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Spinel oxides with the general formula AB,O, comprise a large family of Mg(Al,Ga),0, system

compounds covering a very wide range of band-gap values (1 eV < E <38 eV) as a
function of the nature of the metallic cations A and B. Owing to this, the physical
properties of these materials have been largely exploited both from a fundamental point of
view, for their variable electronic properties, and for their possible use in numerous
engineering applications. Herein, the modeling of ZnAL O, ZnGa,0, MgALO,, and ! " e e '
MgGa,O, cubic spinel oxides has been carried out by using the semiempirical approach

i-MgALO,

i-MgGa,0,

Band gap [eV]

based on the difference of electronegativity between oxygen and the average %Z @
electronegativity of cations present in the oxides. The results of recent theoretical ‘g o o0 : R
extensions of our semiempirical approach to ternary and quaternary oxides have been 2« TP S L
tested for spinel oxides with metallic ions occupying both octahedrally and tetrahedrally 52 v 0 -

coordinated sites in different ratios. A detailed analysis of the experimental band-gap 0 “ "‘;n(fléff)@"‘fm.%l B ‘

values and comparison with the theoretically estimated values has been carried out for

ternary ZnAL,O,, ZnGa,0,, MgAL,0,, and MgGa,0, spinels as well as for double spinels Mg(Al,,Ga,_,)O, and Zn(Al,,Ga,_,)O,,
and quaternary mixed oxides (ZnMg(,_,))ALO, and (anMg(l_x))GaZO4. The wide range of band-gap values reported in the
literature for simple or double spinels has been related to the different preparation methods affecting the grain dimension of
crystalline spinel samples as well as to the presence of crystallographic defects and/or impurities in the spinel matrix. The good
agreement between experimental band-gap values and the theoretical ones strongly supports the use of our semiempirical approach
in the area of band-gap engineering of new materials.

spinel oxides, quaternary oxides, double spinels, band gap, band gap engineering

luminescence, electronics, photonics, and energy conversion,
including, possibly, future fusion energy devices.”>”® More
specifically, ZnAl,O, and MgAlL,O, spinel oxide systems are

Numerous studies have been devoted to the fabrication and
characterization of spinel oxides with general formula AB,O,

covering a very wide range of band-gap values (1 eV < E, < 8 eV) currently intensively investigated in the luminescence research
as a function of the nature of the metallic cations A and B. Owing area as possible phosphor candidates to substitute rare-earth-
to their wide spectrum of electronic and physical properties, based alumina and gallia garnets,9 as well as catalytic support or
spinel oxides have been investigated as possible candidates in active materials in photocatalytic processes.”® On the other
numerous engineering applications as electro-photocatalysis, hand, MgAl,O, is also an interesting material for nuclear
electroluminescence, optoelectronics, photonics and spin- technologies as inert matrices for nuclear fuels or nuclear waste
tronics, energy conversion and storage, and as materials for immobilization and as optical windows in fusion reactors and/or
the fabrication of resistive random access memories (RRAM) future fusion devices. ZnGa,O, has been investigated as
for low energy consumption in data storage applications.' ™ photocatalytic material for the generation of molecular hydro-

Lower band-gap values (E; < 3.0 eV) have been reported for gen, both under ultraviolet (UV) (250 nm) and under visible
spinel oxides when the trivalent atom belongs to the transition d-

metals, while highest band-gap values are, usually, reported for
trivalent B atom belonging to the s,p-metal group (Al, Ga, In).
Lower band-gap spinels have been largely investigated as
possible photocatalysts and/or electrocatalysts in a photo- November 2, 2023
assisted water-splitting reaction and for an electrochemical November 3, 2023
oxygen evolution/reduction reaction (OER/ORR).'~ High November 21, 2023
band-gap spinels (E; > 3.0 V) are of large interest for many

relevant applications pertaining to the fields of electro-

light (420 nm) as mixed spinel ZnFeGaO,.” It is currently under
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investigation as a wide-band-gap power oxide semiconductor
and as “a promising energy electronic platform for futuristic
energy generation, storage, and power system integration”.* The
electronic properties of MgGa, O, spinel have been investigated
owing to its use as a material for application in optoelectronics
and spintronics and, very recently,” as a potential material for the
fabrication of low energy consumption resistive random access
memory (RRAM).

In the cubic AB,O, spinel structure, A, usually, represents a
bivalent cation occupying crystallographic sites tetrahedrally
coordinated to oxygen ions, and B represents a trivalent cation
occupying crystallographic sites octahedrally coordinated to
oxygen ions. As for the cation distribution between tetrahedral
and octahedral sites, the spinel structure is defined as “normal
spinel” if the bivalent cations occupy only tetrahedral sites and
the trivalent cations only the octahedral ones. In several cases,
however, it is possible to observe a total or partial inversion of
site occupancy with bivalent A cations occupying octahedral
sites and trivalent B cations occupying tetrahedral sites. In this
case, the spinel is defined as an inverted spinel, with the i symbol
representing the inversion degree: (0<i<1).Fori=0,wehave
the normal spinel, while for i = 1, we have all bivalent cations
occupying octahedral sites while half of the trivalent cations stay
in tetrahedral sites. For the i value different from zero and 1, the
spinel structure is defined as a complex spinel. We have to say
that the degree of inversion, i.e., the value of the i parameter, as
well as the experimental band-gap values reported in the
literature for spinel oxides, strongly depends on the preparation
routes' as well as on the experimental techniques of measure.
This is particularly evident for the reported band-gap values
where different procedures of band-gap determination and
different definitions of band gap are currently employed (see
Section 1.2). In the case of the optical band gap, further
complications arise in the presence of possible crystallographic
defects and chemical impurities originating within the forbidden
gap of the investigated material, optically active acceptor or
donor electronic states.

This study represents a continuation of our previous
works’~'* aimed to stress the importance of the crystallographic
structure in determining the band-gap value of the investigated
materials and how to account for these changes in the
crystallographic structure to derive the band-gap value by our
semiempirical approach. According to this, we will investigate in
detail the band-gap dependence from the composition and
structure of a selected group of high band-gap ternary spinel
oxides MgAlL, O,, ZnAl,0,, MgGa,0,, and ZnGa,0,; quaternary
double spinel oxides Mg(ALGa(,_,))O, and Zn(Al,Ga,_,))Oy;
as well as the quaternary mixed oxides Zn,Mg(;_Al,O,. The
investigated systems present several advantages as follows:

(a) The electronic structure of the constituent binary oxides
MgO, ZnO, AL O3, and Ga,0; suggests that their band
gap is of charge-transfer type and does not present
possible complications related to the presence of a
partially filled d-shell and a variable oxidation state typical
of cations belonging to transitional metals.

(b) Quite extensive experimental and theoretical data sets of
the physicochemical properties, including band-gap
values, have been reported in the literature for all binary
oxides entering the investigated spinels.

(c) The band-gap values covered by the binary oxides present
in the spinel structure cover a quite wide range of values,
from about 3.0 eV to around 9.0 eV, so that it will be
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possible to carry out a reliable comparison between the E,
values derived by our semiempirical approach and the
experimental ones as well as those derived by density
functional theory (DFT)-rooted theoretical models based
on first-principles.'”

In previous work,'' we suggested that the experimental band-
gap data of 30 metal oxides, belonging both to s,p- and d-metal
groups, could be fitted according to the following equation

E, = Ay, - %)’ +B (1)

where yy; and y represent the electronegativity values of the
metal and oxygen, respectively, in Pauling’s scale,'* and A and B
are two constants derived from the experimental data fitting.
The values

A =217

s,p-met

and B

s,p-met

= —2.71[eV] (2a)
were obtained for s,p-metal (II and XIII-XV groups in the
periodic table of the elements) oxides and for d-metal (III—XII
groups) oxides:

Afmet = 1.35 and By . = —1.49[eV] (2b)

In the same work, we derived, also, for A and B the following
expressions

A =2E;, and B=1/y[(Dy_y +D, ) — Romop)]

where E; is the extraionic energy unit orbitally dependent,
assumed " “to vary with hybridization configuration, i.e., with
different atomic coordinations in different crystal structures”, y is
the stoichiometric coefficient of the oxide MO, Dyy_y and Dg_o
are the bond energies of diatomic molecules in the gas phase,
and R0 is the repulsive energy term, generally, expressed as

R(MOy) = Ulattice - Ubond

with Uy,q being assumed coincident with Madelung energy Uy
in the ionic limit.

