edge in order to envelop the electron trap (but not the excited state of the activator) and (c)
shows the analogue case for the scintillator doped to modify the valence band-edge in order to envelop the hole trap (but not
the activator ground state). Specific shifting of band-edges is what is referred to as “band-edge engineering.”

In this paper, we build upon our previous effort to
optimize the electronic structure of multicomponent gar-
nets by studying a range of dopants and their effect on
the energy levels of band-edges of LugAl;012. Our ap-
proach relies on manipulation of the electronic structure
of a scintillator compound through doping in order to
remove the deleterious effect of defects that may act as
electron or hole traps. A key aspect of this approach
is that the band-edges must be shifted to envelop the
shallow trap states, without also interfering with the ac-
tivator transition. A simplified schematic showing the
position of activator transition levels (with no splitting
for illustration purposes) and electron and hole traps with
respect to valence and conduction band is presented in
Fig. 1. Band-edges can be modified by doping to shift
valence and conduction band. The level of band-edges
modified due to doping should only eliminate the defect
states but should not lower the CBM or raise the VBM
to an extent that Ce®* transition levels fall in the con-
duction or valence bands. By using density functional
theory (DFT) based first-principles calculations, we show
that certain 3+ dopants that substitute for Al can result
in variations in either the valence or conduction band-
edges, while leaving the other band-edge more or less un-
changed - thus opening the path for “band-edge engineer-
ing” through admixing. We also show that substituting
Lu with RE cations does not have a significant impact on
band-edges. Although we use garnet as a case study, it is
anticipated that this approach can be extended to a wide
range of scintillator compounds and provide an efficient
manner to screen dopants for optimizing performance.

II. METHODOLOGY
A. First-principles method

Density functional theory (DFT) calculations were per-
formed using the Vienna Ab initio Simulation Pack-
age (VASP) [30]. The DFT calculations employed
the Perdew, Burke, and Ernzerhof (PBE) [31] general-
ized gradient approximation (GGA) exchange-correlation
functional and the projector-augmented wave (PAW)
method [32]. The hybrid DFT calculations utilized the
specific functional referred to as the HSE06 functional
in the literature[33]. This functional is created by start-
ing with the PBE exchange-correlation functional and
replacing 25% of the PBE exchange interaction by a
screened nonlocal functional with an inverse screening
length of 0.2A~1. For all calculations, a plane wave cut-
off of 500 eV for the plane wave expansion of the wave
functions was used to obtain highly accurate forces. In
the results reported, only the gamma point was consid-
ered in the k-space sampling; however, we have employed
denser k-point meshes in select cases and very similar re-
sults were obtained. All structures were fully relaxed
without any symmetry constraints and relaxations were
considered converged when each component of the force
on every atom was smaller than 0.02 eV/A.

B. Band-edge alignment

The first step to reliably determine the relative position
of band-edges in a compound as a function of composi-
tion is to identify a reference state that does not change
with chemical composition. There are several references
that are used in the literature to determine the relative
position of band-edges [34-37]. The average electrostatic
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FIG. 2. (a) Density of states of deep states of LuzAl5012, LusGas012, and GdsAl50,2, where the oxygen state that is used
as a reference is marked by an arrow. (b) Supercell used for calculating electrostatic potentials, where Lu is blue, Al green,
Ga magenta, O orange, Gd red. (c) Electrostatic potential calculated using the supercell in (b), where the red horizontal line

indicates the average electrostatic potential.

potential is the best common reference but it is very ex-
pensive to calculate as both materials of interest must be
contained within one common simulation cell. Not only
does this necessitate large cells to accommodate both ma-
terials, but also to avoid interfacial effects that are not
of interest here. Rather than rely on computationally in-
tensive electrostatic potential approach, in this work we

use a deep 2 s state of oxygen as a reference to realign
band-edges of two compounds [34].

Figure 2(a) shows the density of states (DOS) plot
of LU3A15012, Lu3Ga5012, and Lll3Gd5012, and the s
state chosen for comparison is indicated by an arrow. It
can be seen in Figure 2(a) that the deep state chosen
is dominant compared to all other orbitals at that en-



TABLE 1. Relative shift of band-edges in eV as calculated
using a deep s state (Deep-state) and aligning the electrostatic
potential (Electrostatic).

