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ABSTRACT

Erbium nitride (ErN) is an emerging semiconducting rare-earth pnictide with unique electronic and magnetic properties. ErN has attracted
significant interest for spin superlattices and spintronic devices and as a second-stage regenerator for Gifford-McMahon cryo-coolers. Solid-
solution alloys of ErN with III-nitride semiconductors such as GaN have been studied extensively for use in solid-state lasers, amplifiers, and
light-emitting devices operating in the retina-safe and fiber-optic communication wavelength window of 1.54 um. However, due to the high
affinity of Er toward oxygen, ErN is prone to oxidation in ambient conditions. To date, no reports on the deposition of the high-quality ErN
thin film and its thermoelectric properties have been published. In this Letter, semiconducting ErN thin films are deposited inside an
ultrahigh-vacuum chamber and capped with thin (3 nm) AIN layers to stabilize it in ambient conditions. Structural, optical, and electronic
characterization reveals that ErN thin films (a) grow with (111) and (002) orientations on (0001) Al,O3 and (001) MgO substrates with sharp
and abrupt ErN-substrate interfaces, (b) demonstrate a direct bandgap of 1.9 eV, and (c) exhibit a high carrier concentration in the range of
4.3 x 10%° to 1.4 x 10*' cm ™. Thermoelectric measurements show a moderately high Seebeck coefficient of ~72.6 V/K at 640 K and a maxi-
mum power factor of 0.44 x 10> W/m K> at 486 K. Demonstration of an ambient-stable semiconducting ErN thin film and its high thermo-
electric power factor marks significant progress in rare-earth pnictide research and will help develop ErN-based spintronic and
thermoelectric devices.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0041879

Rare-earth nitrides (RENs) are an interesting family of materials
with diverse electronic and magnetic properties but have remained rel-
atively unexplored to date." * RENs crystalize in the rock salt structure
(B1) and exhibit localized strongly correlated 4f-electrons, which lead
to their strong ferromagnetic properties useful for spin superlattices
and spintronic applications.” ” Solid-state alloys and heterostructures
of RENs with conventional III-nitride semiconductors are promising
for photonic applications in the infrared (IR) spectral range and for
multi-wavelength optoelectronic devices.” '’ In addition, due to their
4f-intra-subshell transitions, RENs could be explored for single-
photon emission and detection devices.”'*'” ErN is a promising REN
and exhibits a ferromagnetic ground state with a lattice constant of
4.85A in the bulk phase.'” Although there are only a handful of

experimental reports on ErN, almost all of them focus on bulk ErN
growth.””]8 For example, in one of the earliest reports in the 1960s, a
direct reaction of erbium with nitrogen inside an arc furnace and a
synthesis of hydride followed by a reaction with ammonia were used
to achieve dense specimens and fine powders of ErN, respectively.'®
ErN obtained in both the methods was off-stoichiometric and con-
tained nitrogen vacancies. Subsequent thermal evaporation of ErN on
the quartz substrate and the transmission measurement yielded a
bandgap of 2.4 eV.'® Similarly, more recently, physical vapor transport
(PVT) has been used to grow ErN bulk crystals on tungsten foils at
high temperatures (1620-1770 °C) in a pure nitrogen environment.'®
Such ErN crystals were found to grow with (100) orientations with
highly faceted planes and deviated from stoichiometry with the erbium
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to nitrogen atomic ratio from 1.15 to 1.12.'"° A minimum direct

bandgap of 0.98 eV and two valence bands at the X-point separated by
0.37 eV were also subsequently deduced from photoemission measure-
ments."” Micron-sized ErN spheres have also found applications in
Gifford-McMahon (GM) cryo-coolers that exhibited higher cooling
power due to large specific heat of ErN at cryogenic temperatures.'’

