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Abstract

Group IVB nitrides with cubic ThsP,4 structure have one of the highest known
coordination numbers for a binary nitride. Current research has shown these materials
have a narrow direct electronic band gap. However, there has been little research
into the dependence of the electronic band gap on cation defects and whether tuning
the electronic band gap is possible by controlling the level of substitutional oxygen
without adversely affecting the overall electronic structure. The materials studied herein
include an oxygen bearing defect zirconium nitride, ¢-Zry g6(Ng.8sOp.12)4, and oxygen
free hafnium nitride, ¢-HfsN4. We use a combination of soft x-ray spectroscopy and
density functional theory to study the electronic structure and determine the electronic
band gap as well as the exciton binding energy. Moreover, we extend our structural
model to consider the dependence of the electronic band gap on oxygen substitution in

c-ZrsNy. The results suggest that the electronic band gap can be precisely controlled



between 1.47 — 1.84 eV (674 — 844 nm) by adjusting the stoichiometry, without adversely
affecting the electronic structure. The exciton binding energy of ¢-Zrs.g6(No.8sOp.12)4 is
estimated to be 37 meV, and combined with both the direct narrow electronic band gap
and stable electronic structure, demonstrates that this material is an ideal candidate

to replace currently used materials, such as GaAs, in photovoltaic applications.
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Introduction

High-pressure materials research has yielded a multitude of advanced materials that are
finding useful applications in industry.! These materials are typically semiconductors with
highly desirable mechanical and electronic properties. In this study we focus on a binary
nitride system that is known to have one of the highest coordination numbers, namely Th3P,
structured c-ZrsNy and ¢-HfsN4. The electronic structure has been extensively studied with
theory?® and the theoretical electronic band gap is widely accepted to be direct and in the
range of 0.7 — 1.8 ¢V.? Experimentally, these materials are known to have a near infrared
electronic band gap in the range of 1.6 — 1.8 €V, making them a candidate to replace the
widely used GaAs. However, there is still important discussion as to the effect of defects on
the electronic structure and there are only a few experimental measurements of the electronic
structure and band gap.®”

Many high-pressure materials exhibit very promising mechanical properties. The Th3P,
structured group IVB cubic nitrides are no exception. Compressibility experiments suggust
a bulk moduli of 250 GPa and 260 GPa for c-ZrsN, and c-HfsNy, respectively, with an
expected hardness in the range of 30 GPa.® c-Zr;N, and c-Hf3N, were first synthesized in a

Diamond Anvil Cell (DAC) at temperatures of 2500 — 3000 K and pressures of 15 — 18 GPa.®



Larger quantities of ¢-Zr3N, have been synthesized using a multi-anvil cell, but the resultant
product (studied here) was an oxygen bearing defect structure, c-Zrsgs(NogsQOg.12)s-? The
measured hardness of ¢-Zrs g6(No.ssOo.12)4 was determined to be 12.0 GPa, but it is expected
to be more than 30 GPa for dense samples;®? thin films of c-ZrsN, are known to have a
hardness of 36 GPa.” In addition, the ease at which ¢-ZrsN, can be produced has been

1011 allowing for the production of large amounts of high quality material making

improving
c-Zr3Ny desirable for industrial electronic and mechanical applications.

It is clear that these cubic nitrides, with an oxygen bearing defect structure are not
extraordinary with respect to their mechanical properties, but perhaps could be of interest
with the possibility to tune the electronic band gap by introducing substitutional oxygen
into the nitrogen sites through control of the synthesis conditions. The expected direct
electronic band gap of these materials makes them very appealing for PhotoVoltaics (PV)
and Light Emitting Diodes (LED). However, in addition to having a direct narrow electronic

12 as well as being resistant

band gap, PVs require materials with good exciton mobility
to the formation of mid-gap states from material defects.'® Recent soft x-ray spectroscopy
measurements determined the electonic band gap of ¢-Zrsg6(NossOp.12)s to be 1.6 + 0.3
eV,% which agreed with previous optical measurements on c-ZrzNy thin films,” however, the
authors did not consider the effect of lattice defects and substitutional oxygen making it
unclear if this material would be suitable for PVs.

