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ABSTRACT

Erbium nitride (ErN) is a rare-earth metal mononitride continuing to receive interest due to its unique electronic, magnetic, and optical
properties. ErN has shown promise in the development of new functional materials for optoelectronic and spintronic devices. Here, we report
on the optical properties of ErN crystals, grown by sublimation and probed by photoluminescence (PL) spectroscopy at both room tempera-
ture and 180 K. Multiple transition lines were observed between 2 and 4.5eV. Using the PL results together with reported calculations, a
coherent picture for the band structure at the I'-point for ErN crystals was derived. PL results revealed that ErN has a minimum direct
energy gap of 2.41 eV and a total of two valence bands and two conduction bands at the I'-point separated by about 0.15eV and 0.34¢V,

respectively. These transitions reveal optical properties of ErN in the UV region and its band structure at the I'-point.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0046580

Interest in rare-earth nitrides (RENs) has been increasing
recently due to their unique electronic, magnetic, and optical proper-
ties. Due to being the only stable elements with more than marginally
filled f-shell electronic orbitals, they hold the largest spin and orbital
moments." Having the same crystalline structure and similar lattice
constants, research into RENs has grown rapidly, motivated by materi-
als demand with the emergence of spintronic devices.' ® RENs display
a broad range of behavior, from metallic or semi-metallic to semicon-
ducting.” With a valence band maximum (VBM) at the I'-point and a
conduction band minimum (CBM) at the X-point, their narrow mini-
mum direct bandgaps (around 1eV) and indirect bandgaps on the
order of one half of that are useful for a variety of applications for
infrared (IR) photonic devices.”* Moreover, their semiconducting and
ferromagnetic properties allow the spins of charge carriers to be
exploited for fundamental studies and device applications." Epitaxial
growth of RENS is further motivated by the potential to be incorpo-
rated into III-nitride semiconductors to develop new optical devices
because their temperature-stable luminescence wavelength is nearly
independent of the specific semiconductor host.” Additionally, III-
nitride and REN heterojunctions could also have desirable features for
multiwavelength photonic devices.'""’

One of these RENS is erbium nitride (ErN), which has more than
a half-filled 4f electron shell. ErN forms predominantly in the rock salt

phase crystalline structure (like NaCl) with a lattice constant of
479 A7 Tt has gained increasing attention in recent years due to its
potential for diverse applications. Theoretical studies predict that ErN
is a semi-metal in its ferromagnetic (FM) phase,'”"” that it is a tough
material (toughness/fracture ratio = 0.61), and that it possesses aniso-
tropic thermal conductivity.'® Simulations have shown that ErN has a
small indirect energy gap of around 0.2 eV with a CBM at the X-point
of the Brillouin zone and a VBM at the I'-point. Experimentally, the
smallest direct energy gap is 0.98 eV at the X-point, indicating possible
applications for IR photonic devices.”

Erbium (Er) ions in wide bandgap semiconductors have also
been extensively studied, both theoretically and experimentally, for
their promising applications in areas such as solid-state lasers, optical
amplifiers, and optoelectronic devices operating at the retina-safe and
fiber optical communication wavelength window of 1.54 ym."”*’ This
is beneficial because it coincides with the wavelength of minimum
optical loss in silica-based optical fibers. The emission lines near
1.54 um in Er-doped GaN (Er:GaN) are due to the 4f intra-subshell
transitions from the first excited state (‘“I;3) to the ground state
(*I152), of the Er trivalent ions (Er*"). Erbium doped III-nitrides are
very stable with a small thermal quenching effect™*****"*****” que
to its large bandgap semiconductor hosts.”” Er ions can be incorpo-
rated into thin Er:GaN epitaxial films at concentrations as high as
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1%-2% with small thermal quenching.”® However, several barriers have
hindered Er:GaN applications as a robust optical gain medium for high
energy lasers.”" " Because Er atoms are larger than Ga atoms, incorpo-
rating Er onto Ga lattice sites in GaN introduces strains and point
defects into Er:GaN. Additionally, a phase transition from the wurtzite
to rock salt crystal structure is expected for Er:GaN when the Er concen-
tration surpasses a critical value since GaN and ErN have different crys-
talline structures. Therefore, understanding the optical transitions and
the band structure of pure ErN can be helpful for controlling the basic
growth processes and properties of Er:GaN gain materials, by identifying
ErN domains in Er:GaN, and for potential applications of ErN.

