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A B S T R A C T   

Scandium nitride (ScN) has attracted significant interest in recent years for diverse electronic and thermoelectric 
applications. Most ScN growth utilizes MgO and Al2O3 as substrates that lead to extended defects such as dis
locations and grain boundaries. (0001) GaN exhibits less than 0.1% lattice mismatch with (111) ScN, and 
therefore, should result in single-crystalline ScN film growth. However, not much attention is devoted to un
derstanding the microstructure of ScN on GaN substrates. In this work, we present (111) oriented lattice matched 
ScN film growth on (0001) GaN substrates. X-ray pole figure exhibited six spots for the (002) ScN superimposed 
on that of (101) GaN separated by 60◦ corresponding to twin domains of threefold symmetry for (111) ScN, 
which are furthermore directly imaged by lattice resolved microscopy images. The presence of twins is attributed 
to vertical dislocations originating at the GaN/Al2O3 interface and extending throughout the GaN film to its 
interface with ScN.   

1. Introduction 

In recent years transition metal nitrides (TMN) that are traditionally 
used as protective layers, hard coatings and tribological applications [1, 
2], have garnered significant interest for their electronic, optical and 
thermoelectric properties [3]. While most of the TMNs are metallic in 
nature that led to studies on their high-temperature plasmonic appli
cations [4,5], ScN is an ambient-stable semiconductor, with an indirect 
bandgap of ~ 0.9 eV and a direct gap of ~ 2.2 eV [6]. ScN thin films with 
their low resistivity and high Seebeck coefficients lead to a high ther
moelectric power factor that makes it a potential candidate for 
waste-heat-to-electrical energy conversion applications [7]. An 
extremely high thermoelectric power factor of 3.3– 3.5 mW/m-K2 at 
high temperature (500 – 800K) has been demonstrated for ScN thin films 
deposited on MgO and Al2O3 substrates [8]. Such a large power factor of 
ScN is higher in comparison to the well-known thermoelectric materials 
such as Be2Te3 and La3Te4 in a similar temperature range [9,10]. In 
addition, ScN has been employed to enhance the piezoelectric coeffi
cient in traditional III-nitride compounds such as AlN and GaN [11,12]. 
Solid-state alloys of Al1-xScxN with Sc concentration up to 43% exhibited 
five times larger piezoelectric coefficients compared to AlN, and 

ferroelectricity was demonstrated in Al1-xScxN with Sc concentration of 
27% [13,14]. Such features extend the application of ScN-based III-ni
tride alloys to novel piezoelectric and ferroelectric energy harvesting, 
bulk, and surface acoustic devices, sensing and switching devices. 
Furthermore, owing to close matching in-plane lattice parameter of 
(111) ScN and (0001) GaN, ScN has been used as a buffer layer to reduce 
the threading dislocation density in GaN epilayer [15,16]. 

ScN thin films have been deposited using a variety of growth tech
niques such as hydride vapor phase epitaxy (HVPE)[17], magnetron 
sputtering [18–22], gas-source and plasma-assisted molecular beam 
epitaxy [23–26], etc. on a range of substrates such as Si, MgO, Al2O3 and 
SiC to investigate the effects of surface orientation on physical proper
ties. Although epitaxial growth was demonstrated in most of the cases, 
the surface morphology and electrical transport properties are depen
dent on the substrate orientation [27]. Since MgO and ScN exhibit 
rocksalt crystal structure, the ScN thin films deposited on (001) MgO 
exhibited (001) oriented cubic epitaxial films with smooth surface 
morphology [19,23]. In some other cases, ScN films deposited on (001) 
MgO substrates were found to exhibit both (111) and (002) orientations, 
which is mainly due to growth constraints [19,28]. In contrast, ScN 
growth on c-plane (0001) sapphire, MgO (111), or Si (111) resulted in 
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(111) ScN, while (001) ScN growth was found on r-plane sapphire [20, 
21,25,29]. Such (111) oriented films exhibited columnar growth with 
(100) facets exposed on the surface. 

