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ABSTRACT: A further generalization to quaternary oxide systems of
the modeling equation of optical band gap values, based on the
semiempirical correlation between the differences in the electro-
negativity of oxygen and the average cationic electronegativity,
proposed some years ago, has been carried out by expanding the
approach recently employed for ternary mixed oxides. The choice of
oxide polymorphs and their influence on the fitting procedure of an
experimental data set is evidenced by a detailed discussion of the fitting
process of the literature’s experimental band gap data pertaining two
quaternary oxide systems of the garnet family, namely,
Y;(ALGa,_,)sO01, (YAGG) and Lus(ALGa,_,)sOy, (LuAGG), playing
an important role in several engineering applications. The two
investigated systems, moreover, span a quite large range of band gap
energy values (from ~S5.5 to ~7.5 eV), as a function of the Al/Ga ratio,
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allowing a rigorous test of the proposed modeling equation. Based on the wide existing literature on the presence of excitonic effects
in the investigated systems some empirical correlations between an optical gap and a band gap in the presence of excitonic effects are
suggested, too, which could provide some rationale to overcome the discrepancies frequently encountered in comparing band gap
values reported in the literature for the same materials. The results of this work confirm the ability of this semiempirical approach in
providing good agreement between experimental and theoretical band gap values also for very complex systems, where more
sophisticated density functional theory-based methods face some difficulties in predicting the correct values.

1. INTRODUCTION

The modeling of the optical band gap of semiconducting and
insulating materials has been, during the years, one of the main
tasks of materials scientists owing to the growing importance of
such materials in many fields of the engineering sciences.
Although the general task of predicting the band gap of a
material is still a formidable task, also for the most advanced
quantum mechanical methods rooted in density functional
theory, we have shown that it is possible to derive quite

metal oxides two different interpolating straight lines were
derived with

As,p—met = 2.17 and Bs,p—met = —2.71 ineV (2)
for s,p-metal oxides and
Agmee = 1.35 and By, = —1.49 ineV 3)

for d-metal oxides.

realistic values of an optical band gap for relatively complex
oxide systems by using a semiempirical approach proposed by
the present authors some years ago for binary s,p-metal and d-
metal oxides." In that work we showed that it was possible to
correlate semiempirically the optical band gap values of
numerous crystalline binary oxides to their composition by
means of a general expression as

E, = A()(O —;(M)Z + B (1)

where y); and y, are the electronegativities (ENs) of metal and
oxygen, respectively, in Pauling’s scale. A and B have been
determined by a linear best-fitting procedure of experimental
E, values versus (xo — xw)* In the case of pure s,p- and d-

© XXXX The Authors. Published by
American Chemical Society

WACS Publications

egs 1,2 and eqs 1,3 were used to fit with reasonable accuracy,
apart from some discussed exceptions, the optical band gap
values, E,, of binary sp-metal oxides (I and XIII-XV groups
in the periodic table of the elements) and of d-metal oxides
(TI-x11 groups),z’3 respectively.
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More recently we extended such a semiempirical approach
to pseudoregular (mixed s,p-s,p or d,d-metal oxides) and
nonregular (s,p,d-metal oxides) ternary oxides by taking, also,
into account the possible changes of band gap values for oxide
systems presenting different polymorphs.”” A preliminary test
on the reliability of such an approach has been carried out by
modeling crystalline pseudoregular ternary systems of different
polymorphs a—(Ga(l_x)Alx)ZO3 and ﬂ—(Ga(l_x)Alx)ZO3 as well
as nonregular amorphous ternary systems formed by
amorphous mixed oxides, (Nb(,_,)AlL),0 (5 2.,
Ta(_»AL),0(s5_2,), and W(;_Al, O;, obtained by anodizing
Al-Nb, Al-Ta, and Al-W metallic alloys at different
compositions.5

In this work we will extend our semiempirical approach to
the modeling of the band gap of multinary oxides by discussing
extensively some selected quaternary oxides for which the
measured E, value is of the charge-transfer type; that is, Eg,p
A, where the A term is directly related to the electronegativity
of the anion and the Madelung potential of the solid.>” At this
aim, the validity of quaternary oxides band gap modeling
equations will be tested against aluminum garnets having
general formula Y;(Al,Ga,_,);O0;, (YAGG) and
Luy(ALGa(_,))sO;, (LuAGG) and covering, according to
the literature data,”” ~ a quite large range of band gap values
(from ~5.5 to ~8.5 eV). The choice of these quaternary oxides
was due to

(a) their wide use in technologically relevant applications
such as light-emitting diodes (LEDs), plasma display
panels, and scintillator materials for medical imaging
techniques.

(b) the large amount of experimental data and theoretical
models published, through the years, by different
research groups allowing a reliable test of the proposed
approach with respect to the experimental data as well as
in comparison with other approaches based on first
principles like the densit?r functional theory (DFT)-
rooted theoretical models.

The final aim of this work is to show that the proposed
semiempirical approach is capable to provide, in a simple way,
useful insights into the band gap of different oxides of relevant
interest in several engineering applications.

2. MODELING THE OPTICAL BAND GAP OF
MULTINARY OXIDES SYSTEMS

As evidenced from the formula of garnets, RE;(ALGa(,_,))sO),
(with RE = Y, Lu), such a general formula represents a
quaternary oxide of variable composition for any value of x (0
< x < 1) different from x = 1 and x = 0, while the end terms of
YAGG and LuAGG garnets are coincident with the ternary
oxides Y;Al;O,,, Y;GasO,, and Lu3Al;0,,, Lu;Ga;0,,,
respectively. According to this the modeling equations for
ternary oxides, derived in our recent work’ and accounting
both for the composition and the crystallographic structure of
pure and mixed oxides, will be employed to estimate the band
gap value of the four end terms of YAGG and LuAGG mixed
oxides. As for the quaternary oxides the modeling equations of
these more complex systems will be derived in the following by
using the same procedure employed for ternary oxide systems.

2.1. Ternary Oxide System. As extensively discussed in
our previous works,”* the modeling of the band gap of ternary
oxides, E,, has been carried out by using as starting equations
the relationships

EgT = xlEg,l(Xav) + xZEg,Z(){av)

= g,z()(av) + xl(Eg,l()(av) - Eg,z()(av)) (4)

where

Eg,l()(av) = Al()(o - )(av)z + Bl (Sa)
and

Eg,Z()(av) = AZ(IO - /Yav)z + BZ (Sb)
with

X =% + % and x; + x, = 1 (5¢)

with «; and y; representing the cationic fraction (in atom %)
and Pauling’s electronegativity parameter, respectively, of each
metal M; present in the mixed oxides. E,; and E,, represent
the band gap values of pure binary oxides assumed to follow
one of the two previous correlations (sp-sp or d-d-metal)
according to eqs 1—3. By substitution of eqs Sa—S5c in eq 4 and
after simple algebraic manipulations, we got the modeling
equation for ternary oxide system as

2 3
EgT,(Xav) = Eg, + Sy + Spxy” + Sy (6a)

where Eg; is the band gap of the pure oxide corresponding to
x; = 0, and

S = ZAz()(o _)(2)()(2 _)(1) + (B, — B,)
+ (A1 - Az)(Zo - k’z)z (6b)

Sg=2(A — A)(o — )0 —2) + A0y — %)
(6¢)

S.= (A - Az)(}(l - )(2)2 (6d)

eqs 6a—6d represent general relationships used for modeling
ternary systems where one or both pure oxides exist as
different polymorphs spanning a large range of optical band
gap values, which cannot be accommodated in the initial
correlation (see eq 1) by keeping constant the A and B
parameters reported in eqs 2 & 3 and by varying the Pauling’s
electronegativity 4parameter within the accepted uncertainty (y
= 2° + 0.05).>" According to this, in the fitting procedure,
band gap values derived for different polymorphs of yttria (c-
Y,0;, m-Y,04, hex-Y,0;) and lutetia (c-Lu,05, m-Lu,0;, hex-
Lu,0;) (see below) will be used together with the E, values
previously reported for different alumina and gallia poly-
morphs.” Further detailed information on the fitting procedure
of regular and nonregular ternary oxide systems can be found
in our previous work.’

