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Electronic and Optical Properties of the
Spinel Oxides GeB,0, (B = Mg, Zn and Cd):
An Ab-Initio Study

Djamel Allali"-%*, Abdelmadjid Bouhemadou?, Fares Zerarga*, and Foudil Sahnoune’

We report ab-initio density functional theory calculations of the electronic and optical properties of the spinel
oxides GeMg,0,, GeZng,0, and GeCd,0, using the full potential linearized augmented plane-wave method.
To calculate the electronic properties, the exchange-correlation interaction was treated with various function-
als. We find that the newly developed Tran—Blaha modified Becke—Johnson functional significantly improves
the band gap value. All considered GeB,0O, compounds are direct band gap materials. The band gap value
decreases with increasing atomic size of the B element. The decrease of the fundamental direct band gap
(I'-I") when one moves from GeMg,0, to GeZn,0, to GeCd,0, can be attributed to the p—d mixing in the
upper valence bands of GeZn,0, and GeCd,0O,. The lowest conduction band, which is mainly originated from
the s and p states of the Ge and B (B = Mg, Zn, Cd) atoms, is well dispersive, similar to that of transparent
conducting oxides such as ZnO. The topmost valence band, which is originated from the O-2p and B-d states,
is considerably less dispersive. Optical spectra in a wide energy range from 0 to 30 eV are provided and
the origin of the observed peaks and structures are assigned. We find that the zero-frequency limit of the
dielectric function ¢(0) increases with decreasing band gap value.
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1. INTRODUCTION

Spinel oxides with the chemical formula AB,O, form a
family of ~120 compounds. In the spinel oxide AB,O,,
the cation A (B) is either divalent (trivalent) (A"BY'O,:
A = Cd, Mg, Mn, Zn..., and B™ = Al, Ga, In...) or
tetravalent (divalent) (A"BYO,: A" = Si, Ge, Sn..., and
B" = Cd, Mg, Mn, Zn...). The cation A is surrounded by
four oxygen ions, forming an AO, tetrahedron, whereas
the cation B is surrounded by six oxygen ions, form-
ing an edge-sharing BO, octahedron (see Fig. 1). Spinel
oxides AB,O, crystalize in a cubic close packing (FCC)
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lattice with the Fd3m (n. 227) space group symmetry. The
AB,O, unit cell contains 56 atoms or eight unit formulas
(8 AB,O,) [, 2]. Spinel oxides possess many interesting
electronic, mechanical, magnetic, and optical properties,
which make them potential candidate materials for numer-
ous technological applications. Therefore, these materi-
als have been the subject of numerous experimental and
theoretical studies [3-9]. Among their interesting proper-
ties, the electronic and optical properties have especially
attracted considerable attention because the knowledge of
these properties is required to know if these materials are
potential candidates for eventual applications in optoelec-
tronic devices.

Recent growing demand for high-performance and low-
cost transparent conducting oxides (TCOs) in optoelec-
tronic devices, such as flat-panel displays, windshield
defrosters and solar cells [10], has led to an extensive
search for new TCO materials with higher transparency
and conductivity [3]. There has been a considerable
work involving both experimental and theoretical meth-
ods on the A"BYO, spinel oxides, such as MgAl,O,,
ZnAl,O, and ZnGa,O, [3-5]. However, there are very
few reports on the A"VBJO, spinel oxides, such as
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GeMg,0,, GeZn,0, and GeCd,O,. Apart their structural
properties [4, 11], elastic constants [11], and electronic
structure properties [11], some fundamental properties of
the GeMg,0,, GeZn,0,, and GeCd,O, compounds are
not yet investigated. We are not aware of any studies
on their optical properties. Mentioned previous theoret-
ical studies [4, 11] were performed within the density
functional theory (DFT) framework [12] with the stan-
dard local density approximation (LDA) and generalized
gradient approximation (GGA), which are known by their
underestimation of the band gaps of semiconductor and
insulator materials [13]. Indeed, DFT with the common
LDA and GGA yields satisfactory structural parameter val-
ues that are in good agreement with the experimental ones,
but it provides unsatisfactory electronic properties, such as
the band gap and effective masses. Calculated band gap
values using DFT with the common LDA and GGA are
likely to be approximately 30-50% smaller than the cor-
responding experimental ones [14].