More recently,'® we extended the 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. In order to model the
ternary oxide band gap, E,r, as a function of the composition, we
proposed to use as a starting equation the relationship

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

= g,z()(av) + xl[Eg,l()(av) - Eg,z()(av)] (3a)
with
Eq(x,) = Az, — x,)" +B, and
Ey(x,) = A0y, — 2,)" + By (3b)
where
Xy =% txy, and x +x, =1 (3¢)

x; and y; represent 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
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Table 1. Band-Gap Values of Normal Spinels (i =

0) Estimated by the Semiempirical Approach, E , Experimental Optical Gap

Values “E exp " Obtained by Tauc’s Method (d: Direct; i: Indirect), Experimental Excitation Peak Energy Values of the Excitonic

Gap E

€X]
(througlljl eqs 6 and 7) from E,°*
phase Egt}' [eV] E, [eV]
n-MgAl,0, 7.88 7.80—8.03
n-ZnAlLO, 6.67 3.80—5.15%7%° 46,05>°
n-MgGa, O, 5.67 5.03-5.1577%
n-ZnGa,0, 4.67 1(4.55—4.67) 4(4.70—4.90) "7+ 3¢
ZnGa,0,5ine™ 4.60°*
ZnGa,Oypr—sss™ 4.90*

°*, Experimental Fundamental Band Gap, E™®, Obtained (through eq 7) from E

*and Theoretical E Obtained

exp

B [eV] E, (DFT) [eV] E&® [eV] Ef [eV]
7.385—7.434°%% 5.10—7.80%%7% 7.80—7.88%%%7
6.9 + 0.1%27 6.18—6.55°¥3436 7.28 + 0.1 6.62%°
5.41 + 0.05>~" 5.11%° 5.64°74
4.80—5.0504151 4.57—4.90737352 512 + 0.1 5277 510 +0.1
4.85%* 5.04%*
5.36"

Table 2. Band-Gap Values of Inverse Spinels (i = 1) and Complex Spinel (0 < i < 1) Estimated by the Semiempirical approach

(This Work) or Experimentally Obtained

inversion degree i MgALO, [eV] MgGa,0, [eV]
1.0 7.054 5.70
5.51% 2.63%
0.50 7.47
4.84%*
0.44 5.68
5 6339,40
0.38% 7.57
0.30
0.17
0.13 7.80
0.12 7.84%7
0.04
0.0 7.90%" 5.67
7.88
5.80—5.11

egs 1 and 2. After substitution of eqs 3b and 3c in eq 3a and
simple algebraic manipulations, we got the equation for a generic
ternary oxide system as

Eg‘T()(av ) =E (4a)

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

o+ S + qu2 + Scx3

S, =2A,(ty — 1) — ) + (B, — By)
+ (A - A0 - 1) (4b)
Sy =204 — Ao =)0 — ) + A0 — 5)°
(40)
S, = (A — A — 1) (4d)

As for the modeling, according to eqs 3a—3d, of the optical band
gap of the investigated mixed oxide crystallizing in the spinel
structure, the general chemical formula, AB,O,, can be more
effectively written as (A,_;B;,)"[A;B,_;]9°'0,, where
(A)"[B,]°*0, and (B)"[AB]°?O, represent the normal (i =
0) and the inverse spinel (i = 1), respectively. In the case of a
normal spinel, i = 0, we can assume that ZnAl,O, and ZnGa,0,
can be fitted b followmg the methodology described in our
previous works'”'* dealing with ternary oxide systems and by
taking into consideration that, as for Zn>' in tetrahedral
coordination, the A and B values to be used coincide with the
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ZnALO, [eV] ZnGa,0, [eV] refs
5.32 4.14 this work
DFT
this work
DFT
this work
exp
this work 60, (i)
4.51 this work
4.75% 46
4.58 this work
4.53% 46
4.60 this work
470, 4.60"* 27,48,42
6.62 this work
6.62>° 25
6.67 27
4.67 this work
28,30

values derived for d-metal oxide by assuming the EN value for
Zn in Pauling’s scale of y,, = 1.60.”~"* By using eq 2b, a band-
gap value of 3.37 eV is, in fact, obtained in very good agreement
with the values of 3.30—3.40 eV reported in the literature for
wurtzite ZnO (wtz-ZnO)."" According to this, for ternary oxide
systems (Zn)"[AL]°"0, and (Zn)"[Ga,]°"0,, in eqs 3a—3c,
we will assume as Eg, the band-gap value of wtz-ZnO (Eg2 =3.37
eV) with A, = 1.35 and B, =—1.50 eV and, by remembering that
in normal spinel, all AI** ions occupy octahedral sites, we will
assume as E,; the optical band-gap value of a-AL,O;, the only
polymorph of alumina oxides satisfying such a condition.'®
According to the data of Table 1 in ref 10, we will use for a-Al,04
the usual value of —2.71 eV for B and the value of A = 2.8025
derived from eq 2b by using 8.50 eV as an optical band-gap value
of a-Al,O;, as discussed in ref 10. Analogously, as for the n-
ZnGa, O, spinel, we will assume for wtz-ZnO the A and B values
reported above for d-metal oxides, while the values of A = 2.22
and of B = —2.71 €V will be assumed for a-Ga,0; (E, ., = 5.30
eV), as reported in Table 2 of ref 10.

At variance with ZnO, the band gap of magnesium oxide,
obtained from eq 2a by using the A and B values reported for s,p-
metal and an EN value of yy, = 1.3, is in very good agreement
with the value of 7.80 eV reported in the literature for single-
crystal MgO in a rock-salt structure (rs-MgQO) having octahedral
coordination.'" On the other hand, for the two ternary oxides
(Mg)"[AL]°?0, and (Mg)'[Ga,]°?0,, in the normal spinel
structure, the Mg** species are tetrahedrally coordinated to

gopt
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Figure 1. Modeling of the optical band gap of ternary oxides n-Mg(, )AL, O 1,2,) (squares) and n-Mg(,_)Ga,,0(;5,) (circles) as a function of Al or

Ga content to estimate the Eg‘OP

. values of normal spinels n-MgAL O, (n-MAO) and n-MgGa,O, (n-MGO) by assuming as binary oxides wz-MgO (see

text) and a-AL,O; for -MAO and wz-MgO and a-Ga, O for --MGO. Theoretical band-gap values derived according to eqs 4a—4d by assuming:

Ay nigo = 16756, By, nigo= —2.05 €V, 7y = 1.3, Ay_s0, = 2.8025, B,y 0, =

Continuous lines: fitting lines.

—2.71eV, yx = 1.5, Ay_go0, = 222, By_ga0,= —2.71 €V, and yg, = 1.6.