As-deposited ScN films grown using various techniques are always 
nearly degenerate with high carrier concentration in the 1020 – 1021 

cm− 3 range, and resistivity of the order of ~ 10− 4 Ω-cm at room tem
perature. Also, the electronic mobility of ScN is found to vary in the 
range of 50 – 130 cm2/Vs [6]. The origin of such a high carrier con
centration has been attributed to large impurity concentrations such as 
oxygen and fluorine in ScN that result from the source materials as well 
as from the process gas during growth [30]. ScN has a high affinity for 
oxygen, and recent studies have demonstrated oxygen concentration in 
ScN to be influenced by the growth temperature and crystalline orien
tations [20]. The large carrier concentration of ScN thin films has been 
reduced with Mg-acceptor doping and p-type ScN thin films that exhibit 
a large thermoelectric power factor demonstrated [31]. 

However, to improve the mobility and other electronic properties, 
low defect density (misfit dislocations, threading dislocations, grain 
boundaries, etc.) single crystalline ScN thin films need to be developed. 
As the lattice mismatch between ScN and conventional substrates (001) 
MgO, 6.4%; (001) Si, 20.6%; (0001)Al2O3, 13.9%[24] is quite large, 
(0001) GaN which exhibits a less than 0.1% lattice-mismatch with (111) 
ScN, could be utilized as a substrate. In addition, density functional 
theory calculations have demonstrated that a polarization discontinuity 
between the (0001) GaN and (111) ScN interfaces can lead to high- 
density electron or hole gas at the (0001) GaN and (111) ScN inter
face [32]. In this work, we present (111) oriented lattice-matched ScN 
film growth on (0001) GaN substrates. 

2. Experimental details 

ScN thin films were deposited on commercially available MOCVD 
grown (0001) GaN epilayers on c-sapphire substrates. Prior to the 
growth, the substrates were thoroughly cleaned with organic solvents 
such as acetone and propanol, followed by a de-ionized water rinse and 
N2 blow-drying. For sputter deposition of ScN, a reactive dc magnetron 
sputtering system (PVD Products, USA) with an ultra-high vacuum 
chamber at a base pressure of 2 × 10− 9 Torr was used. Scandium 
(99.995% pure) target power was set to 100 W. The Ar (99.99999%) and 
N2 (99.99999%) ratio was kept at 9:2 for all the depositions. Before 
deposition, the substrates were annealed at 750◦C for 30 minutes in the 
growth chamber. The target material Sc was pre-sputtered at actual 
growth condition for 30 minutes. During deposition, the substrate 
temperature was maintained at 750◦C and the chamber pressure at 5 
mTorr. 

Post deposition, several ex-situ characterization techniques have 
been employed to study the samples. A field-emission scanning electron 
microscope (FESEM, FEI Quanta 3D, Netherlands) was used to study the 
surface morphology and measure film thickness. High-resolution X-ray 
diffraction (Bruker, D8 Advance) with Cu Kα radiation (1.5406 Å) was 
used to determine the structural orientation of the thin films. High- 
resolution scanning TEM (HRSTEM) imaging, diffraction, and EDS 
mapping of the samples was performed employing an image and probe- 
corrected and monochromated FEI Themis-Z instrument equipped with 
ChemiSTEM EDS detector system for ultrahigh count rates and operated 
at 300kV. 

TEM samples were prepared with a Helios Hydra DualBeam Plasma 
FIB. Samples were first coated with approximately 20 nm of Au via 
magnetron sputtering. A 100 nm Pt+C protective cap was deposited 
inside the FIB with a 5 kV electron beam, followed by a 1 µm Pt+C 
protective cap with a 12 kV Xe beam. To generate the lamella, samples 
were trenched with a 30 kV Xe beam at 60, 15 and 4 nA before lift out. 
The TEM lamellae were welded to Mo grids using ion beam Pt welding. 
Thinning was done at ±1.5◦ with currents of 300, 100 pA and 30 kV, 
using a 5 kV electron beam to check for electron transparency. Final 
polishing was done with a 5 kV ion beam between 30 and 10 pA. Room 

temperature electrical properties were measured using Ecopia HMS- 
3000 tabletop Hall effect measurement system. 

