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ABSTRACT

In this study, the growth of scandium nitride (100) single crystals with high electron mobility and high thermal conductivity was
demonstrated by physical vapor transport (PVT). Single crystals were grown in the temperature range of 1900 °C-2140 °C under a nitrogen
pressure between 15 and 20 Torr. Single crystal tungsten (100) was used as a nearly lattice constant matched seed crystal. Growth for 20 days
resulted in a 2 mm thick crystal. Hall-effect measurements revealed that the layers were n-type with a 300K electron concentration and a
mobility of 2.17 x 10*' cm ™ and 73 cm®/V s, respectively. Consequently, this SN crystal had a low electrical resistivity, 3.94 x 107> Qcm.
The thermal conductivity was in the range of 51-56 W/m K, three times higher than those in previous reports for ScN thin films. This study

demonstrates the viability of the PVT crystal growth method for producing high quality bulk scandium nitride single crystals.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5141808

Scandium nitride (ScN) is a group III(B)-V semiconductor with
a rock salt crystal structure. " There is increasing interest in ScN
owing to its wide range of potential applications including thermoelec-
trics,” * inclusion as a semiconducting component in epitaxial single
crystalline nitride metal/semiconductor superlattices,” spintronics,'’
piezoelectrics,'"'* application as an interlayer for the growth of high
quality GaN based devices'” with reduced dislocation densities,"* and
for tuning the optical gaps of I1Ia nitrides by alloying.'>'°

ScN has an indirect energy bandgap of approximately 0.9 eV, and
its optical gap expands as the electron concentration increases and fills
the lower part of the conduction band.'” Unintentional oxygen doping
usually occurs even under high vacuum conditions due to the high
affinity of Sc for oxygen, and so its electron concentration is often in
the degenerate range (10*°-10°*cm).”""*

Scandium nitride is typically produced in thin film forms
(<1pum) by standard techniques such as molecular beam epi-
taxy,'””” hydride vapor phase epitaxy (HVPE),”"”* and sputter-
ing.””” The deposition temperature in these techniques is generally
1000 °C or less. The resulting thin films produced by these techni-
ques generally have small grain sizes, which can compromise the

electrical and thermal properties due to charge and phonon scatter-
ing by grain boundaries.

The quality of ScN is frequently assessed by electrical property
measurements. Dismukes et al.”* demonstrated a carrier concentration
and Hall mobility of approximately 1 x 10** cm™? and 150 cm®/V's,
respectively, at 300 K in ScN films grown on sapphire by HVPE. Their
Hall-effect measurements suggested that ScN would have a higher
electron mobility if the carrier concentration were reduced. Later, sev-
eral studies were conducted to investigate the carrier concentration,
Hall mobility, and electrical resistivity of ScN thin films grown by dif-
ferent methods. Sputter-deposited thin films of ScN by Gregoire
et al.”” demonstrated a high carrier concentration and Hall mobility of
1-3 x 10*' cm™> and 20-100 cm®/V s, respectively. MBE-grown ScN
thin films by Ohgaki et al.”® exhibited a carrier concentration in the
range of 10'°-10*' cm™ with the Hall mobility varying from 10 to
150 cm?/V s. Most recently, Casamento et al.”” reported a carrier con-
centration of 1.05 x 10°°~1.55 x 10* ecm™> and a Hall mobility of
11-23 cm?/V s, respectively, for ScN thin films on GaN and AIN sub-
strates. A low electrical resistivity of 100-600 1€ cm at room tempera-
ture was demonstrated for ScN films grown by MBE.”
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The thermal properties of ScN have also been previously mea-
sured to assess its quality. Burmistrova et al.” reported a room temper-
ature thermal conductivity of 20.7 Wm™ 'K for an epitaxial ScN
thin film grown by the sputtering method. Recently, Kerdsongpanya
et al”” have described a theoretical model based on ab initio calcula-
tions taking into consideration the effect of the ScN crystal grain size.
The model showed that the thermal conductivity decreases as the SCN
layer thickness and grain size decrease due to the smaller phonon
mean free path allowed for transport.