While experimental research on ErN has been scarce, several
first-principles modeling studies have been performed to understand
the electronic band structure and magnetic properties of ErN.*’ **
Early spin-polarized local spin density approximation (LSDA) calcula-
tions showed ErN to be a nearly zero-gap semiconductor with the hole
section of the Fermi surface close to the I'-point and electron section
near the X point of the Brillouin zone.”'”> However, as the conven-
tional density functional theory underestimates the bandgap, exact
knowledge of the gap energies remained unanswered. Hydrostatic
pressure-dependent calculations also predicted an NaCl-type (B1) to
CsCl-type (B2) structural phase transition in ErN at ~150 GPa with a
stable ferromagnetic phase even at high temperatures.”*

Although research on ErN has remained at a nascent stage, Er-
doped Ill-nitride semiconductors such as GaN,” InGaN,” and
Er:YAG have been studied extensively both experimentally and theo-
retically for their light-emission properties, electroluminescent devi-
ces,” solid-state lasers,”” optical amplifiers,”” and p-i-n diodes™ in the
optical communication window of 1.54 um. The emission line at
1.54 um in Er-doped GaN originates from 4f-intra-subshell transitions
from trivalent Er™> ions and is found to be robust with a very small
thermal quenching.”’ Despite all these developments, there are no
reports on the thin film growth of ErN on single-crystalline substrates
and studies on its microstructure and thermoelectric properties. RENs,
in general, and ErN, in particular, however, could demonstrate high
thermoelectric performance given the high mass of the rare-earth
atoms, which is expected to result in low thermal conductivity in rare-
earth pnictides, and semiconducting electronic nature with a high
effective mass and low bandgap, which should result in a high thermo-
electric power factor. Indeed, ErN’s sister rare-earth scandium nitride
(ScN) has already demonstrated a large thermoelectric power factor
greater than 25x 107> W/mK® in the temperature range of
500-600 K,>*** which is higher than several well-known thermoelec-
tric materials such as Bi,Te; and PbTe.”" ™ ScN is also currently
explored for electronic devices with both n-type and p-type carrier
transport. The thermal conductivity of ScN, however, is quite high
12-15 W/m K at 300 K, which results in its overall smaller thermoelec-
tric figure of merit (ZT).””*® Therefore, solid-solution alloys and
heterostructures of ScN with ErN could help lower its thermal conduc-
tivity without decreasing high power factors.

Therefore, with the motivation of developing highly-efficient
thermoelectric materials based on ErN and integrating ErN with semi-
conductors such as ScN, in this work, high-quality ErN thin films are
deposited inside an ultrahigh vacuum (UHV) chamber and capped
with AIN layers to stabilize in ambient conditions. ErN is found to
exhibit a large thermoelectric power factor of 0.44 x 10> W/m K at
450-550 K that is comparable with the power factor of well-known
thermoelectric materials such as Bi, Te; ***

All films are deposited on MgO and ALOj; substrates by dc-
magnetron sputtering at a substrate temperature of 800 °C and a base
pressure of 2 x 10° Torr. Films are characterized by high-resolution
thin film X-ray diffraction (HRXRD), high-resolution transmission
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electron microscopy (HRTEM), Hall measurements, and thermoelec-
tric characterization techniques [see the supplementary material (SM)
for details]. To minimize oxidation, HRTEM sample preparation was
performed with a focused ion beam (FIB) inside a high vacuum cham-
ber followed by direct transfer and insertion into the TEM exposing
the lamella for not more than 3 min to ambience.

As-deposited ErN thin films without any protective layer appear
brownish-red in color [see Fig. 1(a)] and oxidize in ambient within
~20-30 min after taking out of the UHV chamber. The brownish-red
color of the ErN film is quite similar to that of ScN, indicating their
resemblance in terms of their optical properties. Oxidation turns the
film into a pinkish-white in color and eventually almost transparent
[see Fig. 1(b)], which is also an indication of the higher bandgap of
Er,0; (~5.3eV)"" " with respect to that of ErN. It is important to
note here that Er,O; powder crystallizes in the cubic structure,”
exhibits pink color,” and is attractive as a high-k dielectric material.
The oxidation of the ErN thin film is consistent with previous research
on bulk ErN that demonstrated ErN to be particularly reactive with
moisture in the air that turns it into Er,O5'®'® In order to stabilize
ErN thin films in ambience, 3 nm AIN was deposited in situ on top of
ErN at the same growth temperature. The resultant ErN appeared
slightly darker [see Fig. 1(c)] but was found to be ambient stable for at
least 3 months [see Fig. 1(d)]. AIN is known for its oxidation resis-
tance’* " as it forms a thin Al,Os layer on its surface that acts as an
oxidation protective barrier. Limiting the thickness of AIN to 3nm
also ensures the measurement of ErN’s electronic and thermoelectric
properties (see the supplementary material).