Currently, some approximations beyond the LDA and
GGA, such as GW, hybrid functionals (B3LYP, Heyd-
Scuseria-Ernzerhof (HSE)...), LDA + U, LDA + DMFT
dynamical mean-field theory (DMFT), have been devel-
oped to better describe the electronic structures of
semiconductors and insulators. However, some of these
methods are computationally expensive or not satisfactory
in all cases [15]; for example, the LDA 4+ U method can
only be applied to correlated and localized electrons. For-
tunately, a very elegant approach; the so-called Tran—-Blaha
modified Becke-Johnson (TB-mBJ) potential, has recently
been suggested by Tran and Blaha [16-18] to solve this
dilemma. The TB-mBJ is an alternative method to obtain
a band gap close to the experimental value without being
computationally, expensive, unlike the other aforemen-
tioned methods. For spinel oxides, the TB-mBJ method
has been demonstrated to yield band gaps that are con-
sistent with the more accurate results obtained using the
GW method [19, 20]. Tran and Blaha demonstrated that
the TB-mBJ potential yields band gaps that are consistent
with the experimental values with typical errors of less
than 10% for some semiconductors and insulators [15].
The drawback of the TB-mBJ potential is that it cannot
be obtained as the derivative of an exchange-correlation
energy function [15]. Therefore, this potential cannot be
used to calculate properties that depend on energy such as
the structural properties.

In this work, we aim to calculate the electronic
and optical properties of the GeMg,0O,, GeZn,0, and
GeCd,0, compounds using the GGA-PBEsol [21],
Engel-Vosko scheme [22] of the GGA (GGA-EV) and
TB-mBJ potential [16-18]. In addition, we aim to
demonstrate the advantage of the TB-mBJ method for
describing the electronic structure of the considered
materials.

2. METHODOLOGY

In the present work, all electronic total energy calcula-
tions were performed in the framework of density func-
tional theory (DFT) using the full potential (all-electron)
linearized augmented plane wave plus local orbitals (FP-
LAPW +1o) method as implemented in the WIEN2k code.
In this method, the wave functions are expanded in a linear
combination of radial functions time spherical harmonics
inside the non-overlapping muffin-tin spheres surrounding
each atom and in plane waves in the interstitial region
between the spheres. The radii of the muffin-tin spheres
(Ryr) were taken as large as possible without overlap-
ping spheres. The maximum [/ for the expansion of the
wave function in spherical harmonics inside the muffin-
tin spheres was [, = 10. A plane-wave cut-off parame-
ter K., = 4.0 a.u™! was chosen for the expansion of the
wave functions in the interstitial region. The integration
over the Brillouin zonewas replaced by a summation on
a Monkhorst-Pack grid of 10 x 10 x 10 (47 k-points in
the irreducible Brillouin zone (IBZ)). The self-consistent
calculations were considered converged when the total
energy of the system is stable within 10~ Ry. The
atomic positions were relaxed until the forces were below
0.5 mRy a.u~!. The exchange-correlation interaction for
the structural properties was treated using the GGA-
PBEsol functional [21]. For the electronic properties, in
addition to the GGA-PBEsol, the GGA-EV [22] and TB-
mBJ [16-18], which better describe the electronic struc-
tures of semiconductors and insulators, were applied.

3. RESULTS AND DISCUSSION
3.1. Electronic Properties
Now, we discuss our results regarding the electronic prop-
erties of GeMg,0O,, GeZn,0, and GeCd,O, via the energy
bands and density of states. The electronic band struc-
tures were calculated at the optimized crystalline struc-
ture parameters for the three considered compounds using
three different exchange-correlation functionals: the GGA-
PBEsol, GGA-EV and TB-mBJ. It is well known that the
standard GGA usually severely underestimates the band
gap value [23]. Engel and Vosko [22] developed a new
GGA version (denoted here as EV-GGA) in order to pro-
vide a better estimation of the exchange-correlation poten-
tial and consequently a better estimation of the band gap
value. This approach (EV-GGA) yields better band split-
ting and some other properties that mainly depend on
the accuracy of the exchange-correlation potential. The
recently proposed Tran—Blaha modified Becke—Johnson
(TB-mBJ) potential [16-18], as implemented in Wien2K,
yields band gap values in better agreement with the exper-
imental ones, with a typical errors less than 10% for some
semiconductors and insulators [15].