In this work, bulk ScN (100) single crystals were produced for
thermal conductivity and Hall effect measurements by the sublimation
method, also known as physical vapor transport (PVT), which
employs much higher temperatures, >1750 °C, than thin film deposi-
tion methods. Consequently, the molecular nitrogen reactivity is
greater and the adatom diffusion rates are higher with this technique,
which may help to reduce the defect densities in the ScN crystal in
comparison to thin film deposition methods. Furthermore, PVT can
produce thick ScN free-standing crystals for subsequent measurements
of their electrical and thermal properties. The crystal was formed from
the sublimation of a scandium nitride source at high temperatures
(>1750°C) to produce a scandium vapor in a background of nitrogen
gas. We previously demonstrated that such thick ScN crystals have a
much narrower x-ray diffraction peak width than what has been
reported for thin films.”

The ScN crystal growth was carried out in a tungsten heating ele-
ment furnace that has a maximum temperature of 2400 °C. Tungsten
previously proved to be an unreactive metal for the sublimation growth
of ErN°! and TiN,* so it was used as a seed for the SCN crystal, and to
manufacture crucibles and lids used in the experiments. Because of its
high melting temperature (>3000°C), tungsten substrates can with-
stand much higher temperatures than what is possible with standard
substrates such as silicon, sapphire, or silicon carbide. A single crystal
tungsten seed with a (100) orientation was used. In this orientation, the
room temperature lattice constant mismatch between tungsten and
ScN is only 0.3%.”" The ScN source was synthesized by heating small
chunks of pure Sc metal (99.9% purity) in ultra-high-purity nitrogen at
1100 °C and 500 Torr for 10 h. The sublimation was carried out at the
temperature range of 1900°C-2140°C under a nitrogen pressure
between 15 and 20 Torr. The growth time was up to 20 days.

The thermal conductivity of the ScN crystal was measured by
time-domain thermal reflectance (TDTR).” ® Prior to the measure-
ment, the sample was cleaned by ultrasonication in ethanol, and
coated with an Al transducer layer with a thickness of approximately
80 nm by magnetron sputtering.

The ratio of the in-phase (V},) and out-of-phase (V,,,) signal
from the lock-in amplifier was fit to a thermal diffusion model
obtained from an analytical solution for heat flow in a layered struc-
ture based on Fourier’s law.”” The diffusive thermal transport model
used for TDTR data fitting included parameters for thermal conduc-
tivity, heat capacity, and thickness of the Al transducer layers and the
ScN sample as well as the Al/ScN interface thermal conductance.
The heat capacity of ScN was taken from a prior first-principles cal-
culation.” Since the ScN sample studied by TDTR had dimensions
much thicker than the maximum TDTR thermal penetration depth
dy = /A/(nfCp) = 0.8 um (where A is the ScN thermal conductiv-
ity), the sample boundaries were not detected and they were treated
as semi-infinite bulk.

scitation.org/journal/apl

Temperature-dependent Hall-effect measurements were carried
out on a LakeShore 7507 system over a temperature range 7-320 K.
The magnetic-field strength was 10kG, the maximum available, and
the current was 100mA, also a maximum. The ScN sample was
mounted on a thin slab of BeO (high thermal conductivity) and
indium contacts were carefully applied on the corners of the sample
with a soldering iron. The Hall-effect data were analyzed by applying
the van der Pauw equations, giving resistivity p, mobility 4, and carrier
concentration # vs temperature T.”

The physical vapor transport method produced bulk ScN crystals
with (100) orientation and thicknesses up to 2 mm as shown in Fig. 1.
There are large steps on the crystal surface due to step bunching and
faceting occurring during crystal growth, a consequence of strain and
threading dislocations. Step bunching is caused by a difference
between the surface diffusion distance and the distance of neighboring
kinks. In the case of step formation, the average distance between
neighboring kinks is far smaller than the average distance of surface
diffusion of the adatoms. Fourfold symmetry features appear on the
surface as a characteristic of the (100) plane on the rock salt crystal
structure. Measurements were taken on free-standing pieces of ScN
that cracked off the tungsten seed.