Symmetric 20-c» HRXRD analysis reveals that AIN-coated ErN
films grow with (002) and (111) orientations on (001) MgO and
(0001) Al,O5 substrates. The (111) texture was found to be dominant
for the film deposited on the (001) MgO substrate, while for the film

Exposed to
Ambient

—

- 30 min.

o B

(a) Bare ErN film (b) Fully oxidized

Exposed to
Ambient

—

3 months

(c) Capped with AIN (d) Non-oxidized film

FIG. 1. (a) As-deposited (bare) ErN thin film without any protective layers demon-
strating brownish-red color immediately after taking out from the UHV chamber. (b)
Fully oxidized ErN film after 30 minutes of exposure to ambience. (c) ErN capped
with a 3nm AIN protective layer. (d) AIN-capped ErN layer is stable in ambience for
at least 3 months.
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deposited on the (0001) Al,O5 substrate, both textures exhibit similar
peak intensities. For the film deposited on MgO [see Fig. 2(a)], the
(111) and (002) film peaks appear at 31.8° and 36.9°, respectively, cor-
responding to a c-plane lattice constant of 4.87 A. Similarly, for the
film deposited on the (0001) AL, O; substrate [see Fig. 2(a)], the (111)
and (002) peak appears at 31.8° and 36.8°, respectively, resulting in a
c-plane lattice constant of 4.86 A. The lattice constant of ErN mea-
sured here is close to the previous report of 4.85 A for bulk ErN."® The
full-width-at-the-half-maxima (FWHM) of the rocking curve (w—
scan) corresponding to both the diffraction peaks on both the sub-
strates are found to be greater than 3°, which represents their textured
yet polycrystalline growth. The plan-view scanning electron micros-
copy (SEM) image of the film deposited on MgO substrates [Fig. 1(b)]
shows triangular grains corresponding to the (111) orientations with
grain sizes smaller than that on Al,O; substrates [Fig. 1(c)].
High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images and electron diffraction pattern
(EDP) are obtained to study the microstructure and crystallographic
orientation of the ErN films with respect to the substrate. Low-
magnification images [see Fig. 3(a)] show a sharp AL, O5/ErN interface
with large dark-field contrast at the interface arising from the differ-
ence in scattering angles of electrons interacting with the high atomic
number Er and low atomic number Al, respectively. The film appears
to grow coherently for the first ~30-50 nm, maintaining a local
epitaxial relationship with the substrate. However, the epitaxy breaks
after ~30-50 nm of growth, and columnar grains appear with an aver-
age width of ~40-50 nm. The surface features on the plan-view SEM
image are, therefore, the top of such columns with a pyramidal shape.
Along with the broken epitaxy, the grains are rotated along the
in-plane directions and V-shaped structural defects appear. Such

30 35 40

MgO/ErN/AIN
£ (a) MgO (002)

ErN (111)

e ErN (002)

L AlyO3/ErN/AIN
Aly03 (0001)

ErN (111) ErN (002)

30 35 40
26 ()

FIG. 2. (a) Symmetric 20-«» HRXRD pattern of the ErN thin film deposited on (001)
MgO and (0001) Al,O5 substrates showing (002) and (111) oriented growth. The
relative intensity of (111) texture with respect to the (002) is larger for films depos-
ited on MgO substrates. Plan-view SEM images of (b) MgO/ErN and (c) Al,O4/ErN
are presented that exhibit mostly triangular grains.

scitation.org/journal/apl

50'nm

50.nm

FIG. 3. (a) HAADF-STEM micrograph of the ErN film deposited on the Al,O3 sub-
strate showing columnar grain growth after ~30-50 nm of smooth film deposition
with a flat interface. V-shaped structural defects can be seen as a result of the
growth temperature. (b) highlights the V-shaped defects. (c) Er (d) N and (e) O
TEM-EDS maps are presented, which exhibit a sharp ErN/Al,O3 interface and uni-
form Er as well as N distribution.

V-shaped defects are quite common for nitride thin films such as ScN,
TiN, and GaN"' and appear primarily due to the Ehrlich-
Schwoebel (E-S) barrier in a lateral direction that cannot be overcome
due to lower adatom mobility for intra-grain migration.”” The V-
shaped defects are structural voids [Fig. 3(b)], which are depleted of Er
and N [Figs. 3(c) and 3(d)], but rich with O [Fig. 3(e)]. The selective
area EDP collected from the film [see Fig. 3(a) inset] show rings with
bright spots that represent textured polycrystalline growth. STEM
energy-dispersive x-ray spectroscopy (EDS) analysis also shows that
the Er and N content is uniform throughout the film and a sharp
interface with the Al,O; substrate. The film also contains a higher oxy-
gen concentration close to the surface regions as compared to the
region at the film-substrate interface. However, it is not possible to
distinguish the amount of oxidation occurring from the growth and
from the few minutes of transport to the instrument at ambient after
HRTEM sample preparation.

