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ABSTRACT

Erbium nitride (ErN) is a rare-earth metal mononitride with desirable electronic, magnetic, and optical properties. ErN can be incorporated
into III-nitride semiconductors to develop 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. Three transition lines were observed
near 1eV. Theoretically, ErN has a small indirect energy gap of around 0.2 eV with a conduction band minimum at the X-point of the
Brillouin zone and a valence band maximum at the I'-point. The predicted smallest direct energy gap is around 1 eV, with two valence bands
at the X-point. Using the PL results together with the reported calculations, a coherent picture for the band structure at the X-point for ErN
crystals has been derived. Experimental results revealed that ErN has a minimum direct bandgap of 0.98 eV and a total of two valence bands

separated by about 0.37 eV at the X-point.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0006312

Rare-earth metal mononitrides (RENs) are known for their unique
magnetic and electrical properties due to their highly localized 4f orbi-
tals." Despite having the same crystalline structure and similar lattice
constants, RENs display a wide range of electronic and magnetic prop-
erties, making them promising candidates for spintronic devices.” REN's
can potentially be incorporated into ITI-nitrides to develop new devices.
Their narrow direct bandgap (~1 V) has applications in infrared (IR)
photonic devices. III-nitride and REN heterojunctions could have desir-
able application features for multiwavelength photonic devices.™

One of these RENS is erbium nitride (ErN). ErN forms predomi-
nantly in the rock salt cubic phase crystalline structure (like NaCl)
with a lattice constant of 4.83 A.” The majority of previous studies on
ErN focused on its electrical and magnetic properties. ErN is a semi-
conductor in its ferromagnetic (FM) phase.” ® ErN and rare earth
oxides (REOs) have shown to be good candidates as buffer layer mate-
rials to enhance the quality of IIl-nitride material grown on silicon
substrates.”” Studies have shown that ErN is a tough material (tough-
ness/fracture ratio=0.61) and possesses anisotropic thermal conduc-
tivity.'” ErN has also been used as a second stage regenerator of 4 K
Gifford-McMahon (GM) cryocoolers due to its large specific heat at
cryogenic temperatures (1 J/K cm’® at4K)."

Erbium (Er) doped materials have also been intensively stud-
ied, both theoretically and experimentally, for their promising
applications in areas such as solid-state lasers and optoelectronic
devices operating in the retina-safe and fiber optical communica-
tion wavelength window of 1.54 yum."”** In particular, the emis-
sion lines near 1.54 um in Er doped GaN (Er:GaN) are due to the
4f intra-subshell transitions of the Er trivalent ions (Er*") and are
very stable with a small thermal quenching effect.””*"""** Studies
of Er doping in Er:GaN have shown that Er ions can be incorpo-
rated into thin epitaxial films at concentrations as high as 1%-2%
with small thermal quenching.”’ However, achieving Er:GaN bulk
crystals with the potential to serve as a robust optical gain medium
for high energy lasers with high Er concentrations and high crys-
talline quality is challenging.”' ** Due to the larger size of Er atoms
compared to that of Ga atoms, the incorporation of Er tends to
introduce strains and point defects into Er:GaN. Moreover, due to
this atomic size mismatch, a phase transition is expected for
Er:GaN when the Er concentration surpasses a critical value since
GaN and ErN have different crystalline structures. Therefore,
obtaining an improved understanding of the optical transitions
and the band structure of pure ErN can be helpful for

Appl. Phys. Lett. 116, 171104 (2020); doi: 10.1063/5.0006312
Published under license by AIP Publishing

116, 171104-1


https://doi.org/10.1063/5.0006312
https://doi.org/10.1063/5.0006312
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0006312
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0006312&domain=pdf&date_stamp=2020-04-27
https://orcid.org/0000-0001-6292-491X
https://orcid.org/0000-0003-3459-4639
https://orcid.org/0000-0002-9257-2860
https://orcid.org/0000-0002-8955-8267
https://orcid.org/0000-0003-2880-7933
https://orcid.org/0000-0003-0918-5964
https://orcid.org/0000-0003-1705-2635
https://orcid.org/0000-0001-9892-4292
mailto:hx.jiang@ttu.edu
https://doi.org/10.1063/5.0006312
https://scitation.org/journal/apl

Applied Physics Letters ARTICLE

understanding the basic growth processes and properties of
Er:GaN gain materials as well as for potential applications of ErN.