Calculated energy band dispersions along the high sym-
metry lines of the Brillouin zone using both the GGAO8
and TB-mBJ approaches are depicted in Figure 1 for
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Fig. 1. Band energy dispersions along the high-symmetry directions as calculated using the GGA-PBE sol and TB-mBJ functionals for the spinel

oxides GeMg,0,, GeZn,0, and GeCd,O,. The Fermi level is shifted to zero.

the sake of comparison. In general, the TB-mBJ poten-
tial causes a rigid displacement of the conduction bands
toward higher energy with small differences in the dis-
persion at some regions of the Brillouin zone. Both the
maximum of the valence band (VBMa) and the min-
imum of the conduction band (CBMi) are located at
I'-point (Brillouin zone center) for the three studied com-
pounds, allowing us to classify these spinel oxides as direct
band gap materials. Calculated fundamental band gaps for
the considered materials using three different function-
als (GGA-PBEsol, GGA-EV and TB-mBJ) are listed in
Table I along with previous theoretical results for com-
parison. Calculated direct energy band gaps (I'-I") using
the GGA-PBEsol method compare favourably to those
obtained previously using the same functional [11, 24].
Experimental band gap values for the studied oxides are
not yet available to be compared to our predicted values.
However, we can assess the obtained results through the
accuracy limit of the used functionals. Knowing that cal-
culated band gap values using the DFT with the standard

GGA are likely approximately 30-50% smaller than the
experimental one [25], one can appreciate that the cal-
culated band gap values using the TB-mBJ potential are
significantly improved. Calculated fundamental band gap
values using the TB-mBJ approach for the considered
oxides are in the range 2.91-5.53 eV. Hence, these materi-
als can be classified as wide-band-gap solids and are con-
sequently transparent in the visible spectra. From the band
structures, one can observe that the maxima of the valence
bands are flat, indicating that they should have large hole
effective masses. Thus, the p-type materials should have
some unusual transport properties.

To access the nature of electronic states that form the
energy bands of the GeMg,0,, GeZn,O, and GeCd,O,
compounds, their total and partial densities of states
(TDOS and PDOS) were explored using the TB-mBIJ.
Calculated TDOS and PDOS diagrams of GeMg,0,,
GeZn,0, and GeCd,0, are depicted in Figure 2. Because
the DOS diagrams of the three considered compounds are
similar, we detail only the density of states of GeMg,0O,
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Table I. Some direct and indirect band gap values and the UVBW for the GeMg,0,, GeZn,0, and GeCd,O, compounds, using the GGA-PBEsol,

GGA-EV and Tb-mBJ methods. All energies are in eV.

r-r L-L X-X K-K W-W I'-L r-x I'-K r-w UVBW

GeMg,0,
GGA-PBEsol 3.184 5.371 6.250 6.154 6.456 5.212 5.983 5.957 6.057 7.865
GGA-EV 4.032 6.008 6.797 6.690 6.956 5.861 6.548 6.507 6.596 7.473
TB-mBJ 5.530 7.492 8.280 8.174 8.435 7.341 8.027 7.988 8.089 6.783
Others 3.81%, 5.8, 3.13¢

GeZn,0,
GGA-PBEsol 1.424 4.018 5.182 5.138 5.518 3.858 5.042 5.008 5.213 9.229
GGA-EV 2.139 4.527 5.569 5.487 5.805 4.382 5.441 5.367 5.535 8.792
TB-mBJ 3.534 5.882 6.939 6.872 7.180 5.750 6.808 6.760 6.941 8.210
Others 1.91¢, 3.9%, 1.28¢