’ 0
8 1 0
0
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— O
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Figure 2. Modeling of the optical band gap of ternary oxides n-Zn(;_,)AlL, O 1,,,) (squares) and n-Zn(;_)Gay, Oy 2, (circles) as a function of Al or Ga

content to estimate the Eg,,

. values of normal spinels n-ZnAl,O, (n-ZAO) and n-ZnGa,0, (n-ZGO) by assuming as binary oxides wz-ZnO and a-

Al Oj; for n-MAO and wz-ZnO and a-Ga,0; for n-MGO. Theoretical band-gap values derived according to eqs 4a—4d by assuming: A, \,0 = 1.6756,
Bimgo = =205 €V, g = 1.3, Ap_al,0, = 2.8025, By_pp0,= —2.71 eV, ya1 = 1.5, Aq_ga,0, = 222, Bo_ga,0,= —2.71 eV, and y, = 1.6. Continuous lines:

fitting lines.

oxygen ions as in wurtzite phase (wz-MgO), so that we need to
derive the A and B values for this s,p-metal oxide in the wurtzite
structure. At this aim, we will make use of the results described in
previous works'”'” to derive the two parameters to be used in
eqs 3a—3c for calculating the optical band gap of both n-spinels.
In ref 10, we have shown, starting from eq 1, that it is possible to
obtain the following relationship between the B terms for
different polymorphs of an oxide MO,

BWZ = BrS + R(Moy)/y[l - (Vﬁlrs/Vﬁle)Z/3] (5)

where B, V5", B, and V™ represent, respectively, the B
parameter and the unit formula volume of the wtz-phase and rs-
phase, respectively, while Ry ) is the repulsive energy term (see
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eq 1) of the oxide calculated from the literature data. By
assuming for rs-MgO the B value (—2.71 eV) typical of s,p-metal
oxides, we will derive the B value for wurtzite MgO according to
eq S once the unit formula volume of the two polymorphs and
the repulsive energy term, Ryo, are known. As for the A,,

parameter, it will be derived by using eq 1 and the E,(,,.ng0)
value of 6.06 eV obtained from the fitting of band-gap values as a
function of the composition of ternary oxide wz—(Zn(l_x)ng)O
(0 <xyg < 0.5) and by extrapolating to x = 1."> By assuming the
experimental value of Vi, = 18.70 A? for the formula unit volume
of rs-MgO'"~"? and an average value of Vi, = 23.01 A’ for the
formula unit volume of wz-MgO, we derive from eq 4a, by using
a value of R(Moy)/ y =5 eV, the value of B, ;0 = —2.05 eV for

the wurtzite polymorph of MgO. The term Ry)/y has been

https://doi.org/10.1021/acsorginorgau.3c00030
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obtained by using the lattice energy value of 3795 kJ/mol and a
Madelung energy of 4278 kJ/mol.”® According to this, by using
Pauling’s EN value of y,, = 1.3 and the band-gap value of 6.06
eV reported above, a value of A = 1.6756 is finally obtained for
wz-MgO by means of eq 1 (also see Table S1).

In Figure 1 we report the optical band-gap values of the mixed
ternary oxides wtz-MgO//a-Al,O; and wtz-MgO//a-Ga,0; as
a function of the (Al)/(Al + Mg) and (Ga)/(Ga + Mg) atomic
fractions from which it is possible to derive, for x = 0.666, the
optical band-gap values of E, ., = 7.88 eV and E . = 5.67 eV,
respectively, for n-MgAl,O, and n-MgGa,O, in a normal spinel
structure.

The theoretical data have been obtained by means of eqs
4a—4d by using, as Eg, the band-gap value of 6.06 eV?! for wz-
MgO, with A, = 1.6756 and B, = —2.05 eV, as obtained above,
together with an EN value of y, = 1.3. As for A, and B, we used
the values reported above for a-Al,O; together with Pauling’s
value of EN (y, = 1.5) of aluminum for n-Mg(;_»ALO1,05)
data. Relating to n-Mg_,yGa,,O(14,,) data, correspondin%
parameters of A and B reported for a-Ga,O; were used'
together with Pauling’s EN value yg, = 1.6 (also see Table S1).

In Figure 2, we report the optical band-gap values of the mixed
ternary oxides wtz-ZnO//a-Al,O; and wtz-ZnO//a-Ga,O5 as a
function of the (Al)/(Al + Zn) and (Ga)/(Ga + Zn) atomic
fractions from which, for x = 0.666, the optical band-gap values
of Eg oo = 6.67 €V and E, . = 4.67 eV for n-ZnAl,O, and n-
ZnGa,0,, respectively, in a normal spinel structure were
obtained.

The theoretical data have been obtained by means of eqs
4a—4d by using, as Ey, the band-gap value (3.37 eV) of wz-ZnO
and as A, and B, the values typical of d-metal oxide, reported
above, together with Pauling’s scale EN value of y,, = 1.6. A
summary of the modeling parameters used in eqs 4a—4d and of
the optical band-gap values estimated for the four n-spinels
investigated are reported in Tables S1 and 1, respectively.

According to the literature data, an experimental band-gap
value of 7.80 eV for a normal n-MgAL O, synthetic crystal® has
been obtained from reflectivity measurements at room temper-
ature, while in more recent works,” a band-gap value of around
8.20 €V for ceramic samples’ and 8.10 eV for a single-crystal
sample™ at 80 and 6 K degrees, respectively, have been reported
from photoluminescence investigations. These last values, after
correction for the difference of temperature, become at RT equal
to 8.03 and 7.87 eV, respectively, for ceramic and single-crystal
n-MAGO, having assumed a negative coeflicient of temperature
of about —0.8 meV/K.° Both these values are in good agreement
with the value of 7.88 eV estimated for n-MgAl, O, according to
our semiempirical approach (see also Table 1). Small differences
in the reported E, values could be traced to the different
techniques employed in deriving the band-gap values as well as
to the exact structure and composition of the investigated
materials.

As for the optical band-gap value, E,,*”, of n-ZnAlL,O,, the
experimental data reported in the older literature’> covers a
rather large range of values (3.80—5.15 eV), all remaining
appreciably smaller with respect to the value (6.67 eV) derived
from Figure 2. As evidenced in recent works,¥**7** such low
band-gap values are noncompatible with the cathodolumines-
cence data, postulating a much larger fundamental gap, as well as

with the measured optical band-gap value, E_ . = 6.0S eV, of
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undoped ZnAl,O, samples obtained by hot pressing of powders
at the highest temperature (S0 MPa, 1600 °C) and in the
presence of a sintering additive (ZnF,).”

According to this, the lower optical band-gap values reported
in the literature could be related

(a) To the presence of specific defects in the crystalline
structure of the investigated materials® originating bands
of donor and acceptor electronic states within the
forbidden gap of the n-ZnAl,O, spinel.

(b) To the coexistence of a Zn-rich mixed ZnO/Al,O; oxide
phase, originated during the fabrication process of
samples, having lower optical band values.

This last hypothesis is compatible with the X-rays data
analysis at different temperatures, reported in ref 8, and showing
how at a temperature of 1000 °C, the formation of a ZnAlL,O,
spinel is compatible with the presence of ZnO and y-Al,O,
phases.

However, we have to point out, see Table 1, that the direct
optical band-gap value (6.05 eV) of the n-ZAO ceramic sample,
with an average grain size of about 33 ym, as reported in ref 24, is
still 0.62 eV lower than the theoretical value (6.67 eV) estimated
by us and 0.9 eV lower than the average exciton energy peak, E
= 6.95 + 0.1 eV, of ZnALO, powders and nanofibers.””*~** A
possible explanation for the difference between the E, values
reported in Table 1 could be traced to the fact that in the
presence of an excitonic gap, the fundamental energy gap is
lowered by the electron—hole binding energy of the first exciton
near the fundamental gap. We have shown, in very recent work
on aluminum garnets,10 that in these cases, it is possible to
derive, between the optical band gap (or optical energy
absorption onset) Eg o and the first exciton energy peak E™,
the following relationship

EEXC — (E

gopt T 0:25) £ 0.1 eV

(6)

In order to get the fundamental energy gap, E 5 we need to
add to E*“ the electron—hole binding energy of the exciton.'’ As
suggested by Dorenbos, *™* for aluminum garnets, we can get a
good estimate of the fundamental energy gap by using, as a first
approximation, E*“ and the relationship

E,¢ = E™(1 + 0.008E™)eV 7)
We have to say that the realm of validity of eq 7 encompasses a
class of materials wider than the aluminum garnets, while eq 6
needs to be tested outside the range of materials investigated in
ref 9. For these reasons, when the E* term was accessible, we
derived the E, ¢ value reported in Table 1 by means of eq 7, while,
in the absence of such information, we used eqs 6 and 7 if the
Eg ot value was known.