In this study, we rigorously determine the electronic band gap of ¢-Zrss6(NogsOo.12)4
using a similar method: X-ray Emission Spectroscopy (XES) and X-ray Absorption Spec-
troscopy (XAS), with full consideration of the lattice defects using Density Functional Theory
(DFT). We study both the effect of defects on the electronic structure and estimate the exci-
ton binding energy from the results of these DF'T calculations. Extending this, we show that
controlling the level of substitutional oxygen provides a means to tune the electronic band

gap without adversely affecting the overall electronic structure. In addition, we use the same

method to determine the electronic band gaps of ¢-Hf3N, and reference materials, m-ZrOq



and m-HfO,, to study the nature of the surface oxides. Lastly, considering electronic band
gap, exciton binding and the effect of lattice defects on the electronic structure, we explore

whether ¢-Zrs56(NpssOo.12)4 is a good candidate material for PVs.

Results and Discussion

Soft x-ray spectroscopy, XES and XAS, are powerful techniques to selectively study a ma-
terial differentiating both on an elemental and site symmetry level. We use N 1s XAS/Ka
XES (see Fig. 1) and O 1s XAS/Ka XES (see Fig. 3) measurements to study the local un-
occupied /occupied Partial Density of States (PDOS) of the N p-states and the O p-states,
respectively. The simulated N 1s XAS and N Ka XES of ¢-Hf3sNy agree very well with the
corresponding measured spectra. There is one peak in the N 1s XAS of ¢-Hf3N, at ~ 401.7 eV
that is not reproduced by the calculation, but this can be easily explained as being caused
by the rock-salt structured 6-HfN, an expected synthesis by-product.® While we did not
measure directly the reference §-HfN, we show in Fig. 1 the reference spectra of §-TiN and
0-ZrN. Considering the similarities between these N Ka XES spectra, the resonant XES
measurement of c-Hf3Ny at 401.7 eV produces a peak at ~ 392 eV and clearly shows that
this feature in the XAS results from the 6-HfN present in the material. Turning to the more
complicated c-Zrs65(NssOo.12)4 in Fig. 1, we also see equally good agreement between the
measured and simulated spectra. Similarly, the simulated XES and XAS spectra of the ref-
erence materials, 0-TiN and J-ZrN, have near perfect agreement with the measured spectra.
This shows that these DF'T calculations are successful in predicting the expected electronic
structure and can be used to supplement the experimental data to reliably determine the
electronic band gap.

The electronic band gap of novel materials is difficult to determine as the samples are
rarely phase-pure. XES and XAS measurements combined with DFT calculations are an

excellent tool to study the electronic band gap of these materials since they are relatively
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Figure 1: The measured N Ka XES and N 1s XAS spectra (red scatter) are compared
to simulated spectra (solid lines). The excitation energy of resonant XES (blue scatter) is
displayed to the left and corresponds to the arrow above the XAS spectra. The inset figure
shows the second derivative of the measured spectra, with the band edges used to determine
the electronic band gap indicated with arrows.

unaffected to contaminating phases with different elements or those in low concentration.
Here, we use the N p-states, measured by N Ka XES and N 1s XAS, to determine the elec-
tronic band gap of oxygen bearing c¢-Zrp g6(NogsOp12)4 and ¢-HfsN4. This is advantageous
since N p-states contribute to both the top of the Valence Band (VB) and the bottom of the
Conduction Band (CB), as well the measurements are not affected by contaminating oxides.
Table 1 shows all values associated with determining the electronic band gap including: XES
to XAS energy separation, non-equivalent site splitting and core-hole shift. The former is
obtained by taking the second derivative of the spectra, which is an established technique.'*

