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ABSTRACT

Epitaxial metal/semiconductor superlattice heterostructures with lattice-matched abrupt interfaces and suitable Schottky barrier heights are
attractive for thermionic energy conversion, hot electron-based solar energy conversion, and optical hyperbolic metamaterials. HN/ScN is
one of the earliest demonstrations of epitaxial single-crystalline metal/semiconductor heterostructures and has attracted significant interest
in recent years to harness its excellent properties in device applications. Although the understanding of the mechanism of thermal transport
in HfN/ScN superlattices is extremely important for their practical applications, not much attention has been devoted to measuring their
phonon dispersion and related properties. In this Letter, we employ non-resonant meV-resolution inelastic x-ray scattering to determine the
momentum-dependent phonon modes in epitaxial metallic HIN and lattice-matched HfN/ScN metal/semiconductor superlattices. HfN
exhibits a large phononic bandgap (~40 meV) and Kohn anomaly in the longitudinal and transverse acoustic phonon modes at g ~ 0.73
along the [100] and [110] directions of the Brillouin zone due to the nesting of the Fermi surface by the wave vector (q). The in-plane [100]
acoustic phonon dispersion of the HfN/ScN superlattices is found to be dominated by the HfN phonons, while the optical phonons exhibit
both ScN and HfN characteristics. First-principles density functional perturbation theory modeling is performed to explain the experimental
phonon spectra, and temperature-dependent thermal conductivity is measured using a pump-probe spectroscopic technique. These results
will help understand the phonons in HfN and HfN/ScN metal/semiconductor superlattices for thermionic energy conversion.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0020935

Ever since the pioneering theoretical proposal by Tsu and Esaki
in the 1970s on “tunneling in finite superlattices,”' the development of
epitaxial lattice-matched semiconductor superlattices such as GaAs/
AlAs has fundamentally transformed research on heterostructure
materials.” * Semiconductor superlattices have emerged as the most
prominent artificially structured crystals and have found applications
in the generation of electronic and optoelectronic devices as well as for

