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Phonon-phonon scattering dominates the thermal properties in nonmetallic materials, and it directly
influences device performance in applications. The understanding of the scattering has been progressing
using computational approaches, and the direct and systematic observation of phonon modes that include
momentum dependences is desirable. We report experimental data on the phonon dispersion curves and
lifetimes in an epitaxially grown ScN film using inelastic x-ray scattering measurements. The momentum
dependence of the optical phonon lifetimes is estimated from the spectral width, and the highest-energy
phonon mode around the zone center is found to possess a short lifetime of 0.21 ps. A comparison with
first-principles calculations shows that our observed phonon lifetimes are quantitatively explained by three-

body phonon-phonon interactions.
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Thermal management plays an important role in semi-
conductor devices with continued advances in miniaturization
to the nanoscale. In power devices, for example, local heating
by the hot-electrons degrades the performance [1]. Another
example can be seen in applications for energy harvesting
devices, where heat is recycled as energy [2,3]. In the case of
polar semiconductors, phonon properties are correlated to the
thermal properties, which leads to the following conse-
quences. First, the highest energy [longitudinal optical
(LO)] phonon mode at the zone center dominates the heat
dissipation process of hot carriers, owing to the Frolich
interaction. The thermalization rates can, hence, be reduced
by the reabsorption of these high energy phonons that couple
strongly to electrons [1]. Reducing the LO phonon lifetime
can avoid local heating, where energy is returned to charge
carriers and phonon decay is inhibited, leading to devices with
low energy consumption and high performance. On the other
hand, prolonging the LO phonon lifetime can be helpful in the
hot-carrier photovoltaic concept [3—6]. Detailed knowledge
of the available vibrational modes is central to interpreting
ultrafast relaxation and energy dissipation processes [4,5].
Second, the velocities and lifetimes of all phonon modes
determine the lattice thermal conductivity, which in general
leads to heat dissipation in devices [7]. This lattice thermal
conductivity is an important parameter to evaluate the
thermoelectric figure of merit (ZT), which determines the
properties of thermoelectric devices [2].

Recent developments in first-principles density-functional
theory (DFT) calculations now provide both dispersions and
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lifetimes of all phonon modes with the momentum depend-
ence, and thermal conductivities in many materials can also
be estimated precisely using these phonon properties [8—10].
Experimentally, recent inelastic neutron or x-ray scattering
measurements reveal correlations between thermal conduc-
tivities and phonon properties for several thermoelectric
materials (such as PbTe [11], UO, [12], AgSbTe, [13],
Na,CoO, [14], and clathrate BaGeAu [15]). These studies
have been confined to bulk crystalline materials, mainly
owing to the long penetration depth of the neutron, and no
detailed study has been reported for epitaxial films, the most
common forms in device applications. Raman scattering is a
well-known method, which detects the phonon energy and
lifetime of the epitaxial films (for example, for wurtzite InN
films [16-18]). However, this method can only measure
some optical phonon modes at the zone center in the first-
order scattering, and it gives no information about the phonon
dispersion relations. Inelastic x-ray scattering (IXS) is a
unique technique that reveals the phonon dispersion curves in
films [19-22], but no detailed observation of the phonon
lifetime, that includes temperature and momentum depend-
ence, has been investigated.

ScN, a semiconductor with an electronic band gap of
0.9 eV [23], is a promising thermoelectric candidate among
the nitride semiconductors [2,24-27]. Since this material is
normally obtained as epitaxial films, the fundamental
elastic properties and the origin of the low thermal
conductivity are yet unknown. This material has a rocksalt
structure, in which no phonon modes should be observed in
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the first-order Raman scattering. Some high-order Raman
scattering measurements have been conducted [28—32], but
the results only show the phonon energy at some points in
the Brillouin zone. In this Letter, we present detailed and
direct observations of phonon energies and lifetimes in an
epitaxial ScN film as a function of momentum, in order to
elucidate both the harmonic and anharmonic contributions
of the phonon modes present in the material. After
optimizing the incident angle with respect to the surface
of the film (« in Fig. 1(a). We chose « = 1.1 — 1.7° in the
measurements, see Supplemental Material for the detailed
optimization [33]), we obtained information only from the
ScN film, without artifacts from the substrate. The exper-
imental results agree with the DFT calculations; i.e., the
phonon energies are described by the harmonic approxi-
mation. The phonon lifetimes, estimated from the spectral
linewidth, are well explained by the lowest-order (cubic)
anharmonic phonon-phonon interaction. In addition, ther-
mal conductivity derived from the calculations well
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FIG. 1. Phonon dispersion relations of ScN. (a) Experimental
configuration for the IXS measurements. (b) IXS spectra on a
logarithmic scale, obtained for Q ~ (3 + ¢,—1—¢q,—1) (left)
and (1,1,34 ¢g) (right). (c) The Brillouin zone of the ScN
crystal. The green and red solid circles represent the exact
measured q for the left and right panels in (b), respectively.
(d) Peak positions estimated from (b) (black solid circles) in the
reduced Brillouin zone and corresponding phonon dispersion
curves in the DFT calculations (red lines). Black lines are guides
to eyes. Additional peak positions estimated from the spectra for
Q~(4,9,0), 3+ ¢,—1,-1),and (2 —q,2 — q,4) are depicted
as black open circles. (e) IXS spectra (on a logarithmic scale) at
the L point. (f) Calculated phonon dispersion curve in the [ggq]
direction (red). The peak positions in (e) are displayed as black
open circles.