LU3Ga5012 Gd3A15012
Method
Deep-state 1.9 0.4
Electrostatic 2.1 0.6

ergy making it an ideal candidate for band alignment as
this state is insensitive to the local coordination of the
atoms and thus should have the same energy regardless
of environment. With this deep state identified, band-
edges of two systems then can be compared directly by
shifting the band structure of one such that the energy of
the deep state coincides with the same state in the other
structure.

To validate the approach of employing the computa-
tionally less intensive deep state approach, we compared
the relative shift with the average electrostatic potential
for two cases (Al substitution with Ga, and Lu substi-
tution with Gd). Fig. 2(b) shows the supercell used for
calculating the average electrostatic potential. The offset
between the two systems was calculated using the average
electrostatic potentials for LuzAls012 and LusGasOq2
and LugAl;015 and GdzAl5045 . Table I shows the good
agreement between the two methods for calculating the
band offset, providing confidence that the deep s state
approach gives physically meaningful values.

III. RESULTS

A. Al substitution

First we consider the extreme case of full Al substitu-
tion with larger cations. Using the deep s state of oxy-
gen as the common reference, we calculated the relative
position of band-edges of various Luz3B5O15 compounds,
where B=(Al, Ga, In, As, and Sb). Other garnets are less
common than Al garnets, with only LuzGasO1o [38-40]
and LuzSbsO12 [41] reported in literature. However, an-
alyzing how other B cations impact the electronic struc-
ture may guide future doping and admixing strategies
where full substitution may not be required. Figure 3(a)
shows the relative position of the conduction band mini-
mum (CBM) and valence band maximum (VBM), along
with the lattice parameters, for each of the compounds
considered. Figure 3(b) shows the change in band-gap as
a function of lattice parameter.

The experimental band-gap of LuzAl;Oq5 is 7.5-8.0
eV [42] which is in reasonably good agreement with the
hybrid density functional theory calculated band-gap of
6.9 eV. However, what is important to this study is the
relative change of band-gap energy (rather than absolute
value), and this is predicted well with PBE. That is, the
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FIG. 3. (a) Conduction and valence band change for

Lu3zB5012 compounds, where B = Al, In, Ga, As and Sb.
(b) Change in band-gap as a function of lattice parameter for
the different compounds considered. The “bulk” (red) line
indicates the band-gap of the compound at its relaxed lattice
constant (calculated using PBE and HSE06)

while the “strained” (black) line is the band-gap of the

compound when placed at the lattice constant of

LusAl;012, to better separate the roles of chemistry and
strain on the changes in the band-gap. The band-gap for the
strained compound is plotted versus the compound’s natural

lattice constant, for ease of comparison.

change in band-gap as calculated with both methods is in
very good agreement. We had shown this before for ZnX
(X=0, S, Se, and Te) compounds under uniaxial strains
with d electrons [43, 44]. This work indicates that PBE
accurately predicts band-edge shifts even for materials
with correlated electrons.

There are several observations that can be made from
from Fig. 3. First, LuzAl;012 (LuAG) has the largest
band-gap of all compounds considered, and the band-gap
decreases with increasing lattice parameter. As has been
observed previously, for LuzGas012 (LGG) the CBM is



shifted with respect to LuAG, while the VBM is only
slightly shifted and this shift in the CBM of LGG is re-
lated to the CBM shift observed in Ga-doped LuAG,
which leads to the overlap of the cation antisite trap
state [29]. A similar, but more pronounced, effect is ob-
served for LuzInsO12, where the CBM is further shifted
with respect to LuAG and LGG, but the VBM remains
near to that of LuAG and LGG. Overall, while the VBM
remains essentially constant when substituting Al with
In and Ga, large CBM variations are observed. However,
substituting Al with either As or Sb leads to significantly
larger changes in the VBM while the associated shifts in
the CBM are relatively modest, see Figure 3. Thus, upon
substitution of Al with As or Sb, the overall decrease in
the band-gap is primarily due to increased VBM energy.
Although the VBM shifts observed for LuzAs;Oq2 and
Lu3Sbs012 are similar, the larger LuzSbs012 exhibits a
larger CBM shift.