GeCd,0,
GGA-PBEsol 0.585 3.209 4.254 4.226 4.498 2.961 4.064 4.038 4.171 8.781
GGA-EV 1.431 3.940 4.942 4.752 5.201 3.717 4.769 4.752 4.913 8.446
TB-mBJ 2.916 5.349 6.300 6.294 6.569 5.156 6.132 6.144 6.312 7.684
Others 0.82¢, 1.8%, 0.47°

Notes: “Ref. [11], *Ref. [30] and °Ref. [31].

as prototype. The lower group of valence bands, which
are not shown for clarity of the figure, extending between
—39.6 eV and —39.04 eV, is due to the Mg-2p states. The
structure localized between —23.21 eV and —22.58 eV is

due to the Ge-d states. The structure localized between
—19.13 eV and —17.06 eV mainly consists of the O-2s
states with a small contribution from the Mg-3s and Ge-
3s3p states. The region near the Fermi level, i.e., the top

Fig. 2. Diagrams of the total and site-projected densities of states as calculated using the TB-mBJ functional for the spinel oxides GeMg,0O,, GeZn,O,
and GeCd,0,. The Fermi level is shifted to zero.
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of the valence band, extending between —6.94 eV and
0 eV, is predominantly formed by the O-2p states. The
substitution of Mg by Zn (Cd) in the GeZn,0, (GeCd,0,)
compound introduces a contribution from the Zn-3d (Cd-
4d) states to the upper valence band. Rather than the O-2p
dominated states in GeMg,0,, the zinc 3d states (cadmium
4d states) appear in the upper valence band of GeZn,0,
(GeCd,0,); consequently, its width broadens to 8.39 eV.
Therefore, changes in the electronic properties of GeZn,0,
(GeCd,0,) compared with those of GeMg,0, would be
solely attributed of the mixing of the Zn-3d (Cd-4d) and
O-2p orbitals. In the three compounds, the bottom of the
conduction band is composed of the s and p states of the
Ge and B (B = Mg, Zn and Cd) atoms.

Generally, a decrease of the band gap value is expected
when a cation is substituted by another heavier cation
(e.g., Mg by Zn and Zn by Cd) in a series of structurally
isomorphous compounds [22]. We find that the band
gap value decreases according to the following sequence:
E, (GeMg,0,) > E, (GeZn,0,) > E, (GeCd,0,) (see
Table I). The role of the d states in defining the elec-
tronic properties of the II-VI semiconductors [26], zinc
aluminates [4], zinc aluminates, zinc gallate [27] and cubic
spinels AB,O,, where A = Si and Ge, and B =Mg, Zn and
Cd [11, 28], has been discussed. It has been reported that
the p—d hybridization at I'-point repels the valence band
maximum upwards without affecting the conduction band
minimum. Hence, the decrease of the calculated direct
band gap I'-T" from 5.53 eV in GeMg,0, to 3.534 eV in
GeZn,0, and to 2.916 eV in GeCd,0, (using TB-mBJ)
can be attributed to the presence of the 3d and 4d states
in GeZn,0, and GeCd,0,, respectively.

3.2. Optical Properties

Calculated imaginary parts &,(w) of the dielectric func-
tions for the studied compounds using the TB-mBJ poten-
tial in the energy range 0—30 eV are presented in Figure 3.
It would be of fundamental interest to identify the elec-
tronic transitions that are responsible for the peaks and
structures in the optical spectra. The imaginary part of
the dielectric function is determined by the allowed elec-
tronic transitions between each pair of occupied and unoc-
cupied bands. Therefore, the origins of different peaks
and features of the optical spectra can be determined by
decomposing each spectrum to its individual pair contribu-
tion, i.e., the contribution from each electronic transition
from an occupied valence state V, to an empty conduction
state C; (V; — C;) and then plotting the electronic transi-
tion energy E; = E (k) — Ey, (k) along the high-symmetry
directions in the Brillouin zone. This technique informs us
about the bands that contribute more to the peaks of the
&,(w) spectrum and their locations in the Brillouin zone.
The main contributions to the optical spectra originate
from the top valence bands to the lower conduction bands.
Because ¢,(w) spectra of the three considered compounds