reproduces that of this film, but much higher than those
in previous studies [24,26,27], suggesting that defects and
impurities also serve a vital role in the thermal conductivity.

The ScN (110) film, which has a thickness of 40 um,
was grown by a hydride vapor phase epitaxy (HVPE)
method on a sapphire (Al,O3) (100) (m-plane) substrate
[34]. The film measured has carrier of n = 1.07 x
10" ecm™ (electron) and mobility of u = 164 cm?/V/s
at room temperature (RT, 7"~ 300 K). The carrier of ScN
originates from the defects and impurities, and the present
carrier concentration is much smaller than the previous
literature [25-27], indicating that the sample is of good
crystal quality [34]. IXS measurements were performed on
the BL35XU beam line at the SPring-8 synchrotron facility
[41]. An incident x-ray energy of hv = 21.747 keV, which
corresponds to Si(11 11 11) reflection, gives an energy
resolution of 1.4 — 1.7 meV. In the present 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) for ScN. In estimating the elastic constants, the
measurements with a better resolution of 0.4 nm~' were
also achieved. Overall uncertainty in determining the IXS
peak positions is at around +0.3 meV. The DFT calcu-
lations, with a cutoff energy of 20 Hartree, were produced
using the local density approximation (LDA) based on the
projector-augmented-wave (PAW) method, as implemented
in the ABINIT package [42,43]. The lattice parameters were
optimized under the calculations at a zero pressure con-
dition. In calculating the harmonic and anharmonic con-
tribution, PHONOPY and PHONO3PY codes [10] were used.
The quadratic and cubic interatomic potential were
obtained by a 2 x2 x 2 (64 atoms) supercell approach
with finite atomic displacements of 0.03 A. It should be
noted that the nonanalytical term [44], which defines
LO-TO (transverse optical) splitting, was adjusted to
reproduce the experimentally observed LO-TO splitting
at around I" in the present calculations. The DFT calcu-
lations tend to underestimate the splitting [18], perhaps due
to the underestimation of the (electronic) band gap; the
present calculations suggest that ScN has no (electronic)
band gap, though in reality ScN has an (indirect) band
gap [23,45].

Figure 1(b) shows the IXS spectra on a logarithmic scale
for Q ~ (34 ¢q,—1—¢q,—1) (left panel) and (1,1,3 + q)
(right) at RT. These momenta Q mostly correspond to
q = (¢g0) and (00g) in the reduced Brillouin zone
(Q = q+ G,G is a reciprocal lattice vector) and multiple
nearby q points are simultaneously sampled by the detector
array, leading to efficient data collection. The exact ¢ values
are displayed as green and red points in Fig. 1(c) (also see
Supplemental Material for the detailed information of Q
[33]). The peak positions in Fig. 1(b) are determined using
Voigt peak fitting and plotted in Fig. 1(d) as black solid
circles. Some of the peak intensities are too weak to be
identified, as seen in Fig. 1(b), and some of the acoustic
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phonon modes do not show the correct peak position, owing
to the overlapping of LA (longitudinal acoustic) and TA
(transverse acoustic) and a deviation from the high symmetry
lines. To complete the estimates of the dispersion relations,
additional measurements were performed in different
Brillouin zones [G = (400) and (224), not shown] and
the fitting results are depicted as black open circles in
Fig. 1(d). It is evident from Fig. 1(d) that all experimental
peak positions can be assigned to ScN phonon modes. For
example, in the [001] direction, the phonon consists of four
modes, TA, LA, TO, and LO. The red lines in Fig. 1(d)
indicate the phonon dispersion in the DFT calculations along
the high-symmetry lines, which reproduces the measure-
ments remarkably well (black). For further confirmation, we
also observed the phonon modes at Q = (1.50, 1.50, 3.50)
and (0.50, 0.50, 3.50), which correspond to the L point
[Fig. 1(e)], supporting the agreement between observation
and calculations, as seen in Fig. 1(f). The elastic constants
at RT were determined from spectra around I through
the Christoffel equation (see Supplemental Material for
details [33]). Experimentally obtained elastic constants are
Cll = 384(5), C12 = 107(5), and C44 = 178(5) GPa, that
fairly agree with the present calculations: C;; = 442,
C12 = 238, and C44 = 160 GPa.