2.2, Modeling of Nonregular Quaternary Oxides
(sp,d-metal mixed oxides). As for the band gap modeling
of quaternary oxides, we need to extend our semiempirical
approach, previously employed in modeling the optical band
gap of ternary oxides, to the case of quaternary oxides. In this
paper we will limit ourselves to the quaternary oxide systems of
general formula REN(MlxMZ(l_x))SOu, with RE = (Y, Lu), M
= Al, and M* = Ga, but the fitting equations can be easily
modified to account for different stoichiometry of other
nonregular or regular quaternary oxides systems.

By following the strategy used for nonregular ternary oxide
systems we assume as starting equation for quaternary oxide
systems

https://doi.org/10.1021/acs.jpcc.2c04523
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_ 2
Bgq = {Aq,av()(o — yu) + Bya} (7)

q,av

where y is the electronegativity of oxygen and A, ¥qaw and

B, represent the averaged parameters calculated as below

reported
_ AN x m(1 = «)) +A1Ml><mx1+AN><n
e m+n m+n m+n
(72)
with (x; + x,) = 1, my = m(1 — x;); m; = mx;; n=3; m=S.
AMopy AV x
for X = 0 Aq av =Aq av2 =AavT2 = 2 + i
’ ’ ’ m+n m+n

AMyy, AN x
forx; -1 A, =A4A =1 + "

q,av q,avl = av,T1 —

m-+n m-+n
_B;‘/IZXm(l—xl)_i_BlM‘mel_i_ANXn
e m+n m+n m+n
(7b)

with (x; + x,) = 1, my = m(1 — x;); m; = mx;; n=3; m=S.
321\42m AY X n
+

m+n

forx, -0 B . =B =B =
1 , Jav.2 T2
q av q av, av, n

BlM‘m AY x n
+

forx, >1 B . =B
m+n

q,av q,av.1 = av,T1 =

m+n
Xgav = (nXN + mXIX)(Ml +m(l — ;) XXMZ)/("” + n)
= 2y (B) + 2 X (1, (T) — 15, (T2)) (7¢)

where 7,,(T,) = (n X YN + my™*)/(m + n) and y,,,(T}) = (n
X N+ mpM)/(m + n).

After unduly long, but simple, algebraic manipulation we can
rewrite eq 7 as

Eg,q()(av) = Eg,TZ + Si(q)x, + Sq(q)x12 + SC(Q)x13

with 0 < x; < 1 (8)
where
2
E; = Az,av(Tz)(}(o - )é,av) + B, .(T,) (8a)

is the band gap of the ternary systems (Y,Lu);Ga;Oy,) (ie.
YGG and LuGG, respectively) corresponding to x; = 0. The
coefficients of the cubic eq (eq 8) are now written as

Sl(q) = ZAZT#W(XO - XTZ,av)(XTZ,aV - ’YTl,av)
+ (BIT,aV - BZT,av) + (AIT,av - AZT,aV)

(XO - /’t/TZ,av)2 (Sb)

Sq(CI) = 2’(lﬁlT,av - AZT,av)(XQ - ZTZ,av)()(TZ,av - )(Tl,av)

2
+ AZT;av()(Tl,av - )(TZ,av) (SC)

Sc(q) = (AlT,av - AZT,av)()(Tl,av - %I‘Z,av)2 (Sd)

The parameters (A,1,,/A;r,,) and (Bi1,,/B,r,,) to be used
in eqs 8b—8d are the weighted atom % average of A;, B;, and y;
parameters of ternary end terms of the YAGG and LuAGG
garnets (see eqs 7a and 7c), corrected for the different
polymorphs® (see also below), of the two ternary subsystems

pertaining to x; = 0 and x; = 1. According to this we will carry
out a correction to the B, parameter value derived from eqs 2
& 3, whenever reliable data on unit volumes are at our disposal
and in the presence of appreciable variation in the volume ratio
of the different polymorphs of each ternary subsystem. We will
come back to these aspects in modeling the band gap of
quaternary systems as a function of the oxide composition. We
like to stress that, by direct comparison, term to term, of
quaternary (eq 8) and ternary (eqs 6a—6d) modeling
equations, it comes out that the only difference in the two
fitting equations pertains to the substitution of averaged
ternary quantities in eq 8, for the definition of the new A, B,
and y parameters of eq 1, with respect to the use in eq 6 of the
analogous quantities valid for binary oxide.

3. BAND GAP ESTIMATION OF Y,0; AND LU,0,
POLYMORPHS AND TERNARY
(Y,LU)-ALUMINATES AND GALLATES (YAG, YGG,
LUAG, LUGG)

In recent works™® we discussed the limitations embodied in eq
1 to account for the large differences in band gap values
reported in the literature for different oxide polymorphs and
how to extend the use of eq 1 in the presence of different
polymorphs. In ref 5 we described how to overcome such
limitations by discussing, extensively, the case of alumina
polymorphs spanning a quite large range of band gap values,
from about 4.5 eV for 7-Al,O; up to about 8.5—9.0 eV for a-
Al,O,, as well as the case of gallia (a,f,7,k-Ga,05) polymorphs
spanning a much shorter range of Eg, values. In such work we
evidenced the dependence of the B term in eq 1 from the
formula unit volume and how to derive a more appropriate
value of the B term for all different polymorphs of each oxide.
According to our semiempirical approach, the corresponding
changes in the value of the A term of eq 1 were determined, for
alumina and gallia polymorphs, by using the experimental (or
theoretically in a few cases) band gap values reported in the
literature. We like to stress that, in using eq 1, a constant value
of Pauling’s electronegativity of the metallic cation was
assumed for all polymorphs. In the following we present
results pertaining to yttria and lutetia polymorphs to be
employed in the band gap determination and fitting process of
(Y,Lu)-aluminates and YAGG and LuAGG garnets.

3.1. Band Gap Estimation of Y,0; and Lu,0;
Polymorphs. To calculate the band gap of ternary garnets
(YAG, YGG, LuAG, LuGG), according to eqs 6a—6d, we need
to derive the band gap values of different binary Y,0; and
Lu,O; oxide polymorphs entering in the ternary system. In
Tables 1 & 2 of ref S we reported the A and B values for
different alumina and gallia polymorphs; in this section we will
derive the band gap of different yttria (Y,0;) and lutetia
(Lu,0;) polymorphs by following the same approach followed
in ref S.

In agreement with the procedure described in previous
works®> we will use the Pauling scale'*™'® of EN by assuming
for Y and Lu metals the values yy = 1.2 + 0.05 and y;, = 1.17
+ 0.05 by accepting a difference of 0.03 units, in the EN value
of Y and Lu metal, equal to that (0.03) reported in the Allen
scale'” of EN but within the accepted uncertainty of Pauling’s
scale. We must say that, in other EN scales, a larger
electronegativity value has been assigned to Lu with respect
to Y and, more recently, also in the Rahm-Hoffman EN scale'®
based on Allen’s ideas too. We are aware that the intrinsic

https://doi.org/10.1021/acs.jpcc.2c04523
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uncertainty in EN values of the elements, on the order of
+0.05 units usually associated with the Pauling scale of EN,
makes our assignment questionable too. However, in agree-
ment with the experimentally higher values of band gap
reported in the literature for LusAl;O;, (LuAG) and LuAlO,
(LuAP) with respect to the isostructural ternary oxides
Y,AL,O0,, (YAG) and YAIO, (YAP),*™"* we will assign the
lower value of electronegativity to Lu with respect to Y.
Further support for our choice will be provided in deriving the
optical band gap of yttria and lutetia (see below).

According to the literature both oxides display a quite
similar thermodynamic, electronic, and optical behavior usually
discussed within the group of rare-earth sesquioxides for which
three different polymorphs have been identified as stable
phases in different ranges of temperatures and pressures.'”~>°
In the case of yttria and lutetia the stable phase, under ordinary
conditions of pressure and temperature, are the cubic and
monoclinic phase for which different band gap values have
been reported in the literature (see Tables S1 and S2). As for
the hexagonal phase no experimental band gap values have
been reported in the literature for both oxides, as far as we
know, although a value of 5.80 eV for h-Lu,0O; is reported in
ref 40.