As for the MgAl, O, crystal for which an inversion degree (i =
0.12) has been very recently reported,” the fundamental gap E;
= 7.88 eV (see Table 1), derived by using eq 7 and the
experimental value of E™° = 7.434 eV derived from ref 26,, after
correction for the difference of temperature is also in good
agreement with the theoretical values (E™ = 7.88—7.80 eV)
derived by using our semiempirical approach or the DFT-based
hybrid-TB-mBJ model””*"** (Tran—Blaha-modified Becke—
Johnson potential) for treating the local exchange—correlation
energy. The small difference in energy (0.2—0.3 eV) between the
experimental fundamental gap, E;, and Egth value could be traced
to the presence of a small inversion degree owing to a partial
occupancy of octahedral sites by Mg** cations. Inversion degrees
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between 0.12 and 0.38 (0.12 < i < 0.40) have been reported in
the literature for MgAL,O, crystalline samples.”****

In the case of ZnAl,O, powder samples, by using eq 7 and the
E®values reported in Table 1, we obtained E; values (E; = 7.28
+ 0.1 eV) much higher than the experimental older Eg o values
(3.80—5.15 eV) but near to the value estimated by our approach
(6.67 V) or by DFT-based calculations.””**** In the case of
ceramic samples,” with an average grain size of 33 yum, grown by
hot pressing (50 MPa) at a very high temperature (1600 °C), a
value of E; = 6.62 eV was obtained by using eqs 6—7 and the
reported direct optical band gap of 6.05 eV*’ in very good
agreement also with our estimated value (6.67 eV).

We have to say that the theoretical band-gap values, estimated
by us or derived from DFT-based methods, pertain to bulk
crystalline materials, where quantum size effects are absent. In
the presence of powdered samples, with grain size in the order of
a few nanometers, both E, . and E* values can be modified by
the possible presence of quantum size effects. According to this,
a band-gap dependence from the average grain size has been
reported as"’

AE,(eV) = E(D) — E,,, = K/D"

where Eg(D) is the band gap of the material with average grain
dimension D, Egpis the band gap of the bulk semiconductor, and
Kand n are two constants depending on the material preparation
and thickness dimensional unity, respectively. For ZnO samples,
with D in nm, K = 3.23, and n = 1.6, an increase of E, in the
order of about 0.23 eV has been reported for ZnO particles
having average grain size in the order of 5 nm. Analogous
dependence from grain thickness, but with K=926 and n = 1.62,
has been reported for the increase of the first exciton binding
energy, AE*(meV), which for undoped ZnO samples of average
grain size D = 5 nm should amount to 68.3 meV."” Owing to the
small binding energy of the exciton in ZnO, the largest
contribution to the increase of band-gap energy, AE, ~ 0.3
eV, of zinc oxide nanoparticles comes out from the increase in
the optical gap value.

In the case of ZnAl,O, powder samples, a wide range of
average particle sizes (4 < D,, < 24 nm) has been reported in the
literature depending both on the synthesis process and after-
synthesis treatments employed by different research
groups.***"*> 1t is worth noting that for ZnAl,O, particles,
variations in the optical gap values comprised between 0.55 eV,
for particle size of about 20 nm, and 0.76 eV, for particle size in
the order of 12 nm, have been reported with respect to larger
particle sizes of about 24 nm.’” Apart from the small differences
in the reported AEg(D) values, probably depending on possible
differences in composition and crystalline defects present in the
different samples synthesized by different routes, we like to
stress that the average AE, (D) value is equal to 0.65 + 0.1 eV.
This average AE,, (D) value is in very good agreement with the
energy difference between experimentally derived E¢ values and
reported in Table 1 for bulk (E;= 6.62 V) or powders (7.28 eV)
ZnAl, O, samples. We stress that the band-gap value estimated
by us (6.67 eV in Table 1) is in very good agreement with all of
the experimental E; values obtained after correction for grain
dimensions of ZAO powders samples. Owinég to a much lower
inversion degree (0 < i < 0.063) reported” for ZnAl,O,, no
further appreciable corrections to the reported band-gap values
should be expected for ZnAl,O, samples.

From Figures 1 and 2, the optical band-gap values of 5.67 and
4.67 eV were derived, respectively, for MgGa,0, (n-MGO) and
ZnGa,0, (n-ZGO) normal spinels by using the A and B
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parameters and values of Ey, reported above for wz-MgO and
wz-ZnO. Analogously to the corresponding aluminates we used
in eqs 4a—4d, the values of A (2.22) and B (—2.71 eV)
previously reported for a-Ga,O; which correspond, according to
eq 1, to an E, . value of 5.30 eV by assuming for gallium metal
an EN value yg, = 1.60 in Pauling’s scale.'* As expected,
according to eq 1, lower optical band-gap values are obtained for
gallates with respect to aluminates as well as for zinc-containing
spinels with respect to those containing magnesium. Such an
expected trend is also in agreement with the trend observed in
band-ga? values calculated by using different DFT-based
models.”

For n-MGO samples, fewer experimental optical band-gap
values have been reported in the literature, but two recent
papers®”® report direct optical band-gap values of 5.03 eV for a
partially inverse MGO single crystal’” and of 5.15 eV for an
MOCVD film®” for which the inversion degree was not reported.
Older data, pertaining to the electroluminescence properties of
MGO samples, provide information on the presence of an
exciton energy peak at around 5.25 eV, without any mention of
the possible inversion degree, while in the case of a sample,*’
with a partial inversion degree of i = 0.44, an exciton energy peak
of about 5.36 eV is reported. We stress that both experimental
E® values are lower than the value of the band gap (5.67 eV)
derived for the n-MgGa,O, sample (see Figure 1). By using eq 6
and the optical band-gap values (5.03—5.15 V) reported above
for MGO, we get a value of E*° (5.28—5.40) + 0.1 eV in very
good agreement with the value of 5.41 + 0.05 eV reported in
Table 1. By using eq 7 and the value of E*“ = 5.40 eV, we obtain a
fundamental gap equal to 5.63 eV, while from the experimental
EgOpt data, reported above, we obtain for MGO a value of E; =
5.57 + 0.1 eV. Both E; values, derived from different
experimental data and techniques, are in good agreement with
the value (5.67 eV) calculated by means of eqs 4a—4d, lending
further support to the suggested approach. We have to mention
that the MGO spinel, in the ground state, has been reported30 as
an inverse spinel (i = 1), while lower inversion degree values
(0.40 < i < 0.88) have been experimentally measured.*”®* From
the data of Table 1, it comes out that, regardless of the inversion
degree, the experimentally estimated E; data agree nicely with
the band-gap value of -MGO calculated in Figure 1 by our
semiempirical approach. The DFT-based value (E; = 2.63 eV)
calculated™ by using the generalized gradient approximation
(GGA-PBE-modified) greatly differs from the above-reported E;
values as well as from experimental optical band-gap values. The
absence of any appreciable dependence of E; values from the
inversion degree is an interesting finding that will be fully
rationalized after deriving the band-gap value of the correspond-
ing inverted spinel (see Section 2).

As for n-ZGO, a range of optical band-gap values have been
reported in the literature with the lower values (Eig,opt~ 4.60 +
0.05 eV),** usually, attributed to the presence of an indirect
optical gap and the hi§hest ones (Eg‘optd~ 4.80 £ 0.10eV) to a
direct gap.”>*%#995:%¢ %5 On the other hand, for ZGO powder
samples, grown via a solid-state route at high temperatures
(1200—1400 °C), from photoluminescence excitation spectra
an exciton peak energy at 245 nm (E™ = 5.05 eV) was
measured®® from which a fundamental energy gap E; = 5.25 eV
was derived by means of eq 7. The value of E* is in good
agreement with the direct optical band-gap values as well as with
other E™ values reported in Table 1. As for the E™ values of
Table 1, we like to stress that for the ZGO sample prepared via a
similar synthetic route, a slightly lower exciton energy peak (E™
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values of inverted spinels i-MgAl,O, (i-MAO) and i-MgGa,0, (i-MGO) by assuming as binary oxides rs-MgO and /-

AL, O; for i-MAO and rs-MgO and f-Ga,0; for i-MGO. Theoretical band-gap values derived according to eqs 4a—4d by assuming: A g0 = 2.17,
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= 4.95 eV) has been reported”’ in presence of a mentioned
partial inversion degree of the ZGO spinel. More recently, for n-
ZGO films grown by the MOCVD technique,”” a band-gap
value of 5.25 eV has been reported on the basis of a detailed
cathodoluminescence study. Moreover, this band-gap value
agrees nicely with the direct band-gap value (5.27 V) of the
ZGO single crystal obtained by Hilfiker et al.> by spectroscopic
ellipsometry analysis. From this detailed analysis of different
techniques employed, it seems reasonable to assume a value of
5.2 + 0.0S eV for the fundamental energy gap of n-ZnGa,O,
from which an average optical band-gap value of 4.75 eV can be
derived by means of eqs 6 and 7. This average E, ., value is also
in good agreement with the band-gap value of 4.67 eV derived in
Figure 2 by using our semiempirical approach (also see Table 1).