High-magnification HAADF-STEM images (see Fig. 4) show
atomic fringes corresponding to ErN grains with the electron beam
along [100] [Fig. 4(a)] and [110] [Fig. 4(b)] with the c-axis [001] point-
ing along the growth direction on the (0001) AL,O5 substrate. The sub-
strate layer appears dark due to the high dark-field contrast with the
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FIG. 4. High-magnification HAADF-STEM micrograph of the ErN-Al,O5 interface
and FFT in the inset showing ErN grains along the (a) [100] and (b) [110] directions
with [001] along the film growth direction.

ErN layer. Small (002) grains in the zone-axis, as well as out-of-zone-
axis grains with diameters of 5-20 nm, are seen in Fig. 4(a). The inter-
planar spacing measured between the (002) lattice planes confirms the
lattice constant of ErN. Fast Fourier Transform (FFT) from the selected
region also shows the cubic diffraction pattern corresponding to the
(002) grain growth and is indexed in the SM. A large grain that is rotated
by 45° with respect to the incident beam [100] direction with the c-axis
[001] along the growth direction is shown in Fig. 4(b), and analysis of its
FFT with angles of ~70°, ~55°, and ~55° between the lower order
spots identifies the incident beam direction to be along [110].
Room-temperature electronic properties of the ErN films depos-
ited on MgO and ALOj; substrates are measured using the Hall
method and exhibit resistivities of 4.3 mQ-cm and 6.4 mQ-cm
respectively. Similarly, room-temperature mobilities of 3.4cm*/V's
and 0.6cm*/Vs and carrier concentrations of 4.3 x 10 cm > and
1.4 x 10°' cm > were measured for both the films, respectively. The
measured resistivity of ErN represents its degenerate semiconducting
nature and is about an order of magnitude higher than that of ScN. It
is interesting to note that bulk ErN described in the 1960s exhibited a
much lower resistivity of 7.9 x 107> Q cm possibly due to higher defect
concentrations.'® The high carrier concentration of ErN is presumed
to be due to the presence of defects including oxygen impurities arising
from target contamination and nitrogen vacancies. It is important to
note that several emerging nitrides such as SN’ and Zn;N,’* also
exhibit degenerate semiconducting electronic nature and have
attracted significant attention in recent years for several potential
applications. Such a large carrier density also reduces the mobility of
ErN films due to increased electron-electron scattering. In order to
ascertain that the capping layer does not influence the Hall, electronic,
and Seebeck measurements, separate ErN films were deposited on
MgO substrates with a 3 nm TiN capping layer instead of AIN at the
ErN deposition conditions, which show almost the same resistivity,
mobility, carrier concentrations, and Seebeck coefficient.
Room-temperature optical properties such as absorption spec-
trum, bandgap, and photoluminescence (PL) of the ErN films are mea-
sured to gain insight into its electronic structure. ErN exhibits (see the
supplementary material, Fig. S2) high absorbance in the range of (2-6)
x 107 cm ™!, which results from its large carrier concentration and the
presence of defects. Such high absorbance would limit light absorption
close to the ErN surface. The Tauc plot as a function of the photon
energy demonstrates a clear absorption edge, and a bandgap of
1.88-1.92 eV is measured for ErN deposited on both substrates. The
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measured bandgap of ErN is smaller than the previously measured
gap of 2.4 eV on evaporated ErN from bulk on quartz substrates'® and
is close to the bandgap of ScN (2.2 eV). No clear sub-bandgap absorp-
tion was noticed from the absorption spectrum. Photoluminescence
(PL) measurements performed with variable laser excitation wave-
lengths of 325, 340, 405, and 510 nm at room temperature yield no
clear ErN peaks either in the visible (300 nm-800 nm) or in the near
IR (800 nm-2000 nm), indicating that as predicted by the modeling,
ErN is likely to be an indirect bandgap semiconductor. Detailed photo-
emission and modeling work in this regard will be reported
subsequently.