Despite the numerous binary rare-earth nitride studies in the
past decade, many of their fundamental properties have not been
experimentally measured, particularly their optical properties. For
example, the energy band structures are still not well established,
including the energy bandgaps and the detailed valence and conduc-
tion band structures. In fact, experimentally determined optical transi-
tions in the UV wavelengths have not been reported for REN
materials, apart from transmission/reflectivity measurements on
DyN." In this work, we report the properties of the UV optical transi-
tions in ErN, which were probed by photoluminescence (PL) spectros-
copy at both room temperature and 180K. By comparing our
experimental results with theoretical calculations of the band struc-
tures,”' """ we present a coherent picture for the band structure and
optical transitions of ErN near the I'-point of the Brillouin zone.

The ErN crystals were grown by the sublimation-recondensation
method in a tungsten furnace heated by a resistive heater via a process
that was previously described.”””” Because of the high temperature of
this process (above the melting temperature of silicon), the ErN crys-
tals were grown unseeded on a polycrystalline tungsten foil, which had
predominately (100) textures.”’ First, this foil was cleaned sequentially
by acetone, methanol, and isopropyl. The ErN source was synthesized
by heating small chunks of Er metal (99% purity) in ultra-high-purity
nitrogen at 1500 °C and 400 Torr for 15h. The distance between the
ErN source and the tungsten foil substrate was kept constant at
approximately 2cm. The ErN crystal growth was carried out in
1790 °C under a nitrogen pressure of 150 Torr. Growing the material
at temperatures significantly higher than most epitaxial growth techni-
ques (<1100 °C) produces much higher crystalline quality because it
is closer to thermal equilibrium and produces higher adatom diffusiv-
ities, and diatomic nitrogen is more reactive.”’ To avoid the room tem-
perature reaction with water vapor in ambient air that decomposes
ErN to erbium oxide,” following crystal growth, the ErN sample was
immediately sealed in argon jars with desiccant. The PL spectroscopy
system used consists of a Coherent COMPex Pro 193 nm (6.42¢eV)
excimer laser and an Ocean Optics USB2000+ UV spectrometer.

Figure 1 shows an optical microscope image illustrating the pref-
erential nucleation of ErN crystals at the tungsten foil’s grain bound-
aries, which revealed that ErN tends to have 3D growth and does not
form a thin film for short growth times. ErN adopted a predominately
(100) orientation matching the predominant orientation of the tung-
sten foil.”" The dark color represents the ErN crystals with average
dimensions of 10 x 5 X 10 um.

The PL spectroscopy measurements were conducted immediately
following the opening of the sample container and exposure to the air.
Figure 2 shows the measured PL spectrum for ErN at room tempera-
ture covering the energy range from 1.5 to 5eV. Many emission lines
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FIG. 1. Microscope image of the ErN crystals grown on the tungsten substrate at
1790 °C. The crystals adopted a predominately (100) orientation due to nucleation
on the substrate’s grain boundaries. The dark color represents the ErN crystals
with average dimensions of 10 x 5 x 5 um.

were resolved, with their peak positions indicated on the graph. The
large intensities of the 2.35, 2.54, 2.75, 2.90, 3.41, 4.15, and 4.32¢eV
peaks may be due to the band-to-band transitions. The smaller inten-
sities of 3.26, 3.66, and 3.81eV peaks suggest impurities or that the
sample has begun to oxidize. The very narrow linewidth of the 3.41 eV
peak indicates a possibility of transition from other high symmetry
points other than that at the I'-point.
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FIG. 2. Photoluminescence spectrum of ErN measured at room temperature with
the above-bandgap 6.42eV (1 =193 nm) excitation energy. The arrows indicate
the energy positions of the dominant transition peaks.
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Immediately following the room temperature PL spectroscopy
measurement, the sample was placed on an Al block, which was then
partially submerged in liquid nitrogen, and a thermocouple was used
to record the temperature. The PL spectroscopy measurement was
then re-performed. The emission spectrum at 180 K is shown in Fig. 3.
Six emission lines were observed. Here, the 2.40, 2.56, 2.75, and
2.90eV peak intensities are significantly higher than those at higher
temperature as shown in Fig. 2, similar to most semiconductors. The
energy positions of these peaks suggest that these transitions are due
to a two two-level system with separations of 0.15 and 0.34eV. The
4.19 and 4.36 eV peaks decreased in intensity at higher temperature,
but the other peaks (3.41, 3.26, 3.66, and 3.81 eV) either decreased in
intensity significantly or became outweighed by the tails of other peaks
and resulted in very weak emission lines. This is expected since occu-
pation of charge carriers in the higher energy levels of bands decreases
as temperature increases due to the Boltzmann distribution. The 2.56,
2.75, and 2.90 peaks are clearly very sharp with a narrow linewidth,
but the linewidths of the 4.19 and 4.36eV peaks appear to have
increased at lower temperatures.