By summarizing the results reported in Table 1, we can say
that our semiempirical approach is able to provide the
fundamental band-gap values for cubic normal spinel oxides
investigated, with a partial exception for ZnGa,O, samples for
which a good agreement is observed with the range of optical
band-gap values reported in the literature.

From the general chemical formula written as (A;_B,)"[AB,_
1°<0,, where i represents the inversion degree for partially (i <
1) inverted spinels, we can derive the following structures for
totally (i = 1) inverted spinels: (B,)"[A;B,]°"O,, where B =
Al,Gaand A = Mg,Zn. According to the chemical formula, fori =
1, in the inverted spinels, both Zn*" and Mg** ions will occupy
only octahedral voids, typical of MgO and ZnO polymorphs in
the rock-salt structure. On the other hand, only 50% of AI’** and
Ga*" ions will occupy octahedral voids, while the remaining 50%
are located in tetrahedral voids typical of the wurtzite structure.
In order to use eqs 3a—3c, we need to identify which of the
numerous gallia and alumina polymorphs is compatible with
ternary oxides having a totally inverted spinel structure. As
reported in the literature,'® the structure of @-alumina (currently
identified as -Al,0,) is the only polymorph where 50% of AI**
ions occupy tetrahedral sites, while the other remaining 50%
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occupy octahedral sites. According to this, the modeling of the
optical band gap of ternary oxides i-(Al)*[MgAl]°*O, and i-
(A1)[ZnAl1]°*O, will be carried out by using in eqs 4a—4d, as
binary oxides, the rs-polymorphs for MgO and ZnO oxides and
the $-Al,O; phase for alumina. By analogy, in the case of gallate
spinels, we will assume the -Ga,O; polymorph as a partner of
rs-MgO and rs-ZnO in mixed ternary oxide i-MgGa,0O, and i-
ZnGa,0, inverted spinels. As for the f-gallia and f-alumina
polymorphs, we will use the A and B values previously derived
and reported in Tables 1—2 of ref 2., while for rs-MgO, we will
employ the A and B values typical of s,p-metal oxides (A = 2.17,
B =-2.71¢V) (see Table S1).

In the case of rs-ZnO, we derived the A and B parameters by
following the same procedure, as described above, to obtain the
A and B parameters of wz-MgO. To derive the B value of rs-ZnO,
by means of eq 5, we used for the two ZnO polymorphs®® the
formula unit volume values of Vg, (rs) = 19.48 A% and V, (wz) =
23.75 A3, for rs-ZnO and wz-ZnO, respectively, with a value of
5.5 eV for the repulsive energy term Ry )/y. This last value has

been obtained by using an average lattice energy20 U, =4056Kk]/
mol and a Madelung energy69 Uy = 4586 kJ/mol. After
substitution in eq S, the B value of —2.18 eV is obtained for rs-
ZnO. To obtain the parameter A, we used in eq 1 the band-gap
value of 2.80 €V for rs-ZnO, derived”' from the fitting of the
band-gap values of ternary rs-(Mg(,_,)Zn, ) O as a function of Zn
content in the alloy (0 < x, < 0.5) and by extrapolating x, to 1,
together with the value of B = —2.18 eV reported above. After
substitution of E, (2.80 eV) and B (—2.18 eV) in eq 1, a value of
A(rs-zn0) = 1.38 is obtained according to the relationship: A, =
(Eg,OPt + B.)/(Yo — Xzn)* and by using the EN values, in
Pauling’s scale, of 3.5 for oxygen and 1.60 for zinc.

From the data of Figure 3, pertaining to the modeling of the
optical band gap of ternary oxides rs-MgO//f-Al,0; (squares)
and rs-MgO//f-Ga,0; (diamonds), we obtain, for x = 0.666,
the optical band-gap values of 7.05 and 5.70 eV for i-MgAl,O,
and i-MgGa,O,, respectively.

We are not aware of experimental data of E, ., as a function of
the inversion degree for i-MgAl,O,, but in a recent theoretical
study on magnesium—aluminate®* by Pathak et al., the authors
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estimated a decrease of 1.05 eV in the band gap of i-MgAl,O,
with respect to n-MgAlL,O, By assuming the band gap of n-
MgAL O, as near 8 eV (see above), the value of E, = 7.05 eV,
obtained in Figure 3, for the inverted MgAl, O, (i = 1) spinelis in
quite good agreement with the estimated decrease reported in
the literature.®*

Further support in favor of the estimated E, value (7.05 eV)
for i-MAO is obtained by a careful inspection of the
experimental data reported in Table 1 for the MgAl, O, crystal
for which an inversion degree i = 0.12 has been reported in a very
recent work.”’ By using a linear connection formula, as a
function of the inversion parameter, and the value of E, reported
by us for the i-MgAl,O, sample and the E; of Table 1 for the
partially (i = 0.12) inverted MAO, we can write for the partially
(i = 0.12) inverted spinel

Eg(i12) = 0.12 X 7.05 + 0.88 X E;(n-MAO) = 7.88 eV

By solving the previous equation for n-MAO, a value of 7.99
eV is obtained for n-MgALO, (i = 0) spinel oxide, in very
excellent agreement with the experimental band-gap value of 8.0
eV suggested for --MAO”***” and in good agreement with the
band-gap value obtained by our semiempirical approach.

In the case of gallate, we like to stress that the band-gap values
of n-MgGa,0, (5.67 eV) and i-MgGa,0, (5.71 eV) spinels are
almost equal and in good agreement with the band-gap value of a
partially inverted i-MGO sample (i = 0.44) showing an exciton
energy peak value E* = 5.40 eV>”*" from which a fundamental
band-gap value E; = 5.63 eV is obtained by means of eq 7. At
variance with the experimental data, theoretical band-gap values
of 5.80—5.11 eV for n—MgAlZO4,28’30 5.51 eV for i—MgAlZO4,28
and 2.63 eV for i-MgGa,0,,*" respectively, have been estimated
by using DFT-based methods.

In Figure 4, we report the behavior of ternary mixed oxides rs-
ZnO//p-AL, 05 (square symbol) and rs-ZnO//f-Ga,0; (dia-
monds) as a function of the composition ratios, x = Al/(Zn +
Al) and xg, = Ga/(Zn + Ga), from which the values of E, equal
to 5.32 and 4.14 €V are obtained for i-ZnAl,O, and i-ZnGa,0,,
respectively, at x = 0.666.
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We are not aware of experimental and theoretical data
pertaining to the band gaps of both inverted i-ZAO and i-ZGO
spinels (i = 1), but different band-gap values for partially
inverted i-ZAO and i-ZGO samples have been reported. From
the literature data,>>37#042464860 4 omes out that the
inversion degree of the spinel oxides investigated strongly
depends on the synthetic procedure and thermal treatments
after preparation. However, regardless of the preparation
methods, the inversion degree of ZAO (i < 0.05) is, usually,
much lower than that of ZGO (i < 0.3) or MGO (i < 0.80) and
MAO (i £0.2).%°

In Table 2, we report the band-gap values of inverse (i=1) or
partially inverse spinels (0 < i < 1) obtained experimentally or
theoretically estimated.