The difference between LuzAs;012/LusSbs012 (ie
large VBM shift) and LusInsO;2/LusGasO12 (i-e. large
CBM shift) can be understood by closely examining the
states that constitute the CBM and VBM. For exam-
ple, Fig. 4 shows the electronic density of states (DOS)
for LugAA150127 LU3Ga5012, and Lu31n5012. The DOS
of LugAl;015 shows that the CBM is comprised of a
Lu d state and the VBM is dominated by an O p
state. In LuzGas0Oi2 and LusgInsOi5, the CBM shift
is driven by Ga and In s states hybridizing with the
O p state, which are, in these two cases, dominant
contributors to the CBM. Figure 5 shows the DOS for
LU3A15O12, LU3AS5012, and Lu38b5012. In LU3AS5012
and Lu3zSbs012 the VBM shift is driven by As and Sb s
states hybridizing with the O p state which are now dom-
inant contributors to the VBM. This situation is similar
to a shift of VBM in TiO5 that has been observed when
S is substituted with O due to the strong hybridization of
S and O p states [45]. In addition to the prominent dif-
ference in hybridization of states in the two cases, Bader
charge analysis shows that As and Sb bonds are more co-
valent compared to Ga and In bonds [46, 47]. Thus, and
as expected, more pronounced covalent bonding dopants
such as As and Sb push the VBM higher in energy while
ionic (electronegative) bonding dopants such as Ga and
In shift the CBM down in energy to reduce the overall
band-gap.

B. Electronic structure variation due to Lu
substitution

Now we move to extreme case of full Lu substitution
with Gd, Dy and Er to assess the effect of admixing on
the RE site on the band-gap and band-edges of LuAG.
The relative position of the band-edges of RE3Al5012
(where RE = Lu, Gd, Dy, and Er) is shown in Fig. 6(a).
Fig. 6(b) shows the change in the band-gap as a function
of lattice parameter. Substituting Lu with Gd, Dy or Er
results in relatively small shifts in the band-gap, which
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level (highest occupied state), obtained by the alignment of
the deep oxygen s state.

is commensurate with negligible variations in lattice pa-
rameter. In all cases the VBM and the CBM shift in the
same direction, resulting in an overall band-gap that is
relatively constant. It is also interesting to note that Lu,
Gd, Dy, and Er 5d states dominate the bottom of the
conduction band.
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C. Effect of admixing concentration

Finally, we have assessed the role of admixed species
concentration on band structure. That is, the above re-
sults only consider full substitution of Lu or Al cations
in LugAls015 rather than a partial replacement of Al or
Lu, which is a more realistic scenario. Given that Gd
and Ga are present in some of the multicomponent gar-
net compounds of interest for scintillating applications,
we have systematically assessed how variations in their

(@ <z gg S= Sz
12 I2 2 Zd
= 5 S 3
s] —a @
. .
=3
LU1_'

5.0- A —s— Bulk
S —=— Strained
o
% 4.8A - ~
o S <
Rk
IR~ c
4.4-

12.0 12.1 12.2
Lattice parameter (A)

11.9

FIG. 6. (a) Conduction and valence band changes for
RE3Al5012 compounds, where RE = Lu, Gd, Dy and Er.
(b) Change in band-gap as a function of lattice parameter
for the different compounds considered. The “bulk” (red)
line indicates the band-gap of the compound at its relaxed
lattice constant while the “strained” (black) line is the band-
gap of the compound when placed at the lattice constant of
LusAl5012. The band-gap for the strained compound is plot-
ted versus the compound’s natural lattice constant, for ease
of comparison.

concentration modify the band-gap and band-edge posi-
tion.