Despite the growing amount of research, the optical properties of
ErN are not yet well known. For example, the energy band structure
and exact energy bandgap are still unknown. In this work, we report
the properties of the optical transitions in ErN, which were probed by
photoluminescence (PL) spectroscopy. By comparing our experimen-
tal results with theoretical calculations of the band structure,””®* we
present a coherent picture for the band structure and optical transi-
tions of ErN near the X-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 lack of native substrates
for REN epitaxial growth and the tendency of rare-earth metals to
react with silicon, (100) oriented crystals have been the substrate of
choice for most researchers to grow rocksalt crystal structures.” The
ErN crystals were grown unseeded on two polycrystalline tungsten foil
templates with a predominately (100) texture. This foil was cleaned
sequentially by acetone, methanol, and isopropyl alcohol. The distance
between the ErN source and the growth area was kept constant at
approximately 2 cm. 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 15 h. The ErN crystal growth was carried out
at 1810 °C under a nitrogen pressure of 150 Torr. One of the two sam-
ples was coated with 10nm of MgF, to prevent its oxidation upon
exposure to ambient air. Following the growth, the uncoated samples
were immediately sealed in argon jars with a desiccant for future mea-
surements. The MgF, coated sample was placed in a regular sample
container with no protection from air. The PL system used consists of
a 375nm (3.31eV) and 16 mW laser diode, a cooled InGaAs camera,
and a near-infrared spectrometer from BaySpec Inc.

Figure 1 shows an optical microscope image illustrating the prefer-
ential nucleation of ErN crystals at the tungsten foil’s grain boundaries,
which revealed that ErN tends to have 3D growth and does not form a
thin film. ErN adopted a predominately (100) orientation to match the
orientation of the tungsten foil.”® The dark color represents the ErN
crystal with average dimensions of 30 x 10 x 10 um®. The density of
ExN crystals is approximately 4.6 x 10* individual crystals/cm?.

ErN expeditiously oxidizes in Er,O3 due to moisture in ambient
air,’”” and thus, the PL measurements were conducted immediately
following the opening of the sample container. Figure 2 shows the
measured PL spectrum of ErN at room temperature, covering the

FIG. 1. Microscope image of the ErN crystals grown on the tungsten substrate. The
crystals adopted a predominately (100) orientation due to nucleation on the sub-
strate’s grain boundaries. The dark color represents the ErN crystal with average
dimensions of 30 x 10 x 10é¢m3. The density of the crystals is approximately
46 % 10* individual crystals/cm?.
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wavelength range of 900 to 1650 nm. Three emission lines with peak
positions located at 0.98, 1.27, and 1.35 eV were clearly resolved. There
is a large background with its intensity increasing with a decrease in
the emission wavelength, which becomes more prevalent with time.
The cause of this emission background is unclear at this point.

The emission spectra of the MgF, coated sample are shown in
Fig. 3(a). The PL spectrum is nearly identical to that of the uncoated
sample, with smaller PL intensities due to the top coverlayer of MgF,.
Figure 2 is replotted in Fig. 3(b) for comparison. These two samples
have very similar emission features. We performed a series of PL mea-
surements after leaving the uncoated ErN sample in air for 1 and
3 days to study the effects of oxidation. The emission spectra for these
measurements are shown in Figs. 3(c) and 3(d). After oxidation, a new
peak emerged at around 1534nm. This 1534 nm peak, of course, is
well-known due to the 4f intra-subshell transition of Er’" atoms.
However, note that the 4f intra-subshell transitions of Er>" atoms near
1.54 um were not observed in ErN. The results show clearly that ErN
has been oxidized in air and this 1534 nm line is emitted from Er*"
atoms embedded in the newly formed Er,O; on the surface of the ErN
crystals. This peak position is consistent with the previously reported
Er’" atomic transition peaks in Er,O5”" and is widely recognized and
attributed to the intra-4f Er’" transition between *I;3, — *I;5/,. This
addition of two new peaks after oxidation should be noted in any fur-
ther optical exploration or applications of ErN. Interestingly, the emis-
sion peak around 1.27 €V has also been observed previously in Er,0;
powders™ and hence should be excluded from band-to-band transi-
tions in ErN. However, the observation of the 1.27 eV peak seems to
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FIG. 2. Photoluminescence spectrum of ErN measured at room temperature with
the above-bandgap 3.31eV (41 =375nm) excitation energy. The arrows indicate
the energy of the dominant transition peaks.
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FIG. 3. PL spectra measured at room temperature with the above-bandgap 3.31 eV
(4=2375nm) excitation energy of ErN: (a) coated with MgF5; (b) without coating
(replot of Fig. 2); (c) after 1day of air exposure; and (d) after 3days of air
exposure.