The band structure of ErN was previously calculated using vari-
ous methods.”""'>'* The electronic structures predicted by these dif-
ferent methods were not consistent, and they were focused on the
magnetic properties of ErN. There has been no conclusion on the val-
ues of the minimum direct energy bandgap at the I'-point. However,
calculations have concluded that there are a total of two valence bands
and two conduction bands at the I"-point, which can contribute to the
band-to-band transitions with an emission energy of around 2.65eV
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FIG. 3.PL spectrum measured at 180K with the above-bandgap 6.42eV
(A=193nm) excitation energy. The arrows indicate the energy positions of the
dominant transition peaks.
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between the lowest conduction band (B-CB) and the highest valence
band or the minimum direct energy bandgap at the I'-point. The cal-
culated energy separation between the two lowest valence bands at the
I'-point is disputed and ranges from 0 to 0.5¢eV, depending on the
type of calculation. The energy separation between the first and second
conduction band (A-CB) ranges from 0 to 0.72 eV, also depending on
the type of calculation.”'*'>"

By matching the energy positions of the four main emission
peaks between 2.41 and 2.90 eV in our PL results with the calculated
band structures of ErN,”'>'*"” the band structure at the I'-point can,
thus, be deduced and is shown in Fig. 4. Our PL results shown in Figs.
2 and 3, together with calculations,”'*'*'” suggest that the minimum
direct energy bandgap at the I'-point is 2.41eV. The peaks at 2.56,
2.75, and 2.90 eV were also attributed to the band-to-band transitions
at the I'-point, due to their significantly higher intensity in Fig. 3. Our
PL results show that the energy separation, at the I"-point, between the
two lowest valence bands is 2.56-2.41 = 0.15 eV and the energy sepa-
ration between the A- and B-conduction bands is 2.75-2.41 = 0.34 eV.

The cause of other peaks shown in Figs. 2 and 3 could not be fully
identified. The peak below 2.3eV is likely due to the formation of
Er203,5] The three higher intensity peaks above 3.2 ¢V (3.41, 4.15, and
4.32 V) are possibly due to band-to-band transitions at the K-point."”
The other three lower intensity peaks above 3.2eV (3.26, 3.66, and
3.81eV) are possibly the result of impurities or the presence of Er,0;
due to air exposure.”' Note that oxygen in ErN is a donor. We assume
that the concentration of impurities and defects in this case is suffi-
ciently low and that they do not affect the band structure of ErN.
Thus, our proposed band structure of ErN will not be affected by the
presence of oxygen impurities. We believe that our experimental
results provide useful insight for further improving the calculation
results of the band structure of ErN.

In conclusion, we have conducted sublimation growth and PL
spectroscopy studies of ErN at low and room temperatures. Many
emission lines between 1.5 and 5eV were observed. Four of these
emission lines are assigned to the band-to-band transitions at the

Band Structure of ErN at the I'-Point
A

E,=2.75 eV
B E;=2.41 eV
c VBM_  _oev

Ep=-0.15eV
D D

FIG. 4. The proposed band structure of ErN near the I"-point of the Brillouin zone
that was derived from the measured PL spectra together with calculated electronic
band structures (Refs. 2, 12, 13, and 15). The minimum direct bandgap of ErN at
the I'-point, determined from PL spectra, is 2.41eV other than 2.65eV based on
calculation results of (Ref. 2).
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I'-point. By combining the previously published theoretical band
structures and PL spectroscopic results of ErN, we presented a more
detailed understanding for the band structure near the I'-point and
the associated optical transitions in ErN. The PL spectroscopic results
at both room and low temperatures and the subsequent detailed band
structure will also help to further understand the basic properties and
practical applications in the UV and multiwavelength photonic devices
of this unique and less understood material.
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