As for ZnGa,0,, values of the inversion parameter equal to i =
0.30 and i = 0.17 have been reported for samples obtained by
different routes.*® By using the Tauc plot in both cases, a direct
optical band-gap value of 4.75 eV was measured for the sample
(Zn5Ga30) " (Zn 5Ga, 7o) O, prepared by the precursor route
(i = 0.30), whereas for the sample
(Zng3Ga ;) (Zn;Ga; 43)°0, obtained by a solid-state
method (i = 0.17), a value of 4.53 eV was measured for Eg
In both cases, the E, . values are in the range of values reported
in the literature for the ZGO spinel, but we like to stress that for
the sample prepared via the solid-state method, the agreement
between measured (4.53 eV) and calculated (4.51 eV) Eg .
values is better than for the sample prepared by the precursor
route (AE,,, = 0.17 V).

The larger AE,, term for the precursor route sample is in
agreement with the hypothesis of quantum size effects, as
discussed above, owing to the large difference in crystallite sizes
reported* for these samples with respect to the sample prepared
via the solid-state route.

In Table 2, we reported the estimated band-gap values of
inverted spinels with i < 1 for which the experimental band gap,
Eg . o1 E and the inversion degree, i, values have been reported
in the literature.

It is worth noting the good agreement between the
reported””** band-gap value E; = 5.63 eV of MgGa,0,, at i =
0.44, and that estimated by our semiempirical approach (E, =
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1.50, A, = 2.211, B,,, = —2.387 €V, and y,,, = 1.433 for i-MAGO.

5.68 eV) at variance with the much lower E, value (2.63 €V) of i-

MGO, estimated by DFT-based methods.§0

By using the results of our recent study’ on quaternary oxides as
well as those reported above for the different polymorphs of
ZnO and MgO, we will apply our semiempirical approach to the
modeling of the following quaternary systems: (wz-ZnO, wz-
MgO)//(a-Al,Ga,_,)O; and (rs-ZnO, rs-MgO)//(f-
Al Ga,_,). With respect to the single spinel, for which we
wrote the general formula (A;_B,)"[AB,_;]°®O0,, where only
two different cations A (usually representing the bivalent cation,
Mg*" or Zn**) and B (usually indicating a trivalent cation, AI** or
Ga*") are present in different concentrations, on tetrahedral (T)
and octahedral (Oct) sites, in the case of double spinels we are,
generally, in the presence of three different cations so that, by
following Ito et al.,*® we can write the following general formula

2 T 2 .
(A1_BiB(;) TAB(, o yBlispI™" Oy (8)

where

(a) A is the bivalent cation (Mg** or Zn**) and B' and B*
represent the trivalent cations, in our case, respectively,
AP* and Ga**.

(b) j is the occupancy for B' in the 4-fold (or tetrahedral)
coordinated site and i is the occupancy for A** in the 6-
fold (or octahedral) coordinate site (or inversion
parameter).

In the case of the Mg double spinel, eq 8 becomes

(Mgl_,-AI;Gai—j)T [MgiAI Gax—i+j]0Ct O,

(8a)

which for the n-double spinel (i = 0, j = 0) can be rewritten as

2—x—j

(Mgl)T [AIZ—xGax]OCt.O4 (Sb)
while for the Zn n-double spinel, it becomes
()AL, Ga, IO, (8¢)

Equations 8b and 8¢, with 0 < x < 2, represent two quaternary
oxide systems as a function of the composition variable where
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the end terms (for x = 0 and x = 2) coincide with ternary systems
representing the normal spinels: MgAl,O,, MgGa,0,, ZnAl,O,
and ZnGa,0,. These findings agree with our previous results
pertaining to the quaternary alumina garnet phases.'’

By analogy with our previous treatment of quaternary alumina
garnets,' we will model the optical band gap of these double
spinels by means of eqgs

Eg;q()(av) =E,, + Si(q)x, + Sq(q)xl2 + Sc(q)xl3

with: 0 < x, <1 (9)
where
2
Eyrs = Agaviry)lo — %0)” + Boav(ry) (9a)

is the band gap of the ternary systems (n-MgGa,O, or n-
ZnGa,0,) corresponding to aluminum atomic fraction x = 0 in
eq 9. The coeflicients of the cubic eq 9 are now written as

Sl(q) = ZAZT,QV(XO - XTZ,av)(XTZ,av - ZTl,av) + (BIT,av - BZT,av)

+ (AIT,av - AZT,av)(XO - ZTZ,av )2 (9b)

Sq(q) = 2(AlT,alv - AZT,av)(XO - )ﬁ“z,av)()ﬁ“z,av - ){Tl,av)

2
+ AZT,av()(TLav - )(Tz,av) (9¢)

Sc(q) = (AIT,av - AZT,av)()ﬁ"l,aV - %Z’av)l (9d)

The parameters (A,r1,,/A;r,,) and (B,1,,/B)1,,) to be used in
eqs 9a—9d are the weighted at% average of A, B, and y;
parameters of ternary end terms of eq 8a (or 8b) corresponding
to the different polymorphs of the two ternary subsystems. In
our case, as for n-(Mg;) [ Al,_,Ga,]°0, (--MAGO)), for x =2,
we will have

Afu-mgo) + 2A(a-6a,05) Apwe-mgo) + 24310
1,av =
3 3
ZMg + 2)(Ga _ ZMg + 2'){Al
3 ){l,av - 3

AZ,av =

){Z,av =

_ Blwa-mgo) + 2B(a-ai,0,)
lav — 3

B(-Mg0) t 2B(4-Gay05)
2,av = 3

https://doi.org/10.1021/acsorginorgau.3c00030
ACS Org. Inorg. Au 2024, 4, 120—134


https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00030?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00030?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00030?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00030?fig=fig5&ref=pdf
pubs.acs.org/orginorgau?ref=pdf
https://doi.org/10.1021/acsorginorgau.3c00030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Table 3. Band-Gap Values of Double Spinels (i = 0, i = 1) Estimated by the Semiempirical Approach, Egﬁ‘, Experimental Optical

Gap Values %E

exp

°P* Obtained by Tauc’s Method (d: Direct; i: Indirect), Experimental Excitation Peak Energy Values of the

Excitonic Gap E,,,*, Experimental Fundamental Band Gap, E¢™*, Obtained (through eqs 6 and 7) from E., ™ or E,, *® t, and

Theoretical E{" Obtained (through eqs 6 and 7) from E,™°*

phase Egt}' [eV] E.,* [eV]
n-Mg(AlGa)O, 6.75
i-Mg(AlGa)O, 6.36
”‘MS(M1.5G30.5)04 7.30
i-Mg(Al,5Gao5)0, 6.70
n-Zn(Aly,Ga, )0, 4.85
n-Zn(AlysGa, ) Oy S.14
n-Zn(Al,Ga,)O, 5.63
y—Zn(Al,Ga,)0, 4.96 (4.534 — 4.58%)"

By substituting the corresponding values to A, B, and y;
parameters, we get for n-MgGa,O,

A,,, = (16756 X 1 +222 X 2)/3 = 2.038
o =(13X1+16%x2)/3=15

By, = —249 eV

while for n-MgAl,O,, we obtain

= (1.6756 X 1 + 2.8025 X 2)/3 = 2.427
=(1L3X1+15%x2)/3=1433
—2.49 eV

In Figure S, we plot the optical band-gap values, for the normal
double spinel n-MAGO, as a function of the composition
variable in all of the ranges of composition, 0 < x5 < 2,
embodied in eq 8a.