the fundamental physics and device engineering studies.” * However,
there is a widespread realization in the scientific community that some
of the most pressing challenges of our time, such as energy security,
optical communication, thermo-photonic energy conversion, sensing,
and imaging, require advanced heterostructure materials with
improved functionalities. Epitaxial single-crystalline metal/semicon-
ductor superlattices are a class of artificially structured materials that
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may overcome some of the limitations of semiconductor superlatti-
ces.”"” Lattice-matched abrupt interfaces and tunable Schottky barrier
heights in metal/semiconductor superlattices enable thermionic
emission-based thermoelectric devices with improved figures-of-merit
(zT), hot electron-based photo-catalysis and photo-didoes with
superior solar-energy conversion efficiencies, and optical hyperbolic
metamaterials for engineering quantum electronic properties of
materials.'~'® Theoretical studies have also predicted that metal/
semiconductor superlattices should exhibit exotic thermo-photonic
properties such as thermal hyper-conductivity and optical rainbow
trapping, which are not possible to achieve with other materials.'”*’
Central to the development of such exciting devices is the need
for an in-depth understanding of the energy (light, current, and heat)
transport mechanisms in the metal/semiconductor superlattice meta-
materials. While the optical and electronic transport studies are pro-
gressing at a rapid pace, a detailed understanding of the thermal
transport mechanism in metal/semiconductor superlattices has been
rather slow and based primarily on thermal conductivity measure-
ments. For example, time domain thermoreflectance (TDTR) pump-
probe-based cross-plane thermal conductivity measurements on TiN/
Al 7S¢ 28N metal/semiconductor superlattices have demonstrated a
wave nature to particle-nature transition in the thermal transport and
phonon filtering at metal/semiconductor interfaces.'” With heavy
tungsten (W) incorporation inside TiN layers in the form of alloys, the
cross-plane thermal conductivity in Tiy;Wq3N/Aly 7,S¢o 25N superlat-
tices was reduced to a small value of 1.7 W/m K at room temperature,
which is necessary for achieving a high thermoelectric figure-of-merit
(zT).”" Thermal conductivity measurements on ZrN/ScN metal/semi-
conductor superlattices also exhibited incoherent phonon boundary
scattering at the superlattice interfaces and a reduction of the thermal
conductivity with an increase in the interface densities.”” However,
thermal conductivity originates from an average over all phonon
modes and does not illustrate directly the momentum dependence of
various phonon modes and their lifetimes, which are crucial for the
understanding of a whole host of thermal properties. For example, the
highest energy phonon mode at the zone center dominates the heat
dissipation process of hot carriers, owing to the Frohlich interaction.”
Similarly, mismatches in the phonon density of states (pDOS) or the
phononic bandgap are proposed to block the transmission of the mid-
frequency range phonon modes in superlattices that reduce their
thermal conductivity.” Therefore, motivated by the requirement to
understand the momentum dependence of various phonon modes
and their relationship with the thermal transport properties, in this
Letter, we employed non-resonant meV-resolution inelastic x-ray scat-
tering (IXS) to investigate the phonon dispersion in epitaxial metallic
HfN and lattice-matched HfN/ScN metal/semiconductor superlattices.
HIN/ScN is one of the earliest demonstrations of epitaxial
lattice-matched metal/semiconductor superlattices and is currently
extensively researched to develop Schottky barrier-based thermionic
emission converters.” Previous density functional theory (DFT)
modeling had predicted a Schottky barrier height of 0.17eV at the
HfN/ScN interfaces and a reduction of the thermal conductivity along
the cross-plane directions.”” Thermal stability analysis on epitaxial
HEN/ScN superlattices deposited on MgO substrates showed that the
superlattices are stable at high temperatures (~850°C) and exhibit
dislocation-pipe diffusions at elevated temperatures.” Pristine HfN, on
the other hand, is a rock salt transition metal mono-nitride with high
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melting temperature (~3300°C) and exhibits metallic-to-insulating
electrical properties depending on its stoichiometry”® and supercon-
ducting nature with a transition temperature of ~8.2K.”” Sputter-
deposited stoichiometric HfN films show gold-like metallic reflective
surfaces and have found applications as diffusion barriers, as buffer
layers in microelectronics, and thermoelectric and plasmonic materi-
als.””*” Recently, HfN has also become an attractive material for its
potential hot-carrier solar cell applications and has exhibited a long
photo-excited carrier lifetime of up to a nanosecond that is related to
its phonon properties.” On the other hand, ScN is a well-established
rock salt indirect bandgap semiconductor, which has attracted signifi-
cant interest for thermoelectric applications,”**” as a substrate for
defect-free GaN growth,j“’32 and for Al; ,Sc,N piezoelectric alloys for
sensors and actuators.”” Recent IXS studies by one of the co-authors
on hybrid vapor phase epitaxy deposited ScN have demonstrated
detailed phonon dispersion along the I'-X direction and three body
phonon-phonon interactions describing the optical phonon lifetime.™*
Therefore, in this work, IXS measurements of phonon dispersion and
momentum-dependent phonon properties are presented for pristine
HfN and HfN/ScN metal/semiconductor superlattices. Structural and
microscopic properties of the films are characterized with x-ray dif-
fraction and electron microscopy methods, while TDTR is used to
measure the cross-plane thermal conductivity.

The pristine HfN thin film (~1 um) and 6 nm/6 nm HfN/ScN
metal/semiconductor superlattices with a total thickness of ~1 um are
deposited on (001) MgO substrates with reactive dc-magnetron sput-
tering at a base pressure of 2 x 10~ ®Torr at a substrate temperature of
850°C. The details about the growth process are presented else-
where.”” Structural characterization of the films with high-resolution
x-ray diffraction (HRXRD) with a wavelength of 1.54059 A revealed
that both HfN and HfN/ScN superlattices grow with (001) orienta-
tions on MgO substrates [see Fig. 1(a)]. The 002 peaks in HfN and
HIN/ScN superlattices are located at 39.75° and 39.77°, respectively, in
the XRD pattern, representing their c-axis lattice constant of 4.53 A
and 4.53 A, respectively. The measured lattice constant of HfN is con-
sistent with previous literature reports.”® In addition, as HfN is lattice-
matched with ScN, a similar c-axis lattice constant in the HfN/ScN
superlattice to that in HfN is also not surprising. The full-width-
at-half-maxima (FWHM) of the rocking curve (w-scan) for HfN [see
the inset of Fig. 1(a) (upper panel)] and HfN/ScN superlattices [see the
inset of Fig. 1(a) (lower panel)] are found to be 0.68° and 1.1°, respec-
tively, which represent their mosaic spread and textured nominally
single-crystalline growth. Four equally spaced asymmetric ¢-peaks
(not shown here) also show epitaxial growth of HIN and HfN/ScN on
MgO substrates. The transmission Kikuchi diffraction (TKD) orienta-
tion map [Fig. 1(b)] and inverse pole figures [Figs. 1(c) and 1(d)] also
exhibit no significant misorientations between HfN and HfN/ScN
superlattices with MgO substrates (see the supplementary material for
details).