To estimate the optical band gap of yttrium and lutetium
oxides the usual A value of transition-metal oxides (A = 1.35,
see eq 3) will be assumed for all polymorphs, while the value of
B = —1.50 eV, typical of transition-metal oxides, will be
assigned only to the more compact hexagonal phases for which
reliable volumes for a unit formula, under ordinary conditions
of temperature and pressure, have been reported in literature.”

The value of B, for cubic and monoclinic polymorphs, will
be derived in agreement with the approach reported in ref 5, by
using the following equation

B = B o+ (Royiog/y) X [1 = (Ve ™™/ V"))

)
where B", B™, B° and V", V., V. represent the B
parameter and the unit formula volume, V,, of hexagonal,
monoclinic, and cubic yttria (or lutetia) phases, respectively.
As reported in Table S1, different B values can be derived,
according to the previous equation, for different polymorphs.
The highest B value is then derived for the most compact
polymorph, that is, hexagonal phase for Y,0; and Lu,O;. The
experimental unit formula volumes, V;,, have been used or
values derived by reliable DFT-based studies reported in the
literature.”"~** In agreement with the data reported in refs 24
and 25 for yttria polymorphs, the unit formula volume values
of V; hY29% = 66.78 A3, V™23 = 68.55 A3, and V;, V2 =
74.56 A3, obtained as average of experimental data in cited
references, were used in eq 9 for yttria polymorphs. The
repulsive energy term,”R = (Uy; — Uy ), was calculated by using
for Y,0; the values of Lattice and Madelung energy equal to
12.705 kJ/mol***” (U;) and 15.206 kJ/mol** (Uy),
respectively. From eq 9 a value of B = —0.84 eV was derived
for ¢-Y,0; by assuming for the repulsive energy term, R(cyoy)/
, the value of 8.64 eV. As for the monoclinic phase a value of
B = —1.34 eV was derived, from eq 9, for the m-Y,0;
polymorph. By using A = 1.35 and yy = 1.2, for yttria phases,
band gap values of 5.64, 5.80, and 6.30 eV are derived for h-
Y,0;, m-Y,03, and ¢-Y,0;, respectively. The highest band gap
value is in very good agreement with the room-temperature
band S values reported in the literature for single-crystal c-
Y,0;.7"% The value of 5.80 €V is also in good agreement

with the E, . values (5.68—5.88 eV) reported for monoclinic
powders.2 Both values are, also, in good agreement with band
gap values of yttria theoretically derived by using a DFT-based
method.”* ™" As for h-Y,0; we are not aware of any
experimental E; value reported in the literature for this
polymorph, while E, values around 5.62 eV have been
estimated by DFT-methods also for c-Y,0;.” Although it is
confirmed the usual scattering of experimental band gap values
as a function of sample preparations and techniques of
investigation, the literature data seem to confirm an
appreciably higher band gap value for c-Y,0; with respect to
the monoclinic polymorph as suggested in our semiempirical
approach. Further experimental band gap data on h,m-Y,0,
polymorphs could help to assess the limits of validity of our
suggested approach. In Table S1 we summarized all the data
pertaining to the formula unit volumes and B parameter as well
as estimated and experimental band gap values.

By following the same procedure for Lu,Oj3, values of B =
—1.14, —1.44, and —1.50 eV have been derived, according to
eq 9, for different polymorphs by using unit formula volumes
equal to 70.03, 65.37, and 64.47 A3 for ¢-Lu,0;, m-Lu,0;, and
h-Lu,0;, respectively. As for the cubic polymorph the reported
value of formula unit volume is the average of experimental
values reported in refs 22 and 36 while in the case of the other
two polymorphs they are DFT calculated values as reported in
refs 21 and 41.

A repulsive energy term, R.yoy)/y, equal to 6.40 eV was
used in eq 9 in agreement with the reported values of 13.665
kJ/M for the lattice energy’’ (U, = 13.665 kJ/M) and of
15.520 kJ/M for the Madelung energy (Uy = 15.520 kJ/M).*®
By assuming for Lu an EN value y;,, = 1.17, band gap values of
5.83, 5.89, and 6.19 eV have been derived for hexagonal,
monoclinic, and cubic phases, respectively, of Lu,O;. The
lowest value agrees quite well with the optical band gap value
(5.50—5.80 eV) reported for h-Lu,0;.>”*" Lower band gap
values have been derived by DFT methods for h-Lu,O;
polymorph,41_43 while higher E, values have been estimated
for c-Lu,05.*"* As for the experimental data, band gap values
ranging from 5.5 to 6.5 eV have been reported in the literature
for Lu,O; samples depending both on the nature of samples as
well as from the experimental techniques employed.™ " As
for c-Lu,O; crystalline samples, direct optical band gap values
around 5.80—6.0 eV have been frequently reported,**** in
good agreement with experimental data derived from electron
energy loss spectroscopy (EELS) technique*™** and lumines-
cence excitation spectra49_ and in quite good agreement with
the value above-reported for such a polymorph. The highest
band gap values reported®*” for c-Lu,Oj as well ¢-Y,O; single
crystals have been derived from luminescence excitation
spectra once the presence of excitonic effects, near the optical
absorption threshold of RE-sesquioxides, is also taken into
account.””>*>* Unfortunately very few experimental data have
been reported for monoclinic and hexagonal lutetia so that the
Eg ¢ data reported in Table S2 for these polymorphs should be
taken with some caution.

We like to stress that, as expected according to eq 1, higher
band gap values have been obtained for lutetia polymorphs
with respect to the corresponding yttria polymorphs; however,
the difference of the estimated band gap on going from
hexagonal to cubic polymorph decreases until it disappears. It
comes out that, in the presence of small differences in the EN
values of different cations, further variables depending on the
details of crystalline structure of each polymorph can affect the

https://doi.org/10.1021/acs.jpcc.2c04523
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expected trend in band gap values. We will come back to these
aspects in the next section in discussing the fitting procedure of
ternary oxide systems.

3.2. Band Gap Estimation of Ternary Oxides (YAG,
YGG, LUAG, LUuGG). The complications arising in comparing,
for any assigned material, the E; data obtained from theoretical
models with those experimentally derived, by using different
experimental techniques, have been discussed in previous
works™® (and refs therein). In the case of large band gap
materials, like those investigated in this work, further
complications arise from difficulties in deriving reliable room
temperature optical band gap values in the presence of
interfering excitonic effects.""'”"” In these cases we have to
distinguish between “the energy of the onset of fundamental
absorption E®”,°>°° practically coincident with the optical
band gap (or exciton band gap) Eg ot of the mate:isal derived
according to one of the usual optical methods,” and the
fundamental electronic band gap. The fundamental band gap
of the material can be obtained by summing to the exciton
band gap, the electron—hole binding energy of exciton. This
last term can be calculated once the static (or low-frequency)
dielectric constant and the exciton-reduced effective mass are
known.””*® Unfortunately, both these parameters, and
particularly the exciton-reduced effective mass, are not
generally known. According to this, Dorenbos suggested, in
the presence of excitonic effects, to correlate the electronic
band gap of materials to the J)eak of exciton energy, if available,
through the relationship'**>*

E,(A,B,Q,) = E™ + 0.008 x (E*)’ (10)

where E®° is the exciton peak energy of the host material,
experimentally measured at a given temperature, while the
second term represents an estimate of the electron—hole
binding energy of excitons. These effects are better evidenced
and quantified at very low temperatures (usually around 10 K)
and by using high-energy incident photons, usually synchro-
tron light. In absence of a detailed study on the dependence of
E® from the temperature, a correction of about —0.15 eV, to
the E®° value measured at 10 K, has been suggested by
Dorenbos™*>*¢ to get the E¥ value of YAGG and LuAGG
garnets at room temperature (RT). According to this, we will
assume