Hall-effect measurements revealed that the ScN layers were n-type
and showed that at 7 K, the resistivity (p) was 1.42 x 10> Q cm, one of
the lowest resistivity values ever measured in a semiconducting material;
also, u ~ 2 x 10* cm*Vs and n &~ 2 x 10*' cm . The n and u data
were noisy, because with a sheet resistance of only 2 x 10> Q/sq, the
Hall voltages, even at a current of 100 mA, were extremely small
Fortunately, the charge carriers were highly degenerate, so we can
assume that 7 is constant with temperature. This view is supported by
many studies in the literature, including those of Cetnar et al'® A
smoothed version of n vs T, and also a least squares fit of n vs T, are
shown in Fig. 2. The fit gives n-avg=2.17 x 10°' cm™>. Also, shown in
this figure are the raw data of p vs T, displaying a much better S/N ratio
than either n or p vs T. From the p vs T and the n-avg results, an accu-
rate u vs T curve was obtained from u = (e X n-avg x p) . Note that
P> 1, and n vs T, all show the classical shape of metallic-type conduction,
in which n is flat, p increases monotonically, and u decreases

FIG. 1. Photograph of the 2mm thick ScN layer on a 9mm diameter W (100)
substrate.
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FIG. 2. Hall-effect measurements of bulk ScN crystals.

monotonically. At low temperatures, say T < 50K, the ionized donors
dominate the scattering, although there is a slight contribution from
acoustic phonons. Then, at higher temperatures, optical phonons
become much more important and eventually dominate the scattering.
Finally, using previously published methodology,”” we can use 7 and
at low temperature to determine the bulk ScN donor and acceptor con-
centrations, which are Np = 2.9 x 10*! and Ny =5.7 x 10 cm >

At 300K from Fig. 2, the electron concentration and mobility
were 22.2 x 10°' cm™? and 73 cm*/V s, respectively. Consequently,
these ScN crystals had a low electrical resistivity, 3.9 x 107> Qcm. Sc
has a high affinity for oxygen, and is likely the main impurity, arising
from the background oxygen during the growth process, and produc-
ing the degenerate electron concentration.””'? Unintentional oxygen
doping shifts the Fermi energy into the conduction band while keeping
the density of states of ScN the same. Consequently, the carrier con-
centration and electrical conductivity are increased. Assuming the
dominant charge carrier scattering is by ionized donors, this suggests
that the electron mobility in lightly doped ScN would be significantly
higher.

The thermal conductivity (A) of ScN crystals was measured at
room temperature. A representative TDTR data and model fitting are
shown in Fig. 3. The average thermal conductivity (A) was
54 +3Wm 'K . This result is much higher than the A of polycrys-
talline ScN thin films (5.5-12.3 W m~' K™')”” and epitaxial layers
(12.3-207W m " K ").>**” Such high values of A result from a
large electronic thermal conductivity (A) in the ScN samples due to
the high carrier concentrations. We estimate A, from the
Wiedemann-Franz law A.=LT/p, where L is the Lorenz number
(244 x 107* W QK ?), p is the electrical resistivity, and T'is the abso-
lute temperature. Taking the room temperature value of p =39 uQ cm
from the Hall resistivity measurement, then the A, is estimated to be
19W m~ ' K™% Then from Apn=A — A, the phonon thermal con-
ductivity (App) of SN is approximately 35W m ™' K~ '.*' This result
is relatively high compared with the A, of common transition metal
nitrides and carbides.”"*> However, the measured Aph in ScN is lower
than the prediction from the first-principles based Boltzmann trans-
port equation calculation, 51.5W m~! K1’ This result is not sur-
prising since the high impurity concentrations (N, and Np) as well as
the resultant high carrier concentration could lead to strong scattering

ARTICLE scitation.org/journal/apl
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FIG. 3. Representative experimental data (black open circles) and model fitting
curve (red solid line) of the thermal conductivity measurement by TDTR.

of phonons, limiting Ay, Our result shows that the Ay, reported in
another first-principles based calculation, 20 W m™ K™ ',”” might be
an underestimation of the intrinsic value.

In conclusion, high quality bulk ScN single crystals with good
electrical and thermal properties was grown by physical vapor trans-
port. The growth of such thick layers enables threading dislocations to
combine and annihilate, resulting in a much lower defect density than
is possible in thin films. For example, Mathis et al.*” estimated that the
dislocation density in GaN is reduced by three orders of magnitude as
the layer thickness increases from 1 yum to 1 mm. A similar reduction
is anticipated here for ScN. Hall-effect measurements showed that ScN
crystals were n-type with a high carrier concentration, yet with an elec-
tron mobility reasonably high in comparison to ScN thin films pro-
duced by deposition. The high room temperature thermal
conductivity of PVT ScN also suggests that it is of high quality.
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