The latter two values need to be added to the first value thus providing the energy separation



between the VB and CB, specifically the electronic band gap. The final electronic band gap
values of ¢-Zry g6(No.gsOp.12)4 and ¢-Hf3N, are 1.75+0.25 eV and 2.0540.25 eV, respectively.
In addition, these values are close to our theoretical values, with c-Hf3N, agreeing within
experimental error. The slight disagreement for ¢-Zry g6(No.ssOo.12)4 is not unexpected con-
sidering the calculated electronic band gap values are highly dependent on lattice constants
and the stoichiometry for the theoretical calculation is not exactly matching the experiment
given the limitations of using a finite size crystal structure for DFT (¢-Zra.g75(No.s7500.125)4
as a opposed to c-Zryss(NossOop12)4). These values also agree within experimental error
when compared to the previous values from Ref. 6. The authors obtained these somewhat
lower values because they did not consider any of the established corrections required when
using XES and XAS to determine the electronic band gap nor the effect of defects on the
XES and XAS measurements. However, the trend of the final values are similar and the

narrow electronic band gap makes these materials suitable for PV devices.

Table 1: The electronic band gap values determined using the modified Becke-Johnson po-
tential with the Local Density Approximation (EY?7) are compared to the experimentally
measured values (EJ"7) using the XES and XAS band separation (E5*®) corrected for core
hole screening and non-equivalent site splitting (AE)

Material EMBT ESXS  AE E_=P
[eV]  [eV] [eV] [+0.25 eV
m-2ZrO, 4.78 4.30  0.50 4.80
m-HfO, 5.90 5.00  0.55 6.05
C—ZI‘3N4 1.37 — — -
c-Zr256(NossOoaz)s 146 1.15 0.60  1.75
c-Hf3Ny 1.97 2.00 0.05 2.05

Considering the success of the simulated spectra in reproducing the measured spectra re-
garding the N p-states, we turn to the calculated electronic structure, namely the electronic
band structure and the PDOS. Figure 2 shows the element resolved PDOS for ¢-ZrsN, and
c-Hf3Ny as well as ¢-Zrp56(NogsOo.12)4. Comparing the band structure, one can conclude
that all materials have a direct electronic band gap. Inasmuch, the change between c-ZrsNy

and c-Zrs 6(No.gsOp.12)4 is rather minimal, aside from the increase in the electronic band gap.



Turning now to the PDOS, the same conclusions are drawn and the presence of O p-states
in the defect structure have a minimal effect on the N p-states. Furthermore, the O p-states
are mainly situated at the bottom of the VB, but nearly equally contribute at the bottom
of the CB, thereby playing a role in electronic band gap transitions. The lack of perturba-
tion to the N p-states by including oxygen and Zr vacancies suggests c-Zras6(No.ssOo.12)4
is an excellent candidate material for electronic band gap tuning; Fig. 2 shows the elec-
tronic band gap of ¢-Zrs_,(N;_,0,)s (with z = 0.00 - 0.25) with both volume and force
structural optimization using DFT. The trend shows that the electronic band gap can be
precisely tuned between 1.47 — 1.84 eV through the control of substitutional oxygen without
adversely affecting the electronic properties. The fact that the general electronic structure
of ¢-Zr3 ,(N;_,.O,), appears to be largely unchanged going from a pristine structure to an
oxygen bearing defect structure again strongly suggests that this material may be suitable
for developing PV devices.

Important for PV applications, the exciton binding energy needs to be sufficient such
that the free charge carriers do not disassociate quickly in the material. The band structure,
combined with the relative static permeability, is used to determine the exciton binding
energy for a Wannier-Mott type exciton.!® Table 2 shows the exciton binding energies of
c-Zr3Ny, c-Zro56(NossOo.12)s and ¢-Hf3Ny. The band structure is fit with parabolas at the
VB maximum and CB minimum around the I'-point to determine the effective masses. The
exciton binding energy of these materials is determined to be much larger than that of
the accepted value for GaAs, 4.2 £ 0.3 meV.® This combined with the ability to deposit
c-Zr9.86(No.gsOo.12)4 as thin films” and the potential to make large single crystals'! yet again
suggest these nitrides are good candidate materials for PV applications.

