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In this Letter using experimental and theoretical methods, we show that the solid solutions of group 14
nitrides having spinel structure (y-M;N, where M = Si, Ge, Sn) exhibit mainly direct electronic band
gaps with values that span the entire visible wavelength region, making these hard and thermally stable
materials suitable for optoelectronic devices and, in particular, lighting applications. Using the simulated
band structure, we also calculate the exciton binding energy. The combination of large exciton binding
energies and the tunable electronic band gaps in the visible range makes these binary spinel nitrides and
their solid solutions a new class of multifunctional materials with optoelectronic properties that can be

engineered to suit the desired application.
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Conventional lighting devices (incandescent and fluores-
cent) consume a large amount of energy and modern tech-
nologies such as light emitting diodes (LEDs) and phosphor
converting-LEDs (pcLEDs) are used to decrease the global
energy demand with regard to lighting. The most recent
significant progress in this field was achieved by
the development of blue and white LEDs [1]. While the
efficiency, operational lifetime and robustness of LEDs
exceed that of conventional light devices, the heat released
in the diode junction needs to be efficiently managed and
demands the use of materials that have high thermal stabil-
ity. Many LEDs are based on binary or ternary compounds
of groups 13 and 15 elements such as GaN, InN, GaAs, GaP,
etc. [2], but these compounds have several disadvantages.
They are relatively expensive since group 13 elements are
rare, some are toxic (e.g., GaAs), and almost all are rela-
tively inefficient due to their small exciton binding energies
(Ep) [3.4]. They are also not stable against hydrolysis and
oxidation in air, especially at elevated temperatures, and
require a passivation layer reducing their overall efficiency.

Zinc oxide (ZnO) and hexagonal boron nitride (h-BN)
are some alternative LED materials now under considera-
tion. ZnO has a band gap (E,) of =~ 3.3 eV and a large
exciton binding energy of E, = 60 meV [5], but it
degrades under humid atmosphere, and it is classified as
dangerous for the environment. On the other hand, #-BN
has a large band gap of E, =~ 6.0 eV [6], but the efficiency
is extremely sensitive to deformations, which induce con-
siderable quenching of the exciton emission [7]. A new
class of tunable materials is needed to continue the devel-
opment of more efficient and robust lighting devices.

In this Letter, we investigate the electronic structure
of the novel high-pressure nitrides of group 14 elements
having a cubic spinel structure (y-M3N,, where M = Si,
Ge, Sn) [8-10]. These materials have a unique combination
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of mechanical, chemical, and electronic properties that
make them highly advantageous [11-16] as alternative
materials for the fabrication of LEDs when compared
with (Ga,In)(As,N), ZnO, or h-BN. Specifically, these
three spinel nitrides have direct electronic band gaps and
will exhibit efficient conversion of electric power to light
when used in LED devices, not accounting for the exciton
binding energy which remains to be determined. Contrary
to conventional LED materials (GaN, GaAs, etc.), y-SizNy
and y-Ge;N, remain stable in air when heated to tempera-
tures of 1400 °C [17] and 700 °C [18], respectively, while
v-Sn;N, remains stable in vacuum to at least 300 °C [10]
as well as air to at least 200 °C [19], and thus, these
materials do not require any passivation layer.

Initially, group 14 spinel nitrides were synthesized at
high temperatures (800-1800 K) and pressures (12—
23 GPa) in diamond anvil cells [8], multianvil cells
[20,21], or through shock compression [22]. However, there
has already been some success in depositing y-Sn;N, as a
thin film, which is evident from the x-ray diffraction pattern
[19,23]. Since y-Sn3N, is synthesized at ambient condi-
tions and deposited as films, we expect that the entire
v-M;N, materials class can be deposited as thin films
similar to the related high-pressure c-Zr;N,4, which shows
excellent adhesion to a variety of substrates including sili-
con, glass, or cemented carbides [24]. With direct electronic
band gaps as well as high thermal and oxidation stability,
spinel nitrides are suitable for a variety of applications.