As mentioned above, the end points (x = 0 and x = 2) coincide
with the band-gap values of ternary spinels n-MgGa,0, (5.67
eV) and n-MgALO, (7.88 eV), while a value of 6.75 eV is
obtained for the double spinel n-Mg(AlGa)O, corresponding to
x = 1. This last value is an intermediate one between the two
end-term values and probably not different from the real one if
we take into consideration that some inversion degree can be
expected owing to the tendency of Mg** to substitute the Ga®"
species in octahedral coordination. By taking into account that
the i-MgGa,O, spinel has a band gap (5.70 eV) quite similar to
n-MgGa,0,, we can conclude that the band gap of the n-double
spinel should not change too much in presence of a partial
inversion. By analogy with the approach followed for the normal
double spinel (Mgl)T[Alea(z_x)]OCtO4, we plot in Figure S the
optical band gap of the inverted spinel derived from eq 8 by
assuming i = 1 and with the initial hypothesis that in the ternary
mixed oxide f-Al,Ga(,_,), the occupancy of tetrahedral and
octahedral sites by Ga®>" and AI** in the mixed oxide follows the
same trend existing in the pure $-Al,O; and f-Ga,O;. According
to this initial assumption and by following the same procedure
reported above for the quaternary spinel oxides, we used again
eqs 9a—9d by using the corresponding parameters

Eop™ [eV] E, (DFT) [eV] E&® [eV] Ef [eV]
3.33%
5.1°" 5.30%" 5.30 + 0.1
522" 5.44°" 5.62 + 0.1
4.96—5.01""
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Awrs-Mgo) T 24(5-62,0,) _ As-mg0) F 24540,

AZ,av = 3 lav = 3
g T U, A T Ui
xZ,av - 3 }ﬁ,av - 3
B = Bss-mgo) + 2B(g-car0,) _ Bismgo) * 2Bga1,0,)
2,av T

3 lLav — 3

and substituting the corresponding values to A, B, and y;
parameters, we get for i-MgGa,O,

A, =(217 X 1 + 1.9695 X 2)/3 = 2.036

2,av
%o =(13xX1+16x%x2)/3=15
By, = —(271 +2x231)/3 = 2443 eV

while for i-MgAl,O,, we obtain

A, = (217 X 1 + 22313 x 2)/3 = 2211
Fiaw = (L3 X1+ 15x2)/3=1433
B, ., = —(2.71 4 2225 X 2) = —2.387 ¢V

In Table 3, we report the band-gap values of normal and inverted
double spinels for some particular compositions from which we
see that a value of 6.36 eV is now obtained for the double spinel i-
Mg(AlGa)O, having the structure:
(Al.sGa.s)T(MgAl.sGa.s)Odo4-

It has been reported that, under ordinary conditions, the
formation of i-MgGa, 0, is energetically favored with respect to
n-MgGa,0,, whereas the contrary is true for MgAIZO4.65
According to this, Pilania et al.* suggested that in the double
spinel (Ga)[MgAl]O,, the “local configurational environments
preserve the specific coordinations of their atomic constituents
coming from the two end-point single spinels”, so that as end
ternary oxide in Figure 5, we should use n-MgAl,O,. In this case,
however, owing to the almost coincident value of E . derived
for i-MgGa,0, (5.70 eV) and n-MgGa,0, (5.67 eVs, we can
anticipate (also see Figure S1) that the E, values derived for the
double spinel i-Mg(AL,Gay,_,))O, (E; = 6.76 eV) coincide with
the value of 6.75 eV measured at x = 1 for --MAGO (see Figures
S and S1). This last value is about 0.4 eV higher than that
reported (6.36 eV) for i-Mg(AlGa)O, (Table 3a). The
difference of 0.4 eV in Egth values, obtained by using the two
different end terms for MgAlL,O,, reflects the fact that the
structure of the double spinel, at x = 1, is quite different as
derived from the use of the structural formula
(Mg,_AlLGa,_,)"[MgAl_,_Ga,_;,;]°".0,, with occupancy fac-
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Figure 6. Modeling of optical band-gap values of doubles spinel Zn(AlL,Gay;_,)),0, (ZAGO) as a function of Al composition for (i = 0) n-ZAGO
(diamond) and for (i = 1) i-ZAGO (square). Theoretical band-gap values have been derived by using eqs 9 and 9a—9d with Egr,=4.67 eV, Ay, =193,
By, = —2.3066 €V, 15, = 160, Ay, = 2.3183, B,,, = —2.3066 eV, and 1, = 1.5333 for -ZAGO and with Eyp, = 4.13 eV, A,,, = 1.7748, By, = —2.27 ¢V,
Joa = 1.60, Ay, = 1.9483, B, = —2.2133 eV, and y,,,, = 1.5333 for i-ZAGO. Experimental optical band-gap values (triangles) of Zn(Al,Ga(_)),04

samples prepared under hydrothermal conditions at 240 °C for § h.**

tors i = 1 and j = 0.5 in the first case (i-MAGO) and i=0.5,j=0
in the second case (1,i-MAGO), to which correspond the two
structures  (GagsAly ) [MgAlys caos]O4 and (MgsGaj)-
[Mg ;AlGa]O,, respectively.

We have to stress that the DFT band-gap value for
(Ga)[MgAl]O, (3.33 eV) reported in the literature® and
calculated by using the modified generalized gradient approx-
imation (GGA-PBE) is much lower than the values reported
above (see Table 3). We are not aware of experimental data
reporting the band-gap value of such quaternary double spinel
oxide, but the occupancy parameters of a single-crystal sample,
having composition Mg g93Al; 1;Gag 97304 reported in the
literature™ suggest a very low occupancy of tetrahedral sites
(3.5%) by Al**, a much higher occupancy (68%) by Ga®" ions,
and a still appreciable (28.5%) presence of Mg*" ions in
tetrahedral sites. These results agree, also, with recent findings
showing a preferential distribution of AI** on octahedral sites
with respect to Ga>* in 3-AlGaO; oxide,”” while the presence of
Mg ions in octahedral sites (i = 0.38) has been reported
recently® for polycrystalline samples of MAGO. From these
findings, it seems reasonable to assume for the double spinel
Mg(AlGa)O, an inversion parameter comprised between 0.4
and 0.7 and an occupancy factor j = 0. According to this,
depending on the thermal history and fabrication methods, we
could expect an optical band-gap value for the MgAlGaO,
double spinel at around 6.55 + 0.2 eV. Optical band-gap values
lower than 6.35 eV should be accepted with some caution and
probably it could be traced to the presence of localized
electronic states within the gap owing to the presence of
crystallographic defects and/or impurity bands.**

In agreement with the approach discussed above for the MAGO
double spinel and by using eqs 9 with the corresponding average
parameters, calculated as above, we plot in Figure 6 the optical
band-gap values, for the normal double spinel n-ZAGO, as a
function of the composition variable in the same range of
composition (0 < x, < 2) previously reported for MAGO. In
this case, the optical band-gap values of the end points (x = 0 and
x = 2) coincide, for i = 0, with the band-gap values of ternary

130

spinels n-ZnGa,0, (4.67 eV) and n-ZnALO, (6.67 eV),
respectively, while for x = 1, a value of 5.63 eV is obtained for
the n-Zn(AlGa)O, double spinel (see also Table 3).

In Figure 6, we also plot the optical band-gap values of the
inverse (i = 1) double spinel (i-ZAGO) by using as end terms of
the quaternary oxides system the band-gap values of ternary
oxides i-ZnGa,0, (Eg,opt =4.13 eV) and i-ZnAl,O, (Eg’opt =5.32
eV), respectively. The values of the different parameters
employed for modeling the behavior of Eg . vs x4 are reported
in the caption of Figure 6.

As for the experimental optical band-gap values of the n-
Zn(Al,Ga,_,),0, double spinel, a very wide range of values have
been reported in the literature for the ternary end terms
ZnGa,0, and ZnAl,O,, as discussed in Section 3 (see Table 1),
while very few data have been reported in the literature for the
intermediate range of composition pertaining to the double
spinel composition (see Table 3). From a close inspection of the
experimental data, we can reasonably assume that single
Zn(Ga,Al),0, or Zn(Al,Ga,_,),0, double spinels polycrystal-
line samples prepared by hydrothermal synthesis and lower
temperatures display lower optical band-gap values with respect
to their counterpart prepared by the solid-state route and/or
higher temperatures. By assuming as reference values the single-
crystal optical band-gap value of end terms n-ZnGa, 0, (4.70 +
0.1eV)*™”* and n-ZnAl, 0, (6.70 + 0.1 eV),*>** obtained from
the Tauc plot or from photoluminescence excitation spectra (see
also Table 1), we will discuss the existing experimental data of
the double spinel, Zn(Al,Ga,_,),04 to evidence some
incongruences and possible answers.