suggest that the material is already affected by oxidization before our
first measurement of the uncoated ErN sample as well as before the
MgF, protective layer was applied to the coated sample.

The band structure of ErN has been previously calculated using
various methods.””*" The electronic structures predicted by these
different methods were not consistent, mostly at the I'-point, with a
focus on the magnetic properties of ErN. There has been no conclu-
sion on the energy separations between valence bands at the X-point.
However, calculations have concluded that the band structure has a
small indirect gap of about 0.2 eV, with the conduction band mini-
mum (CBM) at the X-point and the valence band maximum (VBM)
at the I'-point." This indirect bandgap transition is expected to be less
efficient and is also outside of our measured spectral range.
Calculations also predicted that there are a total of two valence bands
at the X-point, which can contribute to band-to-band transitions with
an energy separation of around 1eV between the CBM and the first
valence band (A-VB) or a minimum direct energy bandgap. The
energy separation between the A-VB and second valence band (B-VB)
is around 0.3eV.'

By matching the energy positions of the two main emission
peaks at 0.98 and 1.35 eV in our PL results with the calculated elec-
tronic structures of ErN,’ the experimental band structure at the
X-point is proposed and is shown in Fig. 4. Based on the calculated
band structure,' there are two valence bands that contribute to the
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band-to-band transitions at the X-point. Our PL results, together
with calculations,’ suggest that the minimum direct energy
bandgap is 0.98 ¢V and the energy separation between the A- and
B-valence bands is 1.35 — 0.98=0.37¢V. The measured energy
separation between the two valence bands agrees reasonably well
with the calculated value of about 0.3 eV." It should be noted that
oxygen in ErN can be treated as an impurity (n-type donor). The
presence of impurities and defects with a reasonable concentration,
such as in this case, is not expected to affect the band structure of
the host semiconductor or ErN. Thus, our proposed band structure
of ErN will not be affected by the presence of oxygen impurities.
This is analogous to the case of Si impurities in GaN. It is well
known that the presence of Si donors in GaN will not change the
fundamental band structure of GaN. We believe that our experi-
mental results provide useful insights for further improving the
calculation results of the band structure of ErN.

In conclusion, we have conducted growth and PL spectroscopy
studies of ErN. Two emission lines at 0.98 ¢V and 1.35 eV observed at
room temperature were attributed to the band-to-band transitions. By
combining the previously published theoretical band structures and
experimental PL spectroscopic results of ErN, we presented a more
detailed understanding for the band structure near the X-point and
the associated optical transitions in ErN. The PL emission spectra, as
ErN oxidizes from air exposure, were also presented. Identification of
ErN photoluminescence peaks would help to recognize the presence of
the ErN phase and thereby help to improve the growth processes to
completely eliminate the ErN phase in Er:GaN bulk crystals. The PL
spectroscopic results and the subsequent detailed band structure will

Band Structure of ErN

CBM

E,=0.98eV

AE,5=0.37eV

FIG. 4. The proposed band structure of ErN near the X-point of the Brillouin zone
that was derived from the measured PL spectra together with the calculated
electronic band structures of Ref. 1. The smallest direct energy bandgap of ErN
determined from PL spectra is 0.98 €V and is around 1€V based on the calculated
results of Ref. 1.
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also help to further understand the basic properties, as well as practical
applications in IR and multiwavelength photonic devices of this inter-
esting and less understood material.
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