The work presented here has two overarching goals. Our
first goal is to both measure and calculate the electronic
band gaps as well as calculate the exciton binding energies
of the three binary spinel nitrides, y-Si3Ny, y-GesNy, and
v-Sn3N,. The expertise gleaned will allow us to realize our
second goal: using density functional theory (DFT), we
predict the electronic band gap of the solid solutions
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v-(Sn, Ge);N,. As we shall show, the spinel-structured
nitrides form a class of multifunctional compounds with
easily tunable band gap values in the visible and near IR
range, which is highly desirable in optoelectronics and
lighting applications.

The N p states of binary spinel nitrides were chosen here
to study the electronic structure of binary spinel nitrides for
two reasons. First, our calculations show that the N p states
are hybridized throughout the entire conduction band (CB)
and valence band (VB), including the very top of the VB
and the bottom of the CB. Thus, the N p states provide an
accurate measure of the band gap with minimal multielec-
tronic effects. Second, these compounds contain small
amounts of oxygen substituting for nitrogen at the anion
positions throughout the bulk of the material because the
synthesis techniques used to make the materials studied
here do not allow one to completely exclude oxygen dif-
fusion in the reaction volume [10,20,25]. As such, the
cation measurements would have a significant oxygen
contribution and the N p states provide a probe of the
electronic structure without any oxygen distortion.

The x-ray emission spectroscopy (XES) and x-ray ab-
sorption near edge structure (XANES) measurements were
taken using synchrotron radiation at Beamline 8.0.1
(Advanced Light Source) [26] and Spherical Grating
Monochromator beamline (Canadian Light Source) [27],
respectively. The samples of y-SizN, and y-Ge;N, were
synthesized using a multianvil press, while y-Sn;N, was
synthesized at ambient conditions. The synthesis and struc-
tural details of all three materials have been previously
published [10,20,21]. The 7-SizNy, 7vy-GesN4, and
v-SnzN, samples investigated in this work were a single
polycrystalline piece, a polycrystalline powder, and an-
other polycrystalline powder (10 vol. % of SnO, and 5
vol. % of SnO), respectively. Prior to the XES and XANES
measurements, the y-SizNy sample surface was dry pol-
ished on a diamond abrasive foil in a glove bag filled with
nitrogen gas. The y-Ge;N, and y-Sn;N, samples, being
both polycrystalline powders, were pressed into freshly
scraped indium foil. These materials were affixed to the
sample holder and oriented at 30° with respect to the
incoming x-ray beam. Figure 1 shows the measured N
Ka XES and N 1s XANES spectra, which were calibrated
using the same procedure described in Ref. [28].

The electronic band gap is the energy separation between
the VB and CB states, which can be probed using XES and
XANES measurements, respectively. The method used here
to determine the band edges for the XES and XANES spectra
is the second derivative method [28—30]. This technique has
the advantage over conventional band gap determination
methods in that it is much less sensitive to impurities and
material defects due to the local nature of the measurements.
However, it is not enough to simply measure the band gap;
the final state of a XANES measurement has a core hole,
which can distort the unoccupied density of states severely.
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FIG. 1 (color online). The measured and calculated N Ka XES
and N 1s XANES spectra of y-M;5N, (M = Si, Ge, Sn) are
displayed. The second derivatives of the experimental spectra are
displayed in the grey panel insets, with the regions displayed
enclosed by the connected dashed box. The measured energy
separation (excluding the core hole shift) between the measured
band edges (AE) is labeled.

To quantify the core hole effect, we have performed both
ground state and excited state DFT calculations, the latter
with a core hole included. The relative difference in CB
onsets between the ground and excited states allows one to
arrive at a core hole shift (CH).