Turning now to the O p-states, we use O Ka XES and O 1s XAS measurements to study
the arrangement of O atoms in the lattice and determine whether they likely subsitute nitro-
gen near the vacant zirconium sites. Figure 3 compares the simulated and measured O K«

XES and O 1s XAS of ¢-Zryg6(No.ggOo.12)s and ¢-HfsN, as well as two reference materials
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Figure 2: The electronic band structure (left), plotted using a simple cubic Brillouin zone,
are compared. The density of states, including N p-states (red solid), Zr/Hf d-states (green
long dash) and O p-states (blue short dash), are displayed to the right of the band structure.
The upper panel shows the theoretical electronic band gap dependence on stoichiometry.

that represent an example of possible surface oxides, m-ZrO, and m-HfO,. The simulated
spectra reproduce the measured spectra quite well for the reference compounds. From this,
we determine the electronic band gap of m-ZrO, and m-HfO, to be 4.80 + 0.25 eV and
6.05 £ 0.25 eV, respectively. These values agree with our theoretical values within experi-
mental error, however they are still widely debated in the literature.!” While it appears clear
that we have successfully simulated the spectra for m-ZrO, and m-HfO,, the assessment for
c-Zr386(No.ggOo.12)4 is slightly more complicated. The pre-edge peak and general shape of
the post edge of the measured O 1s XAS of ¢-Zrss6(No.gsOo.12)4 is well reproduced by the
corresponding simulated spectra. Contrarily, the non-resonant O Ka XES spectra bears a

strong resemblance to m-ZrQOs, but the resonant excitation shows something entirely differ-



Table 2: The parameters, relative static permittivity (¢(0)), average effective hole mass (m;),
and average effective electron mass (m?), determined from the band structure are used to
calculate the average exciton binding energy (Eczciton)

Material €(0) m;  m:  Eeuciton
ol Imol [mo| [meV]
c-ZrsNy 11.8603 1.19 0.45 32
c—Zr2,86(N0.8800_12)4 11.3379 1.07 0.53 37
c-HfsNy 10.2689 1.34 0.45 43

ent. Exploiting the fact that zirconium oxides will have a much larger electronic band gap
than ¢-Zry g6(NogsOo.12)4, We excite on the first pre-edge peak, which should preferentially
excite O atoms that are part of the c¢-Zrsgs(NpgsOp12)s lattice. The resultant spectrum
agrees very well with the simulated O Ko XES spectrum, showing a significant reduction
of m-ZrOy character. This suggests that our model of ¢-Zrs g6(NpgsOp.12)4 does exhibit the
correct electronic structure of the O p-states. Above 535 eV the O 1s XAS spectrum of c-
Zr2.86(No.ssOo.12)4 sample shows significant contributions of other Zr oxides that are known
to exist as bystander products in these materials.® Moreover, if we look at the O Ka XES
and O 1s XAS of c-Hf3sNy, we see the oxygen signal appears to originate entirely from an
oxide similar to m-HfO,. The resonant XES also does not change since there is likely only
one oxide phase present. While our model may not be exact since we made some assump-
tions, it is sufficient to describe the electronic structure of ¢-Zrg s6(NogsOg.12)4. These results
further support the notion that c-Zrsss(NossOo.12)4 has a very stable electronic structure

with respect to lattice defects and oxygen substitution.

Conclusions

The electronic band gap of c-Zr3N, and c-Hf3N, are studied for the potential to tune the
electronic band gap by controlling the level of substitutional oxygen in the crystal lattice.
The electronic band gap is determined to be 1.75 eV and 2.05 eV for c¢-Zryg6(NogsOo.12)4

and c-Hf3Ny, respectively. The calculated electronic band gap values for ¢-Zrs g6(Ng.8sOo.12)4
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Figure 3: The measured O Ka XES and O 1s XAS spectra (red scatter) are compared
to simulated spectra (solid lines). The excitation energy of resonant XES (blue scatter) is
displayed to the left and corresponds to the arrow above the XAS spectra. The inset figure
shows the second derivative of the measured spectra, with the band edges used to determine
the electronic band gap indicated with arrows.