E, = (E™(10 K) - 0.15) + 0.008
X (E*(10 K) — 0,15)2 at room temperature (10b)

As for the ternary oxides Y;ALO;, (YAG) and Y;Ga;O,
(YGG), experimental optical band gap values around 6.50 and
5.50 eV, respectively, have been reported at room temperature
by different authors.>>*°~%* In refs 53 and 59—61 the optical
band gap of YAG and YGG was defined as the photon energy
corresponding to a light absorption coefficient value of a = 10
cm™,

As for YGG a value of E™ = 5.93 eV, at 8 K, has been
reported63 from which value a band gap of 6.21 eV is obtained,
according to eq 10a, in quite good agreement with band gap
value reported in the literature for YGG."" According to this,
by assuming, for YGG, ER = E = 5.50 + 0.05 €V, it is
possible to write

gopt

E®(10 K) = (E®(298 K) + 0.40eV (10c)

which can be rearranged as

E®™(298 K) = E™(10 K) — 0.15 eV = E®(298 K)

+ (0.4 — 0.15) eV = E®(RT) + 0.25(%0.05) eV
(10d)

From eq 10d a difference between E* (298 K) and E* (298
K) of 025 eV is estimated from the experimental data
pertaining to YGG. We have to say that a similar difference of
energy value (0.25—0.30 eV) between the host excitation
energy peak, E*, and the fundamental absorption energy onset
of the host exciton, E®, has been experimentally observed for
YAG®* and LuAG,® too, at low temperatures (T = 7—10 K) as
well as at room temperature (T = 300 K) for antisite defects of
the Y, ** type.**

As for YAG, E™ values ranging from 7.10°° to 6.90 eV’
have been reported, at 10 K, for pure as well for Ce3* and Pr**
doped YAG single crystals, so that, by assuming an average E™°
value of 7.0 + 0.1 eV, values of E*(RT) = 6.85 + 0.1 eV and
E®(RT) = 6.60 + 0.1 €V are expected, at room temperature for
YAG. The E*(RT) average value is in good agreement with
the room temperature value of 6.90 eV reported by Kirm et
al.%® while the E*(RT) value agrees with the Eqop Values, 6.5
eV, of refs.*”*° From E®“(RT) a band gap value of 7.23 eV +
0.12 eV, at room temperature, is now derived for YAG by using
eq 10a.

The ability of eqs 9 and 10a—10d in providing reasonable
values of optical band gap values also for ¢-Y,0; and c-Lu,0;
has been tested by deriving the E, . values of both oxides, at
room temperature, on starting from the band gap values of
6.30 and 6.20 eV above-reported for the two cubic phases.
From eq 10a a value of E™(298 K) = 6.01 eV is obtained for c-
Y,0; from which value an optical band gap E, . = ER = B —
0.25 = 5.76 eV is derived. The E™* value is in good agreement
with the value of the exciton energy peak reported by different
authors,”******” while the derived E® value is in very good
agreement with the values of direct optical band gap reported
in the literature for cubic-Y,0; (Eg.opt = 5.73-5.825 &V).>77°
Analogously for ¢-Lu,O; a value of E*(RT) = 5.92 eV is
derived from eq 10a from which value an E, ,,, value of 5.67 eV
is obtained at room temperature. The value of E*(RT) is in
good agreement, too, with the value of exciton energy peak
experimentally measured,” at 300 K, for a single crystal of c-
Lu,O;, while the E,, value is in good agreement with the
values of E, , = 5.50—5.80 eV reported in Table S2 for

: 39,44,71gh
crystalline c-Lu,O; films. &

Although further investigations are mandatory before
generalizing the use of eqs 9 and 10a—10d also to lower
band gap oxides, in the following, unless differently stated, we
will assume Ef = Eg oo while eqs 9 and 10a—10d will be
employed to derive the electronic band gap values of the
investigated oxides, on starting from the experimental E* and/
or Eg . values reported in the literature for ternary aluminates
and gallates as well for the investigated garnets of general
formula Y;(ALGa(,_,))s0,, (YAGG) and Luy(ALGa(;_,))sOy,
(LuAGG).

As for the fitting procedure of ternary and quaternary oxides
we must take into consideration that

(a) in our semiempirical approach’ the A and B parameters
of eqs 1 & 2 have been experimentally derived,' ™ for
both d-metal and s,p-metal oxides, by using the optical
band gap value of oxides without taking into
consideration possible excitonic effects. For oxide
polymorphs showing appreciable difference (>0.1 eV)

https://doi.org/10.1021/acs.jpcc.2c04523
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between optical (exciton) and electronic band gap a
corresponding change in the A parameter, at fixed B, will
be carried out to account for such a difference.

(b) the optical band gap values employed in deriving the
initial correlations (see eqs 1 & 2 and ref 1) were usually
measured at room temperature and often derived by
means of Tauc’s plot. This means that, in the presence of
excitonic effects, the optical band gap values derived by
this technique, assumed as E® values, could not coincide
with a fundamental electronic gap.

In the following, we will assume eqs 10a—10d as good
approximations for the estimation of the different characteristic
energies, E,, E* and E®, of ternary and quaternary oxide
systems, at room temperature and in the presence of excitonic
effects. Further support for the use of such relationships will be
provided in the fitting process of experimental data pertaining
to the investigated systems.

3.3. Fitting of Band Gap Values of Ternary Oxides
(YAG, YGG, LUAG, LuGG). As a preliminary introduction to
the fitting procedure of crystalline quaternary systems, we will
carry out the fitting of nonregular mixed d-s,p-metal ternary
oxides, (Y,Lu);ALO;, and (Y,Lu);GasOy,, corresponding to
the end terms of the YAGG and LuAGG garnets. This is a
necessary step to derive the band gap values (Egle & EgLT) and
fitting parameters (A,q, A;q and By, Big see egs 7a & 7b) to
be employed in eqs 8a—8d to fit the band gap behavior of
quaternary systems Y;(AlL.Ga,_,)sO;, and Lu;(ALGa;_,)O;,,
where Y;GasOy, and Lu;GasO,, represent the starting points
(at %y = 0, Egyyr in eqs 7 & 8) while Y;ALiO,, and Lu;AlO,,
(xq = 1, Egyr in eqgs 7,8) represent the end points of the
quaternary fitting curves (see below).

In order to test the ability of our approach (see eqs 6a—6d)
to estimate the band gap values of the ternary oxides,
representing the two end terms of quaternary YAGG, we
report in Figure 1 the behavior of Egr(y,,) modeling equation
as a function of Al or Ga content in mixed ternary oxides:
(Y(1-0AL),0; (squares in Figure 1) and (Y(,_,)Ga,),0;
(triangles in Figure 1). For &y, = 0.625, corresponding to

8
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Figure 1. Modeling of the band gap of ternary oxides (Y Al(;_,),0;
and (Y,Ga(;_)),0; to estimate the E, values of YAGG end terms
Y;Al;0;, and Y;Ga;0;, by assuming as binary oxides ¢-Y,0; and k-
ALO; for the formation of cubic yttrium aluminate (YAG) and c-
Y,0; and k-Ga,0; for cubic yttrium gallate (YGG). Theoretical band
gap values (square: 0 < x4 < 1) and (triangle: 0 < xg, < 1) derived

according to eqs 6a—6d by assuming for k-ALO; (see text): yy =
1.50; Bao, = —2415 eV; Aiyo, = 2458 46, = 1.60; Bygoo, =

—2.45 eV; Ay ga,0, = 2.064; yy = 1.20; B_y,0, = —0.84 eV; A_y0, =
1.35.

the ratio of Al/(Y + Al) or Ga/(Ga + Y) existing in YAG and
YGG, Eyp values of 7.28 eV (red square) and 5.70 eV (red
triangle) (E™ = 546 eV) for YAG and YGG garnets,
respectively, are obtained.