Microstructural characterization with high-resolution scanning
transmission electron microscopy (HRSTEM) reveals high-quality epi-
taxial and uniform HfN film growth on MgO substrates with atomi-
cally sharp HfN/MgO interfaces [see Fig. 2(c)]. HEN grows with a
cube-on-cube (001)[001] HfN || (001)[001] MgO epitaxial relation-
ship on MgO substrates and due to an ~6%-7% lattice-mismatch
between the HfN and MgO, misfit dislocations are visible at HfN/
MgO interfaces [see Fig. 2(c)]. In addition, low contrast threading
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FIG. 1. (a) Symmetric 2 0-w HRXRD patterns of HfN (upper panel) and HfN/ScN
superlattices (lower panel) are presented. HfN and the superlattices grow with 002
orientations on (002) MgO substrates with a FWHM of the rocking curve (see the
inset) of 0.68° and 1.1°, respectively. Interference fringes are visible in the lower
panel of Fig. 1(a). (b) Transmission Kikuchi diffraction pole figure (orientation map)
of HN showing no significant misorientation between HfN and MgO. Inverse pole
figures of HfN (c) and HN/ScN (d) superlattices show 001 oriented growth.

dislocations are also observed. The HfN films, however, do not show
any voids or other types of extended defects that are generally
observed in several other transition metal mono-nitrides.”””" Low-
magnification HRTEM images of HfN/ScN superlattices exhibit
columnar growth with the columns separated by threading disloca-
tions [Fig. 2(b)]. Within the columnar grains, layers are uniform with
sharp and abrupt interfaces [see Fig. 2(d)]. The superlattice also exhib-
its a cube-on-cube (001)[001] HN/ScN || (001)[001] MgO epitaxial
relationship on the MgO substrate. Layers are curved towards the sub-
strate due to the onset of dislocation-pipe diffusion at high growth
temperatures.

IXS measurements are performed at BL35XU of the SPring-8 syn-
chrotron facility with an incident x-ray energy (hw) of 21.474keV,
which corresponds to the Si (11 11 11) reflection and results in an
energy resolution of 1.4-1.7 meV.” The use of 12 analyzer crystals on
BL35XU allows 12 momentum transfers to be scanned simulta-
neously, which leads to highly efficient data collection. In the experi-
mental setup, each analyzer has a momentum resolution of 0.9 nm ’
or AQ ~ (0.07, 0.07, 0.01) - (0.05, 0.05, 0.06) (depending on the
geometry). The overall uncertainty in determining the IXS peak posi-
tions is approximately £0.2meV. The incident x-ray angle (o) with
respect to the surface of the film was optimized, and an angle of
2=0.4°—0.7° was chosen so that the sensitivity to the film was maxi-
mized and the substrate contribution was minimized [see Fig. 3(a)].
The density functional perturbation theory (DFPT) calculations are
performed with the generalized gradient approximation (GGA) and
ultra-soft pseudopotentials as implemented in the Quantum Espresso
code (see the supplementary material for details).

The IXS acoustic phonon spectrum of HfN at room temperature
is presented in Fig. 3 for Q ~ (3—g¢q, 1, 1) (right panel) and
(2—¢q,2—4q,2) (left panel). These momenta correspond to
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FIG. 2. (a) Low-magnification high-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) image of an HfN thin film deposited on MgO
(001) substrates. The figure shows high-quality uniform crystal growth without the
presence of significant extended defects. (b) HIN/ScN metal/semiconductor super-
lattices deposited on the HfN buffer layer on the MgO substrate are presented.
Superlattices exhibit some threading dislocations. (c) Atomic resolution-STEM
image showing the HfN lattice epitaxially grown on the MgO substrate. The HfN/
MgO interface appears clean and abrupt (white arrow in the figure). (d) HAADF-
STEM image of the HfN/ScN superlattice that indicates HfN and ScN layers sepa-
rated by clean and abrupt interfaces without much atomic mixing at the interfaces.
(e) HAADF-STEM images of the superlattice and corresponding Hf (f), Sc (g), and
N (h) elemental energy-dispersive x-ray spectroscopy (EDS) maps demonstrating
well-separated layers without diffusion of atoms into adjacent layers. Due to the
EDS peak overlap between the Sc-L edge and the N-K edge, N stoichiometry in
ScN is less precise and results in the contrast difference in N intensity between
ScN and HfN.