and c-Hf3Ny are 1.46 and 1.97 eV, respectively. The theoretical exciton binding energy is
determined to range between 32 — 43 meV for Th3P, structured cubic nitrides. Further
theoretical study also shows that the electronic band gap of ¢-Zrs_,(N;_,O,)s4 can be tuned
precisely between 1.47 — 1.84 eV by controlling the amount of oxygen substitution from x
= 0 to 0.25 during synthesis, without strongly affecting electronic structure or the exciton
binding energy. Considering that these materials have three important qualities required for
PV applications: (1) a direct narrow electronic band gap, a larger exciton binding energy,
and a stable electronic structure with respect to lattice defects, they are good candidate

materials to replace GaAs in modern photovoltaic devices.
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Methods

Spectroscopy measurements probing the electronic structure, XES and XAS, were performed
at Beamline 8.0.1'® at the Advanced Light Source (Berkeley, CA) and the SGM beamline!? at
the Canadian Light Source (Saskatoon, SK), respectively. The XAS spectra were recorded
using a micro-channel plate detector and the XES spectra were recorded using the SXF
spectrometer at the corresponding beamlines. The samples were measured in a UHV envi-
ronment for all XES and XAS. The powder reference samples (m-ZrOy and m-HfO5) were
pressed into indium foil (surface scraped clean) and affixed to the sample plate with carbon
tape. The solid polycrystalline reference samples (0-TiN and 0-ZrN) we affixed directly to
the sample plate with carbon tape. The samples, c-Hf;N; and c¢-Zrg56(NossOo.12)4, Were
encased in epoxy from previous measurements. These were affixed to the sample plate with
carbon tape. The measured XES and XAS spectra were all calibrated with reference materi-
als. The N K-edge spectra were calibrated using hexagonal BN (h-BN), using the two most
prominent peaks near the band gap with the assigned values of 394.4 eV for XES and 402.1
eV for XAS, respectively. The O K-edge spectra were calibrated with BGO (BiyGe3Oss)
using the two most prominent peaks near the band gap with the assigned values of 526.4 eV
and 532.7 eV for XES and XAS spectra, respectively.?’ All data were normalized using the
drain current from a Au mesh upstream of the sample chamber. A linear sloping background
was subtracted from the XAS spectra, as this is caused by other non-resonant fluorescent
lines.

The electronic structure calculations used the WIEN2k DFT calculation package (ver.
17.1).2! The XES and XAS simulations utilized the calculated PDOS and applied the radial
transition probability, non-equivalent crystallographic site considerations, corehole screening,
and lifetime broadening. Importantly, the non-equivalent site splitting is determined from
the DFT calculations and used to correct the nominal experimental electronic band gap
values. In addition, the corehole screening is determined from these calculations and added

to produce the final electronic band gap value. The theoretical band gap calculations use

11



the LDA with a modified potential from Becke and Johnson (mBJ-LDA),* which is known
to accurately determine the electronic band gap of sp semiconductors. All of the similuated
spectra use the GGA-PBE?? functional.

The DFT calculations for the binary materials — which include: 0-TiNg g, 0-ZrNg.97-1.00,
m-ZrOy, m-HfO,, c-ZrsNy, and c-HfsN4 — simply make use of the experimentally measured
structure in Table 3. The two monoclinic reference oxides were purchased from Alpha Aesar,
11141 Zirconium(IV) oxide (99.978%) and 45483 Hafnium(IV) oxide (99.995%), as micro-
crystalline powders. Two cubic mononitride samples were selected, 6-TiN and 0-ZrN, and
procured from an industrial source with an expected stoichiometry of nearly 1:1. However,
we independently measured the lattice constants and inferred the stoichiometry,?4% listed
in Table 3, to be 0-TiNggs and 0-ZrNgg7_1.00. This near 1:1 stoichiometry suggests we do
not need to consider the effect of vacancies in the structure used to simulate the x-ray
spectroscopy since this will likely not be within the detection limit of the measurements.
The k-mesh was chosen such that the total energy converged within 0.0001 Rydberg. The
energy cutoff of core electrons was fixed at -6.0 Rydberg; additional details including k-mesh
and RMT sizes are in Table S1. All other parameters we left as the default. The synthesis
and structural details for ¢-ZrsN, and c-HfsN, can be found in Ref. 8, here we make use of
the measured structure for the DFT calculations.