The E, value estimated for YAG (7.28 €V) is in very good
agreement with the average experimental value (7.23 eV)
derived in a previous section. As reported in the caption, the
data of (Y(;_,Al,),0; (square) have been obtained by using in
egs 6 as Eg, value (x5 = 0 or g, = 0) the band gap value of
6.30 eV derived for c-Y,03, together with the corresponding A,
= 1.35 and B, = —0.84 eV parameters. As for E; the value of
740 eV has been used for k-AlL,O; together with the
corresponding A; (2.455) and B, (—2.41S eV) parameters,
reported in a previous work.’

The initial choice of cubic yttria is supported by the fact that,
under ordinary conditions of temperature and pressure, c-Y,04
is the stable phase.”” We have to say that different coordination
number to O™ (C.N. = 8) is experienced by Y** ions in a
crystalline YAG structure (dodecahedrically coordinated to
072) with respect to c-Y,0; where Y** ions occupy octahedral
sites (C.N. = 6).””* As for the aluminum oxide polymorph
employed in the fitting process of YAG, we have chosen k-
Al,O; polymorph for which theoretical band gap values in the
range of 7.40—7.67 eV have been reported in the literature.”*”
In the YAG structure A" ions occupy both tetrahedral (T) as
well octahedral (Oct) sites with a fixed ratio of A*(Oct)/
AP*(T) = 2/3 (40/60%).”*”* In k-alumina (75—50%) of AI**
ions occupy octahedral and pentahedral (0—25%) sites, and
only 25% occupy tetrahedral sites.”*”® With the exclusion of a-
alumina, where all AI** ions occupy octahedral sites, all other
polymorphs have a variable percentage (>20%) of AI** ions
occupying tetrahedral sites but all display lower band gap
values both with respect to k-alumina®®’” and YAG phase.

As for the band gap of YGG (see Figure 1) we followed the
same procedure by using, initially, in eq 6a as E,; the optical
band gap value of E,,, = 5.0 eV, in agreement with the
experimental range of values (4.95 + 0.0S eV) reported in the
literature for k-Ga,0;.”””*~*" The band gap value of 5.70 eV
derived for YGG is appreciably lower than the expected one
Eg(RT) = 6.05 eV (see above), while it is higher than the Eg opt
value (~5.50 eV) reported in the literature for YGG.”%” In
order to understand the origin of such discrepancy in the value
of E, for YGG, we decided to estimate the E,, value of YGG
by using in eqs 6a—6d as Ey, the optical band gap of c-Y,0;
equal to 5.76 eV, previously determined, together with the new
A value (A = 1.248), derived by means of eq 1, and with the
value of B = —0.84 eV previously estimated. By leaving
unaltered the E,, value of k-Ga,O; (5.0 eV), a value of E,
= 5.54 eV is now obtained for YGG (see Figure 2) in very
good agreement both with the value of E,,, (5.50 eV)
reported in the literature®”®* as well as with the E® value (5.53
eV) derived from the E™ value® by means of eq 10c.

By using eqs 10a & 10d and the estimated E,,, = 5.54 eV a
value of band gap of 6.06 eV is now derived for YGG. This E,
value is in good agreement with that one previously estimated
(6.05 eV) as well with analogous values reported in the
literature once the correction for the difference of temperature
is carried out.

We, further, tested the hypothesis that the optical band gap
value (Eg = 4.95 £ 0.05 eV) reported” for k-Ga, O is not the
fundamental band gap but an excitonic gap. By assuming E
as a measure of the excitonic gap, that is, E® a “fundamental”
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Figure 2. Modeling of the optical band gap of ternary oxides
(Y,Ga(1_y)),0; to estimate the Egopt values of YGG (Y;Gas0y,) by
assuming as binary oxides ¢-Y,03; and k-Ga,O; for cubic yttrium
gallate (YGG). Theoretical optical band gap values (square: 0 < xg, <
1) derived according to eqs 6a—6d and by assuming (see text and
Table S1) for c-Y,04: Egopt = 5.76 eV; yy = 1.20; By, = —0.84 eV;
A y,0, = 1.248; and for k-Ga,0;: E, e = 5.0 eV; yg, = 1.60; Big,,0, =

—2.45 eV; Ay a0, = 2.064.

gopt

electronic band gap of k-Ga,O; can be estimated by means of
eqs 10a & 10d as

+ 0.25)* X 0.008 + (E

Eg = (E g opt

g opt + 0.25)

= 5202 X 0.008 + 5.20 = 5.42 + 0.0S [eV] (11)

The difference of 0.47 eV between E, and the excitonic gap,
Eg v is in fair agreement with the estimated bindin§ energy
(0.4—0.5 eV) of the lowest exciton in @,f-Ga,05." —** By
using, now, in Figure 3 the value of 5.47 as the “fundamental”
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Figure 3. Band gap modeling for ternary oxides (Y,Ga(;_,)),0; to
estimate the E, value of YGG (Y;Gas0,,) by assuming as E, values for
k-Ga, 05 the value of 5.47 eV (see text). Theoretical band gap values
(triangle: 0 < xg, < 1) derived according to eqs 6a—6d and by
assuming for c-Y,0;E, = 6.30 eV (see text and Table S1): yy = 1.20;
Bey,o, = —0.84 eV Ay o, = 1355 g, = 1.60; Bigyo0, = =245 eV;

Argao, = 2194,

band gap for k-Ga, 05 the theoretical E,y values (triangles) for
ternary (Y,Ga;_,),0; mixed oxides have been obtained by
keeping as fixed the Eg, term in eq 6a the band gap value of c-
Y,0; (6.30 V) and as E,, the fundamental band gap value of
5.47 eV for k-Ga,0;.

The room-temperature band gap of YGG, corresponding to
X, = 0.625, derived from Figure 3 is now 6.04 eV, practically
coincident with that previously derived by using eq 10d and

the estimated E® value. As for the A parameter of k-Ga, Oy the
new value of 2.194 eV, estimated by means of eq 1 and by
using the new fundamental band gap value, has been employed
in eqs 6a—6d together with the B value of —2.45 eV suggested
for k-gallia polymorph in our previous work.” The values of
parameters employed in the fitting procedure have been
reported in the captions of Figures 2 and 3.

By following the same procedure used for YAG and YGG
ternary oxides we report in Figure 4 the theoretical E, values of
(Lu,Al(;_)),0; and (Lu,Ga(;_,)),0; as a function of Al and
Ga content in the mixed oxides (x4, < 1).
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Figure 4. Modeling of band gap of ternary oxides (Lu,Al(,_,)),0O; and
(Lu,Ga(;—)),0; to estimate the E; values of LuAGG end terms,
Lu;Al;0,, and Y3GasO,,, by assuming as binary oxides c-Lu,0; and
k-ALO; (or k-Ga,0;) for the formation of cubic lutetium aluminate
(LuAG) or cubic lutetium gallate (LuGG), respectively. Theoretical
band gap values (triangle: 0 < x4 < 1) and (circle: 0 < xg, < 1)
derived according to eqs 6a—6d by assuming for k-ALO; (see text) E,
= 7.60 eV: yx = 1.50; Banos = —2.415 eV; Agy0, = 2.50; for k-

Ga,0; (see text) E, = 547 eV: yg, = 1.60; Byg,0, = —2.45 eV
Ay a0, = 2.194; and for ¢-Lu,0; = 6.20 eV (see Table S2): yy, =
1.17; By, = —1.14 €V; Ay, 0, = 1.35.