The phonon lifetime due to phonon-phonon scattering is
correlated to the imaginary part of the phonon self-energy
Z,.j(®) (for the jth phonon mode at q), and in a simple
approximation this ImX, ;(®) can be regarded as a con-
stant, ImX; ; = ImX ;(w,;), which is given as
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Here, n; is the Bose-Einstein distribution function for the
phonon mode w; (= @ ;), and
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¢ is the cubic interatomic potential, and e;, m;, r; are the
eigenvector, mass, and position of an atom for the phonon
mode w;, respectively. Equations (1) and (2) indicate that
ImX; ; has nonzero contribution only in a decay (down-

conversion) process;
Wy = W + 0y, 9 +G=4q;+q. (3a)
and in a merging (up-conversion) process;

Wy + o = @y, qQo+q; =q, +G. (3b)

Following the fitting method described in the
Supplemental Material [33], the extracted phonon line-

width of the LO mode in the [001] direction, ZImz?ooq),Lo’

is depicted in Fig. 2(d) as black solid circles. Some of the
observed spectra (dots) and fitted results (lines) are shown
in Figs. 2(a), 2(b), and 2(c). The phonon linewidth
determined from the DFT calculations [red in Fig. 2(d)]
compares excellently with the experimental results. The
calculations indicate that the phonon linewidth in this [00¢]
direction is caused only by the phonon decay process. The
details of the phonon scattering, which contributes to the
phonon linewidth, can be seen in Figs. 2(e), 2(f), and 2(g)
for several q. In each Fig., decay phonons are displayed
as black dots. Each momentum corresponding to a decay
or product phonon is represented by the position of the
dots, while the scattering intensity is indicated by the
dot size.

Similar reasoning applies to the TO mode in the [00¢]
direction, as seen in Fig. 3. Resemblance between the
calculations (red) and measurements (black) can be easily
found in Fig. 3(d). The calculations suggest that the
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FIG. 2. LO phonon linewidth of ScN along the [00¢] direction.
(a)—(c) IXS spectra at q ~ (00g) measured at RT. The lines are fits
to a function described in the Supplemental Material. (d) Exper-
imentally obtained phonon linewidth (black solid circles) and
linewidth in the DFT calculations (at 7= 300 K, red line).
(e)—(g) Plot of the calculated decay phonon [w; and @, in Eq. (3a)].
Momenta of decay phonons (q; and q,) are indicated by the
position of the black dots. The blue arrows in (e) and (f) show one
pair of decay phonons from the original (00g) phonon (wy,
green arrow).
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FIG. 3. TO phonon linewidth of ScN in [00g]. (a)—(c) IXS
spectra at q ~ (00¢g) measured at RT. (d) Experimentally obtained
phonon linewidth (black solid circles) and linewidth in the DFT
calculations (at 7 = 300 K, red line). (e)—(g) Plot of the calcu-
lated decay phonons (black dots) and phonons involved in the
merging process (red dots). Momenta of the phonons involved in
the scattering processes (+q; and q, for the decay or merging
process) are indicated by the position, and the scattering intensity
is indicated by the size, which was enlarged by a factor of 5
compared to that in Fig. 2. The red arrows display one pair of
phonons involved in the merging process [@; and @, in Eq. (3b)],
and the green arrow shows the original phonon (@).

merging process dominates the decay process in TO, in
contrast to LO. Technically speaking, as seen in Fig. 3(e),
calculations predict that the decay process rarely happens at
the zone center (0.1% of the total scattering), but it
increases for a higher q [10.5% in Fig. 3(f), 22.1% in
Fig. 3(2)].

When rapid reabsorption of LO phonons by charge
carriers takes place before the LO phonon decay at the zone
center, phonon bottleneck effects can be enhanced.
Figure 2(e) shows that the decay phonons predominantly
appear around the L points. This decay process is something
similar to the Ridley channel [46], where LO phonons decay
into acoustic and TO phonon modes (LO — LA/TA + TO).
However, the process obtained here is more complicated. The
decay phonons no longer have pure transverse or longi-
tudinal polarization, because they are not on the high-
symmetry lines. Furthermore, the decay process can be also
considered to be Klemens-like (LO — 2LA/TA) [47],
because the LA and TO modes have similar energy at L
[Fig. 1(f)]. This LO linewidth increases with temperature

L L
—0.1

(@)

— Cale.| |54

1 L 1 L 1I_-0.6
200 400 600
Temperature (K)

76 80 84 88 92
Energy (meV)

FIG. 4. Temperature dependence of LO phonon linewidth of
ScN at Q = (1.01,0.983.08). (a) Temperature dependent IXS
spectra. (b) Comparison of the calculations (red line) and
measurements (black circles) in the reduced Brillouin zone.