q=1(gq00) (I' — X direction) and (qq0) (I' — K direction) in the
reduced Brillouin zone (Q = g+G, G is the reciprocal lattice vector)
[see Fig. 3(b)]. The peak positions from the IXS spectrum [Fig. 3(c)]
are determined using a Voigt peak fitting and plotted in Fig. 3(d) with
black dots along with the acoustic phonon dispersion of HfN obtained
from DFPT calculations. It is clear from Figs. 3(d) and 3(e) (log-scale
intensity plot of experimental acoustic spectrum) that the calculated
acoustic phonon spectrum agrees extremely well with the experimental
HfN phonon modes and all of the observed modes are properly
assigned with those calculated. For example, along the [100] directions,
the acoustic phonon consists of two degenerate transverse acoustic
(TA) modes and a longitudinal acoustic (LA) mode that is higher in
energy as expected. Interestingly, the IXS spectrum exhibits a Kohn
anomaly27""() (anomalous dip in the LA modes) along the [100]
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FIG. 3. (a) Schematic of the experimental IXS measurement. (b) Brillouin zone of
the HN crystal. The green arrows correspond to the direction of the measurements.
(c) IXS acoustic phonon spectra (in log scale) of HfN near the T"-point (g = 0.18)
and at g = 0.73 where the observed Kohn anomaly is presented. (d) Experimental
(black dots) acoustic phonon modes obtained from IXS spectra at various g points
are presented along with the theoretically calculated (red lines) acoustic phonon
dispersion. () IXS spectra on a logarithmic scale obtained for Q ~ (3-g,1,1) repre-
senting I" — X (right panel) and (2-q, 2- g,2) (left panel) representing I" — K direc-
tions. (f) Optical phonon spectrum of HfN near the " point (g = 0.18) fitted with a
Voigt profile. All the data in figure. (c)—(f) are measured at 300 K.

directions near g = 0.73 due to the nesting of the Fermi surface by the
wave vector. Such a Kohn anomaly is also present along the [110]
directions for both of the LA and TA modes. Both the IXS spectrum
and the DFPT calculations show a reverse ordering of the LA and TA
modes along the [100] after ¢ = 0.73. The Kohn anomaly in supercon-
ducting metals such as HfN is well-known and has been previously
observed in transition metal nitrides such as ZrN and NbN."** First-
principles DFT modeling and inelastic neutron scattering (INS)
experiments on bulk HfN were performed previously to understand
the relation between the superconductivity and phonon coupling in
these materials, which are in agreement with our work””* albeit the
spectral position. While in bulk HfN, INS showed the minima (Kohn
anomaly) in LA at ¢ = 0.5 along [001] and g = 0.55 along [011], the
present IXS on the HfN film shows the corresponding minima at g =
0.73 along [001] and g = 0.72 along [011]. The IXS spectrum near the
I"-point as well as at ¢ = 0.73 is presented in Fig. 3(c) that does not
only show their respective LA and TA modes but also the Rayleigh or
elastic scattering peak.

Unlike the acoustic phonon dispersion, the optical phonon of
HIN in the IXS spectrum is rather weak and was only observed near
the I'-point of the Brillouin zone. Near the I'-point, both the longitu-
dinal optical (LO) and transverse optical (TO) phonons are degenerate
and exhibit an energy of 65.4 meV (527 cm™ ) [see Fig. 3(f)], which is
consistent with the I'-point phonon energy calculated by DFPT. With
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the increase in g away from the I"-point, the LO and TO modes split
as expected from the DFPT. However, due to the weak intensity,
deconvolution of such IXS peaks was not possible. Nevertheless, the
IXS spectrum and the DFPT analysis exhibit a large mismatch in the
phonon density of states of ~40 meV (see Fig. S1 in the supplementary
material) that is not only the largest among transition metal mono-
nitrides*""* but also among the largest reported for other types of
materials"*** such as h-BAs." Such a large mismatch in pDOS results
from the large mass mismatch between Hf (178.49) and N (14) atoms,
which leads to a smaller vibrational frequency for the acoustic pho-
nons. Due to such a large gap in the vibrational spectrum, HIN exhib-
its large lifetime of the photo-excited carriers as speculated previously
and should be ideally suited for hot carrier solar cell applications.’
Unfortunately, the current measurements provide no estimation of the
lifetime due to the low spectral intensity.