The value of 6.03 eV for LuGG (E,r) and 7.40 eV for
LuAG (E,r) have been obtained, for xyg, = 0.625 and
according to eqs 6a—6d, by using for c-Lu,O5 the estimated Eg,
value of 6.20 eV (see Table S2) and for k-Ga,O; and k-Al,O,
polymorphs the value of E;; = 547 eV and E, = 7.60 eV,
respectively. The E, values, derived in Figure 4 for LuGG and
LuAG, are in good agreement with the band gap values
reported in the literature.'"*> As evidenced in Figure 4 a value
of Eg; = 7.60 eV for k-Al,O;, slightly larger than that one
previously employed for modeling the ternary (Y, Al(,_,)),0;
system, has been used in modeling the ternary (Lu,Al(;_,)),0;
system, while the same value of E,; = 5.47 eV, previously used
in Figure 3 for k-Ga,0;, has been again employed in modeling
the (Lu,Ga,_,)),0; ternary system. We have to say that the E,
value of k-alumina, although higher than the previous one used
in fitting the YAG value, is still lower than the value of 7.67 eV
recently estimated for this alumina polymorph.”®

We like to mention that, by using as the E, value for k-
alumina the E, values of 7.40 or 7.67 eV estimated by DFT
techniques, the range of E, values derived for LuAG is
comprised between 7.28 and 7.46 eV. In both cases the
estimated Eg(RT) values, for the LuUAGG end term (x = 1), are
in good agreement with the experimental band gap values
reported in the literature or derived from experimental E™°
values by means of eqsl0a & 10b (after correction for the
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difference of temperature where necessary).”>%”**~%% Analo-
gously the choice of a fundamental band gap value for k-Ga,0;
(542 + 0.05 eV) instead of the optical gap (Eg,opt =495 +
0.05 eV) is supported by the good agreement between the
estimated E, values and the band gap values of YGG and
LuGG reported in the literature (see also the next section).*™""

4. MODELING OF Eg VERSUS X, DATA FOR
Y3(GA;_xALy)s0;, (YAGG) AND
LU;(GA(1_xALy)sO;, (LUAGG) GARNET PHASES

To test the validity of our approach in modeling the optical
band gap of quaternary oxides by means of eq 8 and eqs
8a—8d) derived in Section 2.2, we selected, for the two
investigated quaternary systems, the experimental data set of
E™ and/or E; values covering the largest interval of
compositions of both (YAGG, LuAGG) quaternary oxides
described in recent literature.”>%%’

As for the modeling of YAGG experimental band gap values,
we plotted in Figure 5 the room-temperature E® values of host
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Figure S. Experimental data sets of Ey, values for Y;3(Al,Ga(;_y))501,)
for 1 < mxy < 4 from refs 55 and 356.

exciton band gaps in YAGG:Ce (red triangles) and YAGG:Pr
(green triangles) obtained by using Tauc plots, in the
hypothesis of direct allowed transitions, from photolumines-
cence excitation (PLE) spectra.’*>°

The E® values (Figure 5) cover the range of composition
going from mx, = 1 to mx, = 4, but in the case of
YAGG:Ce*two more values of E®, at mxy = 1.5 and mxy =
2.5, are plotted as reported in the original work.” This choice
was preferred for two reasons:

(a) for xy = 0 the E® value of YGG:Ce*" was not reported in
the data set (see tablel of the original work),>® so that it
seemed to us more correct to keep constant the
exploited interval of composition of the quaternary
system.

(b) for mx, = S the average value of Eg, (6.60 + 0.1 eV),
derived by means of eqs 10a—10d by using the range of
experimental values reported for E®, covers also the

. o 56
experimental E, . values reported in literature.”

As reported in Figure S, from the linear as well as the
quadratic fitting lines on both series of experimental E* data, a
value of E® = 5.54 eV for YGG (x4 = 0) and of E® = 6.65 eV
for YAG (xy = 1) is derived, by averaging on both series of
data and interpolating fitting lines in good agreement with the
E, ., values reported previously for both end terms of

Bopt N S6.59-63 . fa

YAGG.”™” We like to stress that the E* value of YGG
derived from the data of Figure 5 is coincident with the E, .,
value derived from Figure 2 by using the modeling equations
(see eqs 6a—6d) derived for nonregular ternary systems’
together with the optical band gap values of ¢-Y,0; (E,, = 5.76
eV), derived from the estimated E, value of c-Y,0;, and the
E, ot value of k-Ga,O; reported in literature.”” From these E®
values we can estimate the band gap values of YGG and YAG
for the two end terms of YAGG by using eqs 10a & 10d as

E,(YAG) = (6.65 + 0.25)* X 0.008 + 6.90 = 7.28

eV for Y;AL.O,, (12a)

E,(YGG) = (5.54 + 0.25)° X 0.008 + 5.79
= 6.058 eV for ;Ga,O,, (12b)

We like to stress that the band gap value of the YAGG end
term, Y;Al;O},, derived from eq 12a by using the averaged
experimental E® data of Figure 5, is almost coincident with the
Egyr value previously estimated (see Figure 1) by means of eqs
6a—6d and by using the estimated band gap value (6.30 eV) of
c-Y,0; (see Table S1) and E; value (7.40 eV) of k-Al,O,
reported in ref 5. On the other hand, the E, value (6.058 eV)
obtained from eq 12b is in good agreement with the value of E,
derived for nonregular ternary systems (see Figure 3) only if
we use for k-Ga,O; a “fundamental band gap” value as that
derived by means of eq 12b. Although a strong support in favor
of the possible presence of an excitonic gap in k-gallia can be
traced out to the recent discoveries® ~°* of the existence of
excitons in @,f-Ga,0; as well as to the similarity of the band

Table 1. Experimental E® and E* and Calculated E, Values of Y;(Ga,_,Al) O, from eqs 8 and 10a (see Figures 5 & 6 and the

Text)”
E,.® (298 E.o. (298 E..,® (10

XAl Y3(Ga1—xAlx)5012 E()gb K)( }%)Sg
0 Y;Ga;0p,

Y,Ga,AlO, 5.79 5.81 5.96
15 Y;GayAl 0y, 5.87

Y,Ga,ALO,, 5.98 6.06 621
2.5 Y;GaysAlL 0y, 6.15

Y,Ga,ALO,, 6.26 6.27 6.42

Y,Ga,ALO,, 6.44 6.48 6.63
5 Y;ALO,,

“All the band gap values are expressed in electronvolts. E
97-100.

exp,av

Eexpexc ( 10
K)

Eep ™ (298 Eg e (298 K) from eq E,q (298 K)
K) 10a ik eq 8
5.93% 5.78 6.05 6.04
6.05 6.34 6.28
6.12 6.42 6.40
6.27 6.58 6.53
6.40 6.73 6.65
6.515 6.85 6.78
6.71 7.07 7.05
6.90 7.28 7.28

¢ = 6.90 eV is the averaged value between those reported in refs 65, 66, 68, and
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gap structures of different Ga,O; polymorphs, we have to say
that the assumption of a fundamental band gap in k-gallia still
needs further experimental confirmation.

In Table 1 experimental and theoretical band gap values
related to YAGG compounds are summarized.

As for the modeling of the YAGG quaternary system, we
report in Figure 6 the experimental, at room temperature, E*

7.5
y = 0.002x2 + 0.2397x + 6.06 &6
_0o-"
7t .-
y = -0.0051x2 + 0.2719x + 6.0516 0 =©”
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5

0 05 1 15 2 25 3 35 4 45 5
Al content

Figure 6. Fitting of experimental band gap data of
Y;(ALGa(;_,))sO;,) as a function of Al composition in the garnet
by means of eqs 8a—8d. Experimental (azure square symbols) E®
values (Tauc optical gap) and optical band gap values of YGG and
YAG (red square at mux, = 0 and mux, = S) are those derived from egs
12a and 12b in the text. Experimental band gap values of YAGG
samples as a function of composition derived from E® values (see
text) have been reported in the figure (filled red circle). Theoretical
band gap values (open circles) have been derived by using eqs 8a—8d,
with Egp (7.28 eV) and Epr (6.04 V) values derived in Figures 1
and 3, and AZT,av = 1.8775; Byyy = —1.84625 eV; X124y = 1.45; AlT,av =
2.040625; Byray = —1.824375 eV; yram = 1.3875.

values (azure squares) from the literature® for YAGG:Ce*
crystals as a function of Al content in the interval of
composition previously used in Figure S (1 < mxy < 4)
together with the E® values of the YAGG end terms YGG
(5.54 eV) and YAG (6.65 eV) (red squares) obtained from egs
12a & 12b.

In the same figure (filled red circles) we report the E, values,
derived from experimental E® values (azure squares) by means
of eqs 10a & 10d.