Fig. 3. Real (left panel; £, (w)) and imaginary (right panel; &,(w)) parts
of the dielectric functions as calculated of the spinel oxides GeMg,0,,
GeZn,0, and GeCd,O, using the TB-mBJ functional.

are notably similar, we discuss only the decomposition
of the &,(w) spectrum of GeMg,0,. The top panel in
Figure 4 shows the dominant contributions of the inter-
band transitions to &,(w), and the bottom panel shows the
locations of these transitions in the Brillouin zone. The
first critical point E,, is the optical absorption edge. This
point is the I, — I’ splitting, which gives the threshold of
the direct optical transition between the topmost valence
band V; and the bottommost conduction band C, (V, — C,
transition); the counting of bands is down (up) from the
top (bottom) of the valence (conduction) band. This edge
is known as the fundamental absorption edge. A broad
shoulder appearing at approximately 7.5-11 eV is due to
V;—C,, V,—C,, V,—C, and V,—C, transitions and some
other structures centered at E; points follow this first crit-
ical point. Positions of the &,(w) peaks together with the
dominant interband transitions and their locations in the
Brillouin zone for GeMg,0, are reported in Table II. We
note that all structures in the &,(w) spectrum shift toward
lower energy when one moves from GeMg,0, to GeZn,0O,
to GeCd,O,. This trend may attributed to the decrease of
the band gap value when one moves in the same sequence:
GeMg,0, to GeZn,0, to GeCd,0,.

The dispersive parts &, (w) of the dielectric functions for
GeMg,0,, GeZn,0, and GeCd,0,, which were calculated
from the corresponding &,(w) using Kramers—Kronig dis-
persion relation are shown in Figure 3. The static dielec-
tric constant &(0) is given by the low energy limit of
g (w), ie., €(0) = &(w — 0). Calculated static dielec-
tric constants £(0) for the considered materials are listed
in Table III. One notes that £(0) value increases with
decreasing band gap E,. This result is in accordance with
Penn model [29]. Penn model is based on the expression
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Fig. 4. Decomposition of the imaginary part &,(w) of the dielectric function into band-to-band contributions and transition energy band structures for

GeMg,0,, GeZn,0, and GeCd,0,.

£(0) ~ 1 + (hw,/E,)*, where hw, is the plasma energy;
£(0) is inversely proportional to E,. Hence, a smaller E,
yields a larger £(0).

When the studied compounds are compressed, the posi-
tions of all previously mentioned critical points are shifted
toward high energy. This behavior can be attributed to
the enhancement of the direct band gap under pressure
effect. Although their positions are shifted under pressure,
the critical points still have the same origins as that at
zero pressure. Figure 5 shows pressure dependence of the
static dielectric constant &,(0) for the studied compounds.
In Figure 5, symbols show the results obtained from
ab-initio calculation at a given pressure, while the lines
are adjustments of the results to second-order polynomials.

Table II.  Positions of the &,(w) peaks together with the dominant inter-
band transitions and their locations in the Brillouin zone for GeMg,0,.

Optical structures Dominant interband transition contributions

The adjustments of the static dielectric constants (g,(0))
of the studied compounds to a quadratic polynomial are
given by the following expressions:

GeMg,0,: £,(0)=2.6018 —0.01046P+5.3864 x 10~°P*
GeZn,0,: £,(0)=3.1326—0.01130P+4.8537 x 10~°P?
GeCd,0,: &,(0)=3.1459—0.00740P+3.1050 x 10~P?

Calculated refractive index n(w) and extinction coeffi-
cient k(w) as functions of photon energy for the inves-
tigated compounds are displayed in Figure 6. For lower
energy, the refractive index value is almost constant and
begin to increase at energy near the absorption edge to
attain a maximum value; then, it decreases for higher
energy. The static refractive index n(0) value and energy
when dispersion is null £ (n = 1) for each studied com-
pound are listed in Table III. The static refractive index
n(0) value increases when one moves from GeMg,O,
to GeCd,O,, following a trend opposite to that of the