The XES and XANES spectra were simulated using the
commercially available WIEN2K software package (ver.
11.1), an ab initio full potential DFT code [31]. These
calculations used the generalized gradient approximation
(GGA) functional of Perdew-Burke-Ernzerhof [32]. The
XANES calculations used a 1 X 2 X 2 supercell in order to
adequately isolate the included core hole. The calculations
here utilized the following parameters: E.,, = —8.7 Ryd,
Rk, = 7.0, and E,, = 4.5 Ryd. The k-point grids used
were 10 X 10 X 10 and 10 X5 X 5 for the XES and
XANES calculations, respectively. The XANES calcula-
tions implemented the core hole effect by removing a full
core electron and adding a uniform background charge
of e. The XES and XANES calculations utilized a self-
consistent field cycle with energy and charge convergence
of 0.0001 Ryd and 0.001 e, respectively. Our DFT calcu-
lations reveal CH values of 0.1, 0.1, and 0.0 eV for
v-SizNy, y-GesNy, and y-SnsNy, respectively. Adding
these CH corrections to the experimental band gaps results
in true ground state band gap values of 4.8 = 0.2,

097402-2



PRL 111, 097402 (2013)

PHYSICAL REVIEW LETTERS

week ending
30 AUGUST 2013

3.5%0.2, and 1.6 £0.2 eV for y-SizN4, y-Ge;N,, and
v-Sn; Ny, respectively.

The simulated XANES spectra (see Fig. 1) reproduce
not only the general shape of the experimental spectra but
also every spectral feature for all the examined binary
spinel nitrides. This agreement suggests that the values of
the CH shifts extracted from the DFT calculations are
correct since the core hole must be included in order to
simulate the measured N 1s XANES spectra. Further, the
agreement between the simulated and measured spectra
clearly shows that the materials are not contaminated with
other N-containing materials. The values for y-Si;N, and
v-Ge; N, have been determined previously through similar
methods [28] and agree with the values presented here
within experimental error, but the values presented here
are a result of much higher quality XES and XANES
measurements and improved DFT calculations. In the
case of y-Sn;Ny, our work is, to our knowledge, the first
experimental measurement of its electronic structure and
band gap. Although, calculations of the XANES spectra of
v-Sn;N, were previously published [14], our calculations
here have better agreement with measurements.

The typical GGA exchange functional (used to calculate
the simulated spectra), in most cases, strongly underesti-
mates the electronic band gap. One can see that, compared
to the previously predicted band gap values [13,14] where
GGA exchange functionals were used, the measured elec-
tronic band gaps are = 30% to 60% larger. However, one
can predict the electronic band gaps with significantly
improved accuracy when the modified Becke-Johnson po-
tential (MBJLDA), implemented within WIEN2K [33], is used
instead of the GGA functional. The MBJLDA functional, in
the case of sp semiconductors does not change the band
curvature and only increases the separation between the VB
and CB. Since using the MBJLDA functional for core hole
calculations is nonphysical, we only use this functional to
obtain the correct electronic band gap values. We obtain,
through these calculations using a more dense k-point grid of
20 X 20 X 20, electronic band gap values of 4.97, 3.59, and
1.61 eV for y-Si3Ny, y-Ge; Ny, and y-Sn;Ny, respectively.

While the binary spinel nitrides presented here are
interesting, one can satisfy the needs of a larger range of
applications by increasing the variability of the electronic
and mechanical properties using solid solutions. Spinel
ternary compounds or solid solutions are made by mixing
two parent compounds to form ternary spinel nitrides with
random occupations of the cation sites. Changing the
composition of these materials allows one to engineer the
electronic and mechanical properties. Previously, solid
solutions of 7y-SizN, and y-Ge;N, [y-(Ge,Si;_,)3Ny4]
have been synthesized and their structure characterized
[21]. These solid solutions form in a very symmetric way
with the cations retaining their fcc arrangement signifi-
cantly simplifying the crystal structure. The electronic
properties of these materials have also been measured

and the electronic band gap was found to vary nearly
linearly from 3.50 to 4.85 eV [28].