E, = (E® + 0.25)° X 0.008 + (E® + 025) [eV]

As for the experimental data, the following best-fitting
quadratic equation was obtained

E, = —0.005x> + 0272x + 6.052[eVIR® = 0.996

with a bowing coefficient (b = —0.005) nearly to zero as
evidenced by the almost linear behavior of line b.

The fitting (open brown circles) of the “experimental” E,
data reported in Figure 6 has been carried out by means of eqs
8 & 8a—8d by using as E,r, for ternary Y;GasO,, oxide, the
room temperature E, value (6.04 eV), previously calculated
(see Figure 3). As for the other parameters entering eqs
8a=8d: Yran Asraw Barav a0d YiTaw Aitaw Biray (see figure
captions), they have been calculated by using the weighted
atomic averages of y;, A, B; values used for fitting the
(Y,Al;;_yO;) and (Y,Ga;;_,)O;) nonregular ternary oxide
systems. The theoretical band gap values of YAGG in the
entire range of composition (0 < mx, < S) are in good
agreement with experimental band gap values reported in the
literature.” '"”" The best-fitting quadratic equation of
theoretical data displays an R* coefficient equal to unity with
a very low bowing parameter (b = 0.002). The very low value
of the bowing parameter is not surprising if we take into
consideration that

(a) as stressed in the case of regular and nonregular ternary
oxides, the difference of the average electronegativity of
the two end terms is the main factor in determining the
value of the S and S, terms (see eqs 6¢ & 6d and eqs 8¢
& 8d), which account for nonlinearity in the fitting
equations.

(b) as for the end term YAG and YGG the difference of EN
values (Y,y(vac) — Xav(vcg)) = 0.0625 is very small.

We have to say that, at variance with the results described
above as well in older literature,” it has been suggested in a
recent work”' that there is a nonlinear behavior of the YAGG
band gap as a function of the aluminum content in the garnet.
A close inspection of the reported E, values, calculated by
using DFT-based techniques, reveals a strictly linear behavior
of E, (YAGG) versus x for mx, < 4, while for mx, = S a
band gap value for Y;Al;O;, lower than that estimated for
Y;Al,Ga; O, was obtained. In order to support such theoretical
finding the authors report the values of E™ versus mux, at low

Table 2. Experimental E* and E* and Calculated E, Values of Lu;(Ga,_,Al)sO,, from eqs 8 and 10a (see Figures 7—9)“

Eyy, (298
Eo™ (298 Ege (298 K) K)
Lu,(Ga,_,AlL);O;, K)* rom eq 10a from eq 8
(symbols and azure open filled azure open
corresponding triangles triangles squares
Xal ﬁgures) (Figure 7) (Figure 8) (Figure 8)
0 Lu,Gas0,, 5.76 6.025 6.03
Lu,Ga,AlO,, 5.98 627 628
1.5 Lu;Gaz sAl O,
2 Lu;Ga,AL O, 628 6.60 6.55
2.5 Lu;Ga, sAl, 04,
3 Lu,Ga,ALO,, 645 6.78 6.82
4 Lu;Ga,ALO,, 6.73 7.09 7.10
4.5 Lu;Gay Al 0,
s LusALO,, 6.99 7.38 7.40

“All the band gap values are expressed in electronvolts.

Eyy, (298
By (10 Eyoge (298K)  Eo™ (298 K) E..™ (10
I}ép)g_11 om eq 10b )2 from eq 8 Ieésgz_gé
open orange brown green green filled
squares squares diamonds open circles circles
(Figure 7) (Figure 9) (Figure 9) Figure 9) (Figure 7)
6.00 6.12 6.05 6.03 5.935
6.25 6.40 6.34 6.33 6.20
6.50 6.67 6.62 6.62 6.46
6.85 7.06 7.07 6.96 6.86
7.05 7.28 7.30 7.30 7.07
7.45 7.44 7.20
7.35 7.61 7.54 7.60 7.28
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temperature (T = 10 K) derived by Ueda et al. from the Eg,
values of YAG:Ce® sample. In Figure S1 we report the
difference of values AE, = Eg(mxAl) — Eg(xAl =0) from which a
very good linearity and adaptation between experimental and
theoretically estimated values of such difference is observed in
all the range of composition. Although our results seem to
exclude the observed decrease in the estimated E, value for
YAG, further investigations on the existence or not of such a
dip in the plot of E, versus muxy, at highest Al contents in
YAGG, are welcome to clarify such a finding.

In Table 2 experimental and theoretical band gap values
related to LuAGG compounds are summarized.

As for the LuAGG quaternary oxide system, we report in
Figure 7 (blue open triangles) the experimental data set of
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Figure 7. Experimental data sets of E®* values for

Lu;(ALGa(_)5O,) for 0 < mxy < S derived from different sources

(see text): azure open triangles data from ref 89 at RT, orange open

square data from refs8—11 at 8—10 K, green filled circles data from
refs 92—96 at 8—10 K.

optical band gap values of crystalline Lu3(Ga(1_x)Alx)5012
samples, doped with 1% Pr’**, estimated at room temperature
by Katelnikovas et al.*’ “by taking the value at half band
intensity of the reflection spectra”.

Before discussing the fitting procedure of the experimental
data, we have to say that such a similar definition of band gap,
but with reference to the excitation spectra, was also adopted
in ref 92 where an optical band gap value of 7.214 eV, at 8 K,
was reported for doped LuAG:0.1%Pr* crystal. It is interesting
to note that, in ref 92, the study of the dependence of E
from the temperature of LuAG:0.1%Pr** shows a difference of
0.143 eV in the E,  values on going from 8 to 300 K (Eg,opt =
7.07 eV).”” Previous studies by Zorenko et al.”* evidenced that
such ranges of photon energy pertain to the excitation peak
energy, E™, of self-trapped excitons (STEs) generated in the
host material rather than to the fundamental band gap of
LuAG crystal. More recently E* values around 7.28—7.30 eV,
at 8 K, have been attributed to the lowest-lying energy of STE
in LuAG single crystals,és’87 while an E¥¢ value of 7.15 eV, at 8
K, has been r%};orted for the formation of STE in LuAG:Ce**
doped crystal.®” In summary, the experimental data”~"* seem
to suggest for LuAG a small decrease in the E¥ value from
7.28 to 7.20 eV with an increase in concentration of Pr’* from
zero to 0.1% and a further decrease of E™ to 7.15 eV with a
further increase of Pr’* up to 1%. In the presence of Ce*" ions
E®“ values ranging from 7.25 to 7.15 eV have been reported for
LuAG single crystals, while higher values up to 7.30 eV have
been reported for LuAGG semiconducting films in absence of
crystallographic defects usually present in a doped crystal.”*

The value of 7.0 eV (see Figure 7 triangle at mx = §)
reported in ref 89 as “optical band gap” of LuAG:1% Pr, at
room temperature, is in good agreement with the value of E,
reported by Ogieglo et al. (7.07 eV) for LuAG:0.1%Pr*",”* at
room temperature, and it is coincident with the E® value of
7.15 eV, at 8 K, reported in ref 67 for LuAG:0.2 atom %Ce>",
after correction for the difference of temperature according to
eq 10a. According to this, and in agreement with other
authors,* ™" we will assume the values of ES* reported by
Katelnikovas et al. as very good proxies of the room
temperature E™ values of LuAGG:1%Pr>* crystalline samples.