Figure 7(a) shows the variation in the band-gap, (b)
CBM and (c¢) VBM as a function of Ga (x) and Gd (y)
concentration in (Lu;—,Gdz)3(Ali—,Ga,)5012. The gar-
net structure contains one crystallographically unique Lu
site but two crystallographically unique Al sites, of which
40% are octahedrally coordinated and 60% are tetrahe-
drally coordinated. We used the special quasirandom
structure (SQS)[48] approach to generate representative
structures that mimic randomly substituted Ga and Gd
amongst all of the sites. In generating the SQSs, we con-
sidered the tetrahedral and octahedral sublattices as dis-
tinct and constructed SQSs in which the cations were dis-
tributed independently on these two sublattices. These
SQSs were then combined to achieve the various levels of
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substitutional species. This lead to situations in which
all of the substitutional species were on tetrahedral sites
for one composition (e.g. 30%) and all on octahedral sites
for the next composition (40%), leading to discontinuities
in the properties between those compositions. However,
the change in band-gap depends more significantly on
the total Ga content and less on the actual distribution
between tetrahedral and octahedral sites.

It can be seen that the variation in band-gap with Gd
concentration is quite linear. The only deviation from lin-
earity is observed when the position of the Ga switches
from the octahedral to the tetrahedral site, as discussed
above. Ga present on tetrahedral sites leads to a larger
reduction in band-gap and a larger CBM shift than when
Ga is present on octahedral sites. Hence there is abrupt
shift from 30% to 40%, when Ga substitution transi-
tioned from all tetrahedral (at 30%) to all octahedral (at
40%) sites. In a truly random distribution of Ga, this
abrupt shift would not occur and the dependence on the
band-gap and CBM shift on the Ga concentration would
be linear throughout the composition range. Further-
more, and as discussed above for the cases of full substi-
tution, the change in band-gap is much more sensitive to
changes in the B cation than the A cation. Over most of
the compositional range, the band-gap is relatively insen-
sitive to the Gd concentration, except for when the Ga
content is very small. All of the change in the band-gap
in this compositional range is due to Ga-induced changes
in the CBM.

The calculations of LuAG admixed with Ga suggested
a linear relationship between band-edge shifts and Ga
concentration. To verify the generality of linear band-gap
variation as a function of Al substituent concentration in
LusAl50;2, we also calculated band-gap variations for In,
As, and Sb substituting for Al as a function of admixed
concentration, see Fig. 8. At small concentrations, In,
As, and Sb have a more significant effect on the band-
gap variation compared to Ga. An implication of this
result is that doping with a smaller concentration of In
compared to Ga will have the same effect on the CBM.
Also, the band-gap shift resulting from As and Sb dop-
ing is markedly different from Ga. Specifically, there are

02 20 40 60 80
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FIG. 8. Variation of band-gap (eV) as a function of B (B=
Ga, In, As, and Sb) concentration, substituting for Al in
Luz(Ali—¢Bz)5012. The smallest possible concentration in
our simulation cells, 2.5%, is highlighted by the circle.

two regimes, where the biggest shift in band-gap occurs
at relatively low concentrations and above 40% As or Sb,
the band-gap shift is again linear and similar to Ga. That
is, after an initial large shift in the band-gaps induced by
In or As, the subsequent changes are similar to those in-
duced by Ga. The sharp initial drop in the band-gap due
to doping with either As or Sb can be interpreted as fol-
lows. With a small amount of dopant, a deep dopant level
is created that forms the new valence band-edge. With
increasing dopant concentration, the new valence band
widens and consequently further reduces the band gap,
but only modestly compared to the initial drop. Further,
the results in Fig. 8 suggest that band-gap changes in-
duced by ionic species such as In and Ga are relatively
linear while those produced by more covalent materials
exhibit a less linear but still monotonic dependence on
admixed ion concentration.



IV. DISCUSSION

Our results suggest that both strain and chemistry play
important roles in determining the band-gap and rela-
tive position of band-edges in A3B5012 garnets. Cations
with larger radii tend to produce smaller band-gaps. This
is accompanied by an increase in the lattice parameter.
This suggests that the cation radius can be used as an
initial screening parameter in the search for candidate
dopants to modify the band-gap. However, while we
have considered extreme limits of full substitution, some
of these hypothetical compounds may not be realizable
experimentally. This may explain the need to co-dope
Lu3Al5012 with both Ga and Gd. Gd, having a larger
radius than Lu, would help maintain the A /B radius ratio
in A3B5015 garnets, stabilizing the compound. Further,
also a consequence of the larger size, Gd would suppress
excess antisite formation between the A and B sites as
it would increase the average disparity in cation size be-
tween the two sites.