[Fig. 4(a), and the derived phonon linewidth is depicted in
black solid circles in Fig. 4(b)]. Again, the observation is well
explained by the calculations [red line in Fig. 4(b)]. A similar
temperature dependence of linewidth can be found, for
example, in the Raman scattering measurements of wurtzite
InN for the highest £ (LO) phonon mode [18]. InRef. [18], a
large temperature-dependent peak shift of this mode was also
observed (~2.5 meV shift between 7 = 80 and 600 K), in
contrast to ScN (0.2 + 0.3 meV between 7' = 20 and 600 K
[Fig. 4(a)]). This difference may be caused by the structural
differences [wurtzite (InN) and rocksalt (ScN)]. In fact, in
MgO, another rocksalt structure, the peak position of the LO
mode is mostly unchanged in this temperature range [48].
The lattice thermal conductivity, k2 (rank 2 tensor), is
estimated by solving the linearized phonon Boltzmann
equation using the single-mode relaxation time, z

q.J
(= n/2ImX; ));
1
(2):—§C- . 7o 4
K NVO = q,JquJ ® quJT(].] ( )

Here, NV, is the volume of the solid, [v, ;|, = Owg ;/0q, is
the group velocity, and C, ; is the heat capacity. Specifically,
k@ of ScN is isotropic due to the crystal symmetry, and the
scalar thermal conductivity « [= tr(k(?)) /3] can be defined.
The calculated lattice thermal conductivity of ScN is kg =
43 W/m/K at T =300 K and 21 W/m/K at T = 600 K,
which shows a good agreement with the experimentally
obtained value, kg =364 W/m/K at RT (sce
Supplemental Material for the detailed information [33]).
These values are close to those of MgO (kyg0 = 51 W/m/K
at T=300K and 23 W/m/K at T =600 K [49,50]),
which has the same structure and similar molar mass to
ScN. Note that, the isotope effect seen in GaN [9] is expected
to be negligible in ScN, because without any intentional
incorporation of Sc and N isotopes, the content of these will
be extremely small.

The previous literature reports significantly lower ther-
mal conductivity of 10 — 20 W/m/K [24,26,27] than the
present study, and this deviation is presumed to arise from
the imperfectness of the crystals. Table I, which
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TABLE I. Comparison of measured carrier (electron) concen-
tration (n) and thermal conductivity (x) of ScN at RT.

n (cm™) xk (W/m/K) Reference
1.45 x 10?! 11.0 [27]

2.5 % 10%0 20.7 [26]
1.07 x 10° 36.4 Present work

summarizes the results of the carrier and thermal conduc-
tivity measurements, including the present study, shows a
negative correlation. Given the fact that the defects (such as
nitrogen vacancies) and impurities (such as oxygen and
chlorine) enhance the carrier concentration of ScN
[25-27,34], and reduce the thermal conductivity in general
[51], the negative correlation in Table I should be the results
from the defects and impurities. This also indicates that
enriching impurities and/or defects is effective to reduce
thermal conductivity for thermoelectric applications.
Furthermore, the good agreement between the present
measurements and calculations testifies that the present
sample is close to the ideal (perfect) crystal, that is
supported by the lowest carrier concentration in Table 1.

When the obtained results are compared to other nitrides,
the LO phonon lifetime of ScN at RT is 0.21 ps near I
[Fig. 4(b)], which is much shorter than the £, (LO) phonon
lifetimes of GaN (0.56 ps [52]) and InN (0.45 ps [18]). The
rapid heat dissipation resulting from the short LO phonon
lifetime may be useful in nitride power devices. Moreover,
the ideal thermal conductivity for ScN (43 W/m/K at
T =300 K) is smaller than those for other nitrides
(176 W/m/K for InN [53] and ~240 W/m/K for
GaN [9]). Utilizing the low thermal conductivity, ScN is
suitable for thermoelectric application as indicated in
Refs. [2,24-27]. As discussed above, further reduction
of the thermal conductivity may be possible with intro-
ducing more defects and impurities.

In summary, direct observations of the phonon
dispersion relations and lifetimes of ScN have been made,
with no additional (i.e., surface and substrate) contribu-
tions. All observed properties are consistent with the DFT
calculations, and the optical phonon lifetime is well
explained by the three-body phonon-phonon interaction.
The experiments demonstrate the possibility of investigat-
ing thermal properties through phonon observation with
momentum dependence. Eventually, this technique can be
in general applied to epitaxial films, to help to reveal the
correlation between the phonon and thermal properties, that
provide guidelines in fabricating the next-generation devi-
ces with layered structures, such as thermoelectric, high
power, and photovoltaic devices.
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