Our simulations of the electronic structures of the binary
spinel nitrides are highly accurate, as shown by the agree-
ment between experimental and theoretical electronic
structure and band gap. From this, we apply the same
method to confirm the electron band gap trend measured
for y-(Ge,Si;_,)3;N4 [28]. We then extend these predic-
tions to include solid solutions of y-Ge;N, and y-Sn3Ny
[y-(Sn;_,Ge,)3N4]. The structures of the solid solutions
are modeled using a few simple assumptions. These are
that the solid solutions, y-(Sn; _,Ge,)3;Ny, form in a similar
way to y-(Ge,Si;_,)3N4 [21]. In particular, we assumed
that: (1) the larger cation fills the tetrahedral site before the
octahedral site, (2) the lattice constants vary linearly with
composition, and (3) the anion bonding parameter varies
linearly from the optimized ternary compounds with the
filling of tetrahedral sites and octahedral sites. Here, the
optimized anion bonding parameters are 0.26157 and
0.264 13 for y-GeSi,N4 and y-SnGe, Ny, respectively.

Figure 2 shows the theoretical values of the band gaps
for the solid solutions, which cover the entire energy range
from 1.61 to 4.97 eV. Most the electronic band gaps are
predicted to be direct, but a few have slightly smaller
indirect electronic band gaps, which are indicated in
Fig. 2. It is important to note that the real structure of these
materials may be slightly different, since solid solutions,
v-(Sn;_,Ge,);N,, have yet to be synthesized, possibly
changing the type of band gap transition with minimum
energy. Since our simulation of the end-member compound
band gap values using the MBJLDA potential was success-
ful, the calculated band gaps of the solid solutions should
be close to their actual values. The previous band gap
measurements of y-(Ge,Si;_,);N, agree with the

93 X

- 10 -y - (Ge,Si1)3Ny
. % 9

1 69 Y - (Sn;,,Ge,)3Ny
B —8— Exp.Ref. 28

3 Exp. this study

Electronic Band Gap (eV)

0.0 L L DL L L L L L L
0.0 0.2 0.4 0.6 0.8 1.0
Composition (x)

FIG. 2 (color online). The final calculated and measured val-
ues for the band gap discussed in this Letter. The direct elec-
tronic band gap values are displayed with corresponding open
symbols, if the minimum energy transition is indirect. The
previous values from Ref. [28] are displayed for comparison.
Further, the calculated exciton binding energies, in meV units,
are labeled below their respective data points.
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calculations presented here within experimental (except for
one instance, y-GeSi,N,), but has much better agreements
than previous calculations [34]. These calculations and
measurements showcase the band gap engineering capa-
bility of these materials making them appealing for opto-
electronic and lighting applications.

According to our results, group 14 spinel nitrides
have band gaps spanning the visible wavelength range.
However, for a material to be an efficient light emitter, it
must not only have a direct electronic band gap, but must
also have a large exciton binding energy. If an exciton has a
large binding energy, the probability is much greater that it
will radiatively decay before the hole and electron can
dissociate into free charge carriers. We use the formalism
put forth by Ref. [35] to determine the binding energy of a
hydrogenic-type exciton quasiparticle. The effective
masses and dielectric constants are determined from the
band structure of the ground state MBJLDA calculations.
Figure 2 shows the exciton binding energy next to
the symbols indicating the electronic band gap. While the
exciton binding energy is decreased significantly in the
v-(Sn;_,Ge,);N, solid solutions compared to y-SizNy, it
is still quite large when compared to GaAs (E, = 4.20 =
0.30 meV) [36], which has a similar electronic band gap.

We show in this Letter that the solid solutions of spinel-
structured group 14 nitrides have tunable electronic band
gaps that span the entire visible wavelength region and
extend to the near UV and IR. The electronic band gap values
for the parent compounds, y-SisNy, y-Ge; Ny, and y-SnsNy,
measured here are 4.8 = 0.2, 3.5 £ 0.2, and 1.6 = 0.2 eV,
respectively. The calculated exciton binding energy values of
v-Si3Ny, v-GesNy, and y-Sn; N, are 333, 174, and 69 meV,
respectively. The tunability of the electronic band gap and the
large exciton binding energies of the spinel-structured group
14 nitride solid solutions suggest that these materials are
suitable for optoelectronic applications that require large
chemical, thermal, and mechanical stability.
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