In general, the structure of c-Zr3Ny and ¢-Hf3N, can easily be described as they have a
cubic lattice with only two unique crystallographic sites, one for the cation and one for the
anion.® However, the oxygen bearing defect c-Zr3_;(N;_,0O,), is more complicated and one
needs to distribute both Zr vacancies and substitutional O atoms into the crystal lattice.”
The authors of Ref. 9 suggest there is no evidence of ordering of the oxygen atoms and
therefore we adopt a uniformly distributed model in our theoretical calculatons. We make
the following assumptions: (1) the Zr vacancies will be uniformly distributed with as much
separation between vacancies as possible and (2) the oxygen substitutions will occur around

the Zr vacancy sites as to achieve local charge neutrality. A similar stoichiometry to c-

2



Table 3: Measured crystal structures used for DFT calculations

Material Spacegroup Lattice Constants Source
6-TiNgos ~ Fm3m (No. 225) a = 4.2401(7) A This work.

0-ZtNogr—1.00 Fm3m (No. 225) a = 4.5752(7) A This work.

m-Zr04 P2,/c (No. 14) a =5.145 A Ref. 26
b =5.2075 A
¢ = 5.3107 A
B =99.23°
m-HfO, P2,/c (No. 14) a = 5.1196 A Ref. 27
b=51722 A
¢ = 5.2948 A
B =99.18°
¢-ZrsN, 143d (No. 220) a = 6.740(6) A Ref. 8
c-HfsN, 143d (No. 220) a — 6.701(6) A Ref. 8

Zr5.86(No.ssOo.12)4 is achieved by making a 2 x 2 x 2 supercell. The resultant compound, c-
Zr9.875(Nog7500.125)4, retains the body-centred symmetry and thereby significantly simplifies
the calculation making XES and XAS simulations feasible. The substitution is distributed
over all vacancies, which is 4 O atoms per vacancy with the longest Zr-O bonds chosen. The
detailed structural parameters can be found in Table S2. We do not distinguish between
c-Zr386(No.ssD0.12)s and ¢-Zry g75(No.s7500.125) 4, referring only to c-Zra g6(No.ssOo.12)4, Which
is very close to the experimental composition. The calculation proceeded with RMT sizes
of 2.19, 1.87 and 1.93 for Zr, O and N, respectively. The k-mesh used was 5 x 5 x 5, which
provided sufficient energy convergence of 0.0001 Rydberg or better. The energy cutoff of
core electrons was fixed at -6.0 Rydberg.

In order to extend to theoretical results beyond the material sample, ¢-Zry g6(No.ssOo.12 )4,
we assemble 4 theoretical structures for ¢-Zrz_,(N;_,O,), with z = 0, 0.0625, 0.125 and 0.25.
These were created by making a 2 x 2 x 2 supercell, with vacancies placed as indicated in

Table S3 and the same procedure to substitute the N atoms with O as discussed above.
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The structures were then volume optimized, with isotropic volume changes, and the atomic
coordinates forced optimized simultaneously. The complexity of the structures makes listing
all atomic coordinates problematic and the authors should be contacted to obtain detailed
structures.

The calculation of the exciton binding energy is accomplished by collecting the follow-
ing data: 1) The relative permittivity at zero photon energy from the calculation of the
permittivity plots using DFT and 2) the effective mass extracted from the electron band
structure. Since the effective mass of a hole or an electron depends on the dispersion di-
rection we compute a geometric average of all possible dispersion directions and use that as
the effective mass. Table S4 shows the effective masses calculated from the electron band
structure. The exciton binding energy is then calculated using equation 1, where R, is the
Rydberg constant and m?, mj}, €(0) are the average effective electron mass, average effective
hole mass and relative static permittivity, respectively. The effective masses are calculated

using the approximation in equation 2.

mim;
Ee:cci on — e h R 1
7 (mz 4 m)moe(0)2 W
h2k2
B(k) = B(0) + 2 2)
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