In Table 3, a good agreement is obtained between the
estimated band-gap values of n-Zn(Aly,Ga,3)O, and n-
Zn(Aly5Ga,;5)O, double spinels and the fundamental gap of
these spinel calculated by means of eq 7 and by using the
experimental energy exciton peak, E™, values reported in Table
3. We have to mention that in both cases, the investigated
samples were prepared by a solid-state method and at a high
temperature. As for the n-Zn(AlGa)O, double spinel, a value of
E;, = 5.63 eV has been estimated in Figure 6 to which a
fundamental gap of 6.16 €V is associated in agreement with the
results of the same double spinel at lower Al content.
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Table 4. Band-Gap Values of Quaternary Oxide Spinels Estimated by the Semiempirical Approach, Eg‘h, Experimental Optical

Gap Values *E

exp

Excitonic Gap E,,,*, Experimental Fundamental Band Gap, E{™?, Obtained (through eq 6 and 7) from E

Theoretical E{" Obtained (through eqs 6 and 7) from E,™°*

phase Egt11 [eV] Eo® [eV]
ZngsMgp75Ga, O, S5.44
Zny sMgsGa,0, 5.175 475"
¥=(Zno sMgo5)ALO, 6.13 5.527°
Y-Zn25sMgo75Ga; 0, 5.043
7-Zng Mgy sGa,0, 4.80 475"

In Figure 6, we also plotted the experimental optical band-gap
values of the solid solution Zn(ALGa,_,),0,, covering all of the
ranges of composition’* and prepared under similar hydro-
thermal conditions. As shown in Figure 6, the experimental
optical band-gap values are in very good agreement with the
theoretical data points of i-Zn(Al,Ga,_,),0, calculated by using
ternary end terms i-ZnGa,0O, and i-ZnAl,O,.

By excluding the formation of i-Zn(AlGa,_,),0, (iexp <
0.06), the lower optical band-gap values of Figure 6 could be
attributed to the presence of crystallographic defects or to the
formation of an impurity band in n-Zn(ALGa,_,),0, related to
the preparation method. We like to mention that the formation
of antisite defects, Zng,, as well as the formation of a polaronic
band in the presence of an excess of Zn, with respect to the
stoichiometric ratio Zn/(Ga(,_,)Al,) = 0.5, energetically located
at about 0.5—0.9 eV above the valence band of n-ZGO, have
been reported in the literature.”>”*

However, we like to stress that a good agreement between the
Egth values of Zn(AlGa)O, and the direct optical band gap of
samples prepared under hydrothermal conditions is obtained
(see Tables 3 and 4) by modeling the quaternary mixed oxides
by using the two ternary oxide systems wz-ZnO/y-Ga,O; and
wz-ZnO/y-Al,O5. Both y-Al,O; and y-Ga,O; crystallize as
defective cubic spinel (y-ALO,,; and y-Ga,0,,;), and the
formation of a cubic spinel solid solution y-Zn(ALGa,_,)O,, at
much lower temperatures than those employed in the solid-state
route of preparation of spinels, could offer an alternative
explanation for the behavior of samples of Zn(ALGa(,_,)),0,
prepared under hydrothermal conditions. This last hypothesis
could explain the behavior of the experimental data set depicted
in Figure 6 as well as the good agreement between the E, value
derived for the quaternary mixed oxide y-Zn(AlGa)O,, through
our semiempirical approach, and the E; values, estimated by
means of eqs 6 and 7, by using the E,, values reported for
Zn(AlGa)O, samples in the literature.”

As for the quaternary oxides having a cubic spinel crystalline
structure, we report, in Table 4, the experimental exciton peak
energy or the optical band-gap values of the quaternary mixed
oxides (Zn,_,Mg,)Ga,O,, prepared by a solid-state route at high
temperatures (T = 1200 °C, 8 h) for x = 0.2S, or as a single
crystal at x = 0.5. By using eqs 6—7, we estimated the
fundamental gap, E; of both samples, which almost coincides
with the band-gap values of the quaternary oxides estimated by
our approach by assuming as end terms, of these quaternary
oxides, the ternary spinels n-ZnGa,0, and n-MgGa,0, (or i-
MgGa,0,). It is interesting to note that the fundamental gap of
both quaternary samples can also be reasonably fitted by using as
end terms of quaternary oxides the ternary systems wtz-
(ZnO,MgO)/y-Ga,0; and wtz-(ZnO,Mg0O)/y-AL,O;. Both

°P* Obtained by Tauc’s Method (d: Direct; i: Indirect), Experimental Excitation Peak Energy Values of the

exc opt
exp . OF Egyp %, and

B [eV] E, (DFT) [eV] ES® [eV] E [eV]
523" 5.45
5.05% 525"
5207
6.04
523" 5.45 5.52
5.05" 525" 525
5.2%

131

gallia and alumina y-polymorphs crystallize as defective cubic
spinels, while as for ZnO and MgO oxides, we used the wurtzite
phase by assuming that in the quaternary oxide with a cubic
spinel structure, both cations occupy tetrahedrally coordinated
sites. This assumption is particularly stringent for the good
fitting of the fundamental gap of the Zn Mg Al,O, sample
prepared by a low-temperature hydrothermal route and
subsequent thermal treatment at 800 °C for 4 h.

A detailed investigation of the modeling procedure of band-gap
values of normal (i = 0) and complex (i < 1) cubic spinels
MgAlL,O,, MgGa,0,, ZnAlL,O,, and Zn(AlL,Ga,)O, has been
carried by using a semiempirical approach based on the
correlation between the band gap of oxides and the difference
of average electronegativity of metallic cations (y,,) and oxygen
recently derived for ternary and quaternary mixed oxides. The
extension of the correlation to the different polymorphs and
mixed ternary or quaternary oxides, initially derived for binary
oxides, has been successfully tested also for the complex
investigated spinel structures. The band-gap values of MgAl,O,,
and MgGa,O, spinels derived, according to our approach, agree
nicely with the values reported in the literature for both
compounds.

In the case of bulk n-ZnAl,O,, our band-gap estimate (Eg =
6.67 eV) was in very good agreement with the fundamental gap
(E¢ = 6.62 €V) of bulk samples, derived by using the direct
optical gap measured by Tauc’s method, whereas powder
samples of ZAO displayed higher (7.28 eV) fundamental gap
values, derived by using the exciton energy peak values reported
in the literature. The larger values of E¢ have been attributed to
the possible onset of quantum size effects, as reported in the
literature for spinel samples having smaller grain sizes. At
variance with the above-described behavior, in the case of the n-
ZnGa,0, spinel, the band gap estimated by us (E, = 4.67 V)
was in good agreement with the optical band-gap values
reported in the literature but about 0.5 eV lower than the
fundamental gap, derived from the exciton energy peak values
reported in the literature or estimated by spectroscopy
ellipsometry.

In the case of inverse spinels, the few experimental data and
the absence of information on the inversion degree of the few
investigated systems did not allow an extensive check of our
estimated band-gap values. However, we have to mention that
for some partially inverted spinels of MgGa,O, (i = 0.44) and
ZnGa,0, (i < 0.30), a quite good agreement between our band-
gap estimate and the experimental band-gap values was
observed. In many cases, our estimates of spinel band-gap
values have shown a better agreement with respect to the
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estimates provided by first-principles and DFT-based techni-
ques.

The band-gap values of double spinels n-Zn (AL Ga,_,)O, and
quaternary oxides, of general formula Zn Mg, _ Al,O,, estimated
by using the fitting equations derived’ for quaternary alumina
garnets, displayed a very good agreement with the fundamental
band-gap values reported in the literature. Further experimental
investigations aimed at explaining the observed discrepancies
are welcome for reaching a deeper understanding of the
influence of the preparation method on the solid-state properties
of these technologically important materials. However, the
results of this work confirm that the semiempirical approach to
the band-gap modeling of mixed oxides, proposed by the present
authors, is, in many cases, able to derive the right information on
the expected band gap of mixed oxides, provided that the

restrictions embodied in the model are satisfied.

The data underlying this study are available in the published
article and its Supporting Information.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00030.
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