In order to understand ErN’s potential for thermoelectric appli-
cations, the Seebeck coefficient and electrical conductivity of the films
are measured from 334K to 640 K with AIN and TiN capping layers,
respectively, [see Fig. 5(a) and 5(b)]. The maximum measurement
temperature was limited to less than 650K in order to prevent possi-
bilities for oxidation. At 334 K, AIN and TiN capped ErN exhibit mod-
erate Seebeck coefficients of —45.5 V/K and -42.4 uV/K, respectively.
With an increase in temperature, the Seebeck coefficient increases
monotonically and exhibited maxima of -72.6 uV/K and -66.5 uV/K
at 640K, respectively, for both the films. In line with the increase in
the Seebeck coefficient, the electrical conductivity was found to
decrease from 144.9 Scm ™' at 334K to 56.3 Sem ™' at 640K. Such a
small decrease in electrical conductivity is representative of ErN’s
degenerate semiconducting nature with large carrier concentrations. It
is quite interesting that the Seebeck coefficient of the ErN thin film
near room temperature is quite similar to the Seebeck coefficient of
-36 1tV/K measured on bulk ErN in the 1960s."* Although the mea-
sured Seebeck coefficient of ErN is significantly smaller than that of
ScN,” both the materials show almost twice an increase in the
Seebeck coefficient with an increase in temperature from 334K to
640 K. The relatively smaller overall Seebeck coefficient of ErN is a
result of its high carrier concentration. However, it is also interesting
to note that until about eight years ago and before the development of
high-quality ScN thin films with a reduced carrier concentration and
high mobility, ScN is also used to show smaller Seebeck coefficients
and higher electrical conductivity.'® Therefore, further progress in epi-
taxial growth methods and controlling defect density could yield
higher thermoelectric properties in ErN films (Fig. 5).

With the measured Seebeck coefficient and electrical conductiv-
ity, the thermoelectric power factor of ErN is determined as a function
of temperature [see Fig. 5(c)]. The power factor exhibits an increase
from 334K to 446 K, followed by saturation from 446 K to 486 K and
a subsequent decrease. A maximum power factor of 0.44 x 10> W/
m K> at 486 K was achieved for ErN with the AIN capping layer. The
power factors are slightly smaller for the films capped with a TiN layer.
Although the measured power factor of ErN is smaller than that of
ScN in the same temperature range, it is comparable to the power fac-
tor of well-known thermoelectric material Bi,Tes, PbTe, etc.””**”” In
spite of its lower power factor, the overall thermoelectric figure of
merit (ZT) of ErN could be higher given its expected low thermal
conductivity.

In conclusion, a high thermoelectric power factor of 0.44 x 1073
W/mK? at 486K is achieved in rare-earth semiconducting ErN thin
films deposited inside an ultra-high vacuum chamber by magnetron
sputtering. As-deposited ErN is found to be prone to oxidation. A
3nm thin AIN capping layer deposited in situ on top of ErN at the
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FIG. 5. (a) Seebeck coefficient, (b) electrical conductivity, and (c) thermoelectric power factor of the ErN thin film capped with oxidation-resistant AIN and TiN layers and depos-
ited on Al,O5 substrates are presented. The Seebeck coefficient is found to increase with the increase in temperature, while the electrical conductivity decreases slightly repre-
senting ErN's degenerate semiconducting nature. A maximum thermoelectric power factor of 0.44 x 10~ W/m K? at 486 K was achieved.

growth temperature was found to prevent oxidation and make it ambi-
ent stable for at least 3 months. ErN films are found to grow with
(002) and (111) orientations and exhibit textured polycrystalline
growth. HR(S)/TEM imaging revealed abrupt and sharp ErN/substrate
interfaces and columnar growth. Degenerate semiconducting behavior
was achieved in ErN films with a high carrier concentration
(1.4 x 10*! cm ™) and low mobility due to the presence of defects and
impurities. In addition, a direct bandgap optical transition at
1.88-1.92 eV was measured. The development of an ambient stable
high-quality ErN thin film and demonstration of its high thermoelec-
tric power factor will attract rare-earth nitrides for designing highly
efficient thermoelectric and optoelectronic devices.

See the supplementary material for information related to the
growth process, HRXRD and HRTEM characterization, HRTEM sam-
ple preparation, optical properties of ErN films, details on electrical
and thermoelectric characterization, and on the choice of the capping
layers, and their thicknesses and possible impacts on the electrical and
thermoelectric characterization.
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