For the sake of completeness, we plotted in Figure 7 also the
E® values of LuAGG as a function of composition, obtained
from measurements carried out at low temperature (8—10 K),
reported by Dorenbos and co-workers (yellow squares) in
several papers,”'" together with the experimental E* data set
obtained by Fasoli et al.” for LuAGG samples, variously doped
with Ce** and Eu*, at mxy > 2 (green circles). As for these
last two data sets we have to say that, for mx, = §,
corresponding to pure LuAG, the value of 7.35 eV is reported
by Dorenbos and co-workers®™'" instead of the more recent
one of 7.28 €V.%® This last value has been used in the data set
of Fasoli et al. owing to the difficulty of extracting this datum
from the crowded inset of their Figure 2.”> As for this set of
data, moreover, the missing E®™ values, at mx, = 1
(Lu;AL Ga,Oyy) and mxy = 0 (Lu;GagOp,), have been
calculated by subtracting from the E® value of LuAGG the
decrease in E, values, AEg, estimated by the authors from their
PLE measurements reported in Figure 2 of ref 95. As for the
E™ value of Lu3GasO,, estimated in such a way, it was in
good agreement with the value calculated by means of eq 10c

E®(10 K) = E®*(RT) + 0.40 eV = (5.53 + 0.40)
+ 0.05 eV = 5.93 + 0.05 eV

by using for LuGG the room-temperature E® value of 5.53 eV,
corresponding to a value of light absorption coefficient a = 10*
cm ™! of LuGG single crystal in ref 96. All plotted data display a
quite linear dependence of E¥ versus mux,y, also in the region
of highest Al content (mx, > 4.5), as evidenced by the linear
best-fitting lines all displaying R* values (>0.99) nearly equal to
1 for the three data sets. A closer inspection of the original data
of ref 95 shows a flattening in the E, versus x plot (see their
Figure 2) owing to the lower band gap value assumed by the
authors for LuAG with respect to the more recent value
reported in the literature.”®

In Figures 8 and 9 we report the electronic band gap values
at room temperature, E,(RT), obtained from the experimental
data set of Figure 7, by using eq 10a in the case of values of E™
measured at room temperature (Figure 8) or through eq 10b
in the case of E™ values measured at lowest temperatures
(Figure 9).

The E, data obtained from ref 89, although displaying a clear
linear behavior, diverge appreciably in the E, values from the
two data sets derived from low-temperature E¥“. These last
ones, apart from the small differences in the E, values
pertaining to the end terms LuAG and LuGG samples (see
Figure 9), are practically coincident in the whole interval of
composition (1 < maxy < 4.5).

In order to test the ability of our approach in fitting both
these behaviors, and for the sake of brevity, we fitted in Figures
8 and 9 the two data sets (open triangles and open square
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Figure 8. Fitting of experimental band gap data of LuAGG as a
function of Al composition in the garnet by means of eqs 8a—8d (see
text). In the figure experimental E, values (azure triangle symbol),
derived from E*“(RT) values of Flgure 7, have been reported together
with the theoretical band gap values (open square symbol) derived by
using eqs 8a—8d, with Eyp (7.40 V) and Epyp (6.03 eV) values
derived in Figure 4 and Ayy,, = 1.8775; Byry, = —1.958 75 eV; yr0, =
1438 75; Aypa, = 2068 75; Bip,, = —1.936 875 eV yp1,, = 1.376 25.
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Figure 9. Fitting of experimental band gap values derived from E™
values obtained at 8 K reported in Figure 7. Fitting of experimental
band gap data of LuAGG as a function of Al composition in the
garnets by means of eqs 8a—8d (see text). In the figure experimental
E,(RT) values (brown square or green diamond symbol), derived
from E™(8 K) values of Figure 7, have been reported together with
the theoretical band gap values (open circles symbol) derived by using
eqs 8 & 8a—8d, with E,1 (7.60 €V) and Eyy (6.03 eV) values derived
in Figure 4 and Ay, = 1.8775; Byry, = —1.95875 eV yp5,, = 1.43875;
Aypay = 2.1125; Byp,, = —1.936875 €V; ypp,, = 1.37625.

symbols in Figure 7) showing the largest divergence in E,
values of LusAlO,.

The E, values of the two ternary end terms of Figures 8 and
9 are those calculated as in Figure 4 by fitting the two ternary
systems (Lu(;_,Al,),0; and (Lu(,_,)Ga,),0;. The average A,,,
B,,) Y. values for the quaternary systems have been calculated
according to eqs 7a—7c and reported in the caption of figures
together with the band gap values of end terms Ey and Egp,
LuGG and LuAG, respectively, of the LuAGG quaternary
system. As for the fitting of E, values reported in Figure 8, we
used for k-alumina a value of E(RT) = 7.60 eV slightly larger
than the value of 7.40 eV, calculated by Peitinger et al. and
previously used in fitting the YAGG system but still in good
agreement with the value of 7.67 eV reported for k-alumina by
Seacat et al.”®

A still larger E, value (7.87 V) of k-AL,O; was employed to
get a good agreement between the Egy, values, derived from

eqs 8a—8d, and the experimental E,(RT) values, derived from
E®(8 K) values,®” reported in Flgure 9. This fact is evidenced
by the larger value of the term A, = (3 X 1.35 + § X 2.57)/8
= 2.1125 employed in fitting the E, (RT) data (see caption) of
Figure 9 with respect to Figure 8.

In absence of experimental data on the value of E, for k-
alumina the small difference in the band gap values between
our theoretical values and experimental ones will be left
unsolved, although the results of Figure 8 suggest a better
agreement between our estimates, based on the existing values
of k-alumina and the E™ experimental data obtained at room
temperature.

However, we like to stress that, from our fitting procedure of
the experimental data of YAGG and LuAGG garnets, it is
confirmed that k-alumina polymorph with a band gap E,
(7.65 + 0.25) eV is the suitable choice for a right estlmatlon of
the band gap values of (Y,Lu);(Al,Ga,_,);O}, garnets.

5. CONCLUSIONS

A further generalization of our semiempirical approach to the
modeling of the band gap of quaternary oxides has been
carried out by showing the ability of this approach in providing
very realistic values of band gap for mixed oxides on starting
from the very simple initial correlation and by using the
concept of average EN parameter for the metallic cations
involved in the mixed oxides formation. This last concept
previously used for ternary oxides has been shown to hold also
for the investigated quaternary systems showing a difference of
EN between the different cations entering in the oxides less
than or equal to 0.45 unit in the Pauling scale. Further
investigations involving different cations with a larger differ-
ence in the EN parameter could help to define the range of
applicability of the proposed correlation to quaternary oxides.
In previous work™ on ternary oxide systems we reported that,
in the presence of a large difference of EN (Ay > 0.5—0.6 unit)
between the two cations, the band gap of ternary oxide systems
was, often, almost coincident with that of the binary oxides
having a lower band gap. Further studies on quaternary oxides
with cations spanning a larger range of EN values could be
enlightening on such aspect.

Apart from any difference in the band gap values reported in
the literature, owing to the use of different experimental
techniques or theoretical approach, the presence of neglected
or unevidenced excitonic effects seems to be a possible source
of error in providing reliable agreement between experimental
and theoretical E, values. This has been evidenced in the fitting
procedure of YGG and LuGG systems where a value of band
gap for k-Ga,0; equal to E, = 5.42 + 0.0S eV has been shown
to be able in providing a good fitting of the quaternary
(Y,Lu)AGG systems. It comes out that the actual optical band
value (Egopt = 4.95 + 0.05 eV) reported for k-gallia should be
assumed as an excitonic gap. Although this suggestion seems
quite in agreement with the presence of excitons in f,a-Ga,0;
recently reported in the literature, further experimental
investigations on the optical properties of k-gallia polymorph
seem mandatory before accepting the suggestion derived from
the fitting procedure of the ternary subsystems. Analogous
considerations could be done as for the fundamental band gap
value, E, of k-alumina, which, according to our approach,
should display a band gap value comprised between 7.40 and
7.87 eV, with the recent reported value of 7.67 eV almost lying
at the middle point. Owing to the intrinsic experimental
uncertainty embodied in the E, values data set of YAGG and
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LuAGG, the obtainment of a reliable experimental band gap
value of k-alumina is a preliminary task for a possible
physicochemical interpretation of the necessary variation of
the A,y,, parameter for a best fitting of YAGG and LuAGG
data. The eventual experimental confirmation of the band gap
values of k-Al,O; and k-Ga,O; polymorphs, used to model the
band gap dependence from the composition of the investigated
garnets, could suggest the use of our approach to predict the

band gap values of new polymorphs.
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