Room-temperature IXS of the HfN/ScN superlattices is con-
ducted for Q ~ (3 — g, 1, 1), i.e., (q00) or the I' — X direction of the
Brillouin zone, and representative spectra from several g-points are
presented in Fig. 4(a). The measurement of the out-of-plane IXS was
not possible due to the overlapping Bragg peaks arising from the
superlattice reflections as well as due to the large mosaic spread in the
superlattices. Acoustic phonon dispersion [see Fig. 4(b)] extracted
from the IXS spectra [plotted in Fig. 4(a)] shows that the HfN/ScN
acoustic phonon along the I' — X direction is dominated by HfN
acoustic modes, which was also predicted by DFPT analysis™ (with a
very small system size of ~1nm period thickness). As Hf is almost
four times heavier than Sc atoms, low frequency acoustic modes in
HfN/ScN superlattices are expected to be dominated by the heavy Hf
atomic vibrations. Acoustic phonon velocity and Debye temperature
of the superlattice along the I' — X direction, therefore, are also similar
to HfN. In addition, the LA acoustic phonon mode [see Fig. 4(b)]
exhibits the Kohn anomaly in superlattices, which was observed for
pristine HfN. Several optical modes are also observed in the IXS [see
Figs. 4(a) and 4(c)] with peaks that are larger in intensities close to the
X-point of the Brillouin zone. Close to the I'-point, optical phonons
having the largest energy were found at ~84 meV that correspond to
the ScN' LO modes found previously.” The energy of this mode
decreased with an increase in g [see Fig. 4(c)] and acquires a value of
~60 meV at the X point and a dispersion that resembles the SCN LO
phonon modes. Optical phonons in the 50-60 meV energy range in
superlattices result from the ScN TO optical modes as well as from the
HfN LO and TO modes as shown. As the period thickness of the
superlattice is ~12nm, along the in-plane I' — X direction, lattice
vibration or phonons are expected to contain information from both
of the materials, and superlattice modes (arising from interference
effects) are unlikely to appear. Elastic constants, bulk modulus, and
Debye temperature of HfN and HfN/ScN superlattices are further
extracted from experimental phonon dispersions (see the supplemen-
tary material), which match with theoretical calculations.” In addi-
tion, to complement the IXS measurements, the thermal conductivity
of HIN and HfN/ScN superlattices is further measured with
TDTR,” * and detailed analysis of the results is presented in Sec. G
of the supplementary material.

In conclusion, meV resolution inelastic x-ray scattering measure-
ments are performed to determine the vibrational spectra of pristine
metallic HfN and epitaxial nominally single-crystalline HfN/ScN
metal/semiconductor superlattices to understand their phonon
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FIG. 4. Phonon dispersion of the HfN/ScN superlattice. (a) IXS spectra of HfN/ScN along the I'-X [100] direction. (b) Acoustic phonon dispersion data along with HfN acoustic
phonon from DFPT. (c) HfN/ScN superlattice optical and acoustic phonon peaks extracted from the IXS are presented as circles. Lines are drawn to show the HfN and ScN

thin film phonon modes.

properties for thermoelectric as well as hot-carrier solar energy conver-
sion. HIN exhibits a low energy acoustic phonon and a large gap
between the acoustic and optical phonon modes that result from the
mismatches in the atomic mass of Hf and N. The low energy acoustic
phonon in HfN results in a smaller lattice thermal conductivity, and
the high optical phonon energy coupled with the mismatches in pDOS

enables it to retain hot carriers for longer times. In addition, Kohn
anomalies in the LA and TA modes are also observed in HIN as well
as in HfN/ScN metal/semiconductor superlattices. The acoustic pho-
non spectrum of the superlattices is found to be dominated by Hf
atomic vibrations in HfN, while optical phonons result from both HfN
and ScN. These results will be important for understanding the
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thermal properties of HfN and HfN/ScN metal/semiconductor super-
lattices and will help designing thermoelectric, thermionic, and hot-
carrier solar energy conversion devices with improved efficiencies.

See the supplementary material for information related to the
inelastic x-ray scattering measurements, computational and transmis-
sion Kikuchi diffraction studies, interface roughness of the superlatti-
ces, elastic constant of the materials, and thermal conductivity
measurements.
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