Peak Energy band gap (the band gap decreases when one moves from
Structure  position  Transition Region Percentage  (eV) GeMg,0, to GeCd,0,). The refractive index attains a
E, 940  (V,-C)) WoL. T_X 37013 935 maximum value of 1.875 at 10.63 eV for GeMg,0,, 2.013
(V,=C,) W-L, =X 9,74026 9.33 at 5.21 for GeZn,0O, and 1.967 at 4.07 eV for GeCd,O,.
E, 10.82  (V,-C,) W-L-I'_X-W-K 11,36364 10.48 Pressure derivative of the static refractive index n(0) was
Evl—cs; L-T, X-W 15,15152 10.99 determined using a linear fit, and the results are listed
V,-C))  W-L-T-X-W  16,66667 10.35 . N o
in Table III. As shown in this table, the refractive index
E, 1270 (V,—C,) L-T-X-W 6,37255  12.13, o .
12.76 decreases with increasing pressure.
(V,=C;) W-L, T-X-W-K 539216 12.89
(Vi=Co) L-I'-X 7,35294 12.89 Table III. Calculated static dielectric constant &,(0), static refractive
E, 1558 (V-C;;))  W-L-IT-X-W 9,27734  14.80 index n(0), and pressure coefficients of the refractive index n(0) for the
(Vi=Cp)  W-L, I-X-W  12,20703  15.05 GeMg,0,, GeZn,0, and GeCd,O, compounds.
(V,-C;;) W-L, T-X-W-K 830078  15.31
E, 1827  (V=Cp;) W-L-T-X, W-K  5,82353  17.87 3 1dn, . »
(Vi=Cy) L_I-X 379412 17.85 System £,(0) n(0) E (n=1) ”_o d—p(lO (GPa)™)
(V,)=C,,) L-T-X-W-K  7,05882 17.56
E, 20.07  (V;;—-C,) W-L, [-X-W-K  3,13725  19.83 GeMg,0,  2.603 1613 20.23 —2.57
(Vi=Cyy) W-L-T—-X 4,70588  20.36 GeZn,0, 3.135 1.770 18.42 —2.69
(Vi=Cyp;) W-L-T, X-W-K  8,82353  20.60 GeCd,0, 3.145 L773 19.39 —2.76
6 J. Nanoelectron. Optoelectron., 14, 1-8, 2019
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3,4 bi = GeMgy0,
mbj ® GeZny,0O,
3,2
A GeCd204
3,0 1
@ 2,8 1
W
2,6 1
2,4 4
2,2 1
2,0
T T T T T T T T T
0 10 20 30 40

Pressure (GPa)

Fig. 5. Pressure dependence of the static dielectric constant &,(0) for
the spinel oxides GeMg,0,, GeZn,0, and GeCd,O,.

Fig. 6. Refractive index n(w) and extinction coefficient k(w) as cal-
culated using the TB-mBJ functional for the spinel oxides GeMg,O,,
GeZn, 0, and GeCd,O,.

4. CONCLUSION

We have used the FP-LAPW 4 lo method to explore the
structural, electronic and optical properties of the spinel
oxides GeMg,0,, GeZn,0, and GeCd,O,. We investigated
the electronic properties using three different functionals:
GGA-PBEsol, GGA-EV and TB-mBJ. We find that the
TB-mBJ functional significantly improves the electronic
structure results compared to the other used functionals.
Both VBMa and CBMi are located at I' point, there-
fore, the studied spinel oxides are direct band gap mate-
rials. The fundamental energy band gap increases with

increasing pressure and fit well to a quadratic polyno-
mial for all considered compounds. The bottommost of
the CB is dispersive, whereas the topmost of the VB is
less dispersive. Consequently, the mobility of the VB holes
should be lower than that of CB electrons. The funda-
mental band gap value decreases when one moves from
GeMg,0, to GeZn,0, to GeCd,0O,. Optical functions,
including dielectric function, refractive index, and extinc-
tion coefficient, were predicted for a wide energy range
030 eV. Decomposing the imaginary part of the dielectric
function into individual band-to-band contributions and
plotting the transition energy have allowed us to identify
the microscopic origin of the features in the optical spec-
tra. We find that &, (0) increases with decreasing band gap,
which is in agreement with Penn model.
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