It might also be advantageous to dope or admix with
smaller amounts of larger cations. For example, the
band-gap change for In-substituted LuAG is much larger
than for Ga-substituted LuAG. One might be able to
achieve the same shifts in the CBM exhibited for full
substitution of Ga by relatively modest amounts of In
substitution. This would provide for more opportunities
for admixing strategies, as discussed below.

To better isolate the roles of strain and chemistry, we
calculated the band-gap of all of the compounds con-
sidered when they are strained to the lattice constant of
LusAl5012. These results are shown in Fig. 3(b) and 6(b)
with the line labeled “strained”. For both Al and Lu sub-
stitution, the band-gap for the compounds at their natu-
ral lattice constant and when strained to the LusAl5Oq2
lattice constant show very similar behavior. This indi-
cates that the changes in the band-edges are not simply
a consequence of strain induced by changing the radii of
the cations, but rather is an effect inherent in the chem-
istry of the cations. Thus, while the cation radius seems
to correlate with the changes in band-gap, it is not a
direct cause of those changes.

Our results suggest admixing strategies to finely tune
the band-edges of complex oxide compounds for appli-
cations such as scintillators. One can imagine admixing
LuAG with both Ga and As, the first to lower the CBM
and remove electron traps and the second to raise the
VBM and eliminated hole traps. An implication of the
non linear variation of band-edges is, very small amount
of In, As, and Sb would have much larger effect on band-
edges . Of course, the stability of such chemically com-
plex garnets must be examined, but by choosing the ap-
propriate dopant species and concentrations, the band-
edges, in principle, can be tuned to very precise values.
In fact, the results in Fig. 3 suggest that if one were to
co-dope with In and either As or Sb, the band-gap might
be eliminated altogether. If such a compound is not
thermodynamically stable, there might be other dopants

that can achieve the same effect. In addition, in multi-
component garnets a positive effect on light yield is also
expected due to local chemical composition fluctuation
and related band-edges fluctuation which may limit the
out-of-track migration of charge carriers thus support-
ing their immediate radiative recombination at emission
centers [49].

Ce3t is a typical dopant used as a center for photo-
luminescence. The upward shift of the VBM with ad-
mixing by As and Sb will reduce the energy gap between
the VBM and the Ce3" ground state, which might facili-
tate the hole transfer from the valence band towards the
Ce3t center in multicomponent garnet hosts. In YAG,
LuAG and GGAG this energy gap has been estimated to
be about 3.6 eV [15]. Such a large energy gap can indeed
lower the probability of fast hole transfer towards Ce3*.
An optimum gap value in this case is usually considered
within 0.5-1 eV [50]. Thus, with the right concentrations
of As or Sb, this VBM-Ce gap can be reduced to optimal
values.

V. CONCLUSIONS

Admixing RE3Al;015 garnet compounds with Ga and
Gd has led to pronounced improvements in scintillator
performance, in part due to shifts in the conduction band
such that the energy level of shallow defects is no longer
in the forbidden gap. In this work we screen for ad-
ditional admixing species using first-principles DFT, fo-
cusing on the variation of band-edges in order to poten-
tially “band-edge engineer” next-generation garnet scin-
tillators. We have shown that certain dopants can in-
fluence the VBM or the CBM or both, which opens the
door for further admixing strategies to optimize scintil-
lator compounds. We show that substituting Al with
Ga, In, As, and Sb in LuAG changes the band-gap, with
ionic elements (Ga and In) tend to decrease the band-
gap by lowering the CBM, and, on the other hand, cova-
lent elements (Sb and As) tending to decrease the band-
gap by pushing the VBM higher in energy. In contrast,
substituting Lu with Gd, Dy or Er changes neither the
band-gap nor the band-edges to any significant degree.
This study opens the possibility of tuning band-gaps and
band-edges by admixing not only garnets but other com-
plex oxides as well. The ability to control band-gap and
band-edges independently is a powerful tool to optimize
the performance of various materials for technological ap-
plications including not only scintillation, but also solar
cells, light emitting diodes, and field effect transistors
that require proper alignment of band-edges across het-
erostructures.
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