3. Results and discussion 

The symmetric 2θ - ω X-ray diffractogram of the ScN film shows two 
prominent peaks at 2θ = 34.5◦ and 41.72◦ (Fig. 1(a)). The first peak at 
34.5◦ corresponds to (0002) GaN and (111) ScN. ScN 111 reflection lies 
within the background of GaN 0002 reflection as the interplanar spacing 
of (111) ScN planes closely matches with the out-of-plane lattice con
stant of GaN. This implies that (111) ScN is well aligned with (0001) 
GaN, i.e., the out-of-plane epitaxial relationship is (111)ScN‖(0001)GaN. 
The peak appearing at 41.72◦ can be indexed as 0006 reflection from the 
Al2O3 substrate. Since the combined thickness of ScN and GaN is about 
3.8 μm, the intensity of the Al2O3 substrate peak appear smaller. The full 
width at half maximum (FWHM) of the rocking curve for the peak at 
34.5◦ (shown in inset Fig. 1a) is found to be about 0.07◦. Such a narrow 
FWHM suggests highly oriented ScN films with negligible out-of-plane 
misorientation. Fig. 1(b) shows the (002) pole figure of ScN super
imposed on that of (101) GaN. The discrete spots are indicative of in- 
plane epitaxial order in ScN thin film. The pole figure of ScN shows 
six spots separated by 60◦ at a tilt angle of 54.2◦. The tilt angle corre
sponds to the angle between (111) and (002) planes of ScN. The pres
ence of six spots instead of three spots (separated by 120◦) suggests the 
existence of two (111) oriented domains rotated by 60◦ against each 
other. The twin domains arise due to the symmetric constraint by the 
three-fold symmetric (111) oriented growth of ScN on six-fold sym
metric (0001) GaN. Similar results were obtained for ScN films depos
ited on other (111) or (0001) oriented substrates [18,33,34]. Similarly, 
the (101) pole figure of GaN exhibits six spots separated by 60◦ at a tilt 
angle of 62◦, where the tilt angle corresponds to the angle between (002) 
and (101) planes of GaN. The appearance of spots corresponding to ScN 
and GaN at the same azimuthal angle ϕ reveals the in-plane epitaxial 
relationship as [002]ScN‖[101]GaN. Therefore, the overall epitaxial rela
tionship of ScN on GaN is found to be [002](111)ScN‖ [101](001)GaN. This 
is in contrast to the epitaxial relationship of ScN films deposited on 
rocksalt (001) MgO substrates that exhibit an epitaxial relationship of 
[001](001)ScN‖ [001](001)MgO.

The plan-view FESEM image of the ScN thin film shows pyramidal 
facets (see Fig. 2(a)). Such morphology and texture is typical for (111) 
ScN grown on (111) MgO and (0001) Al2O3 substrates [20,33] and has 
been attributed to the lower lateral mobility of adatoms on (111) surface 
in comparison to (001) surface [26,28]. The (111) surface of ScN is 
expected to have a higher density of dangling bonds, which leads to a 
higher sticking coefficient for adatoms arriving on the surface. Studies 
on the temperature dependence of surface roughness in (111) oriented 
growth of ScN further evidenced the model of limited surface adatom 
mobility [35]. Further, a closer look at the orientation of the triangular 
pyramids clearly shows the existence of two kinds of domains. As a guide 
to the eye, the two domains are marked with red circles (see inset of 
Fig. 2(a)), which are rotated by 60◦ with respect to each other. This 
confirms the results of HRXRD measurements that indicated the pres
ence of (111) oriented twin domains (Fig. 1(b)). The root-mean-square 
surface roughness for the ScN determined using atomic force micro
scopy (Fig. 2(b)) was 1.67 nm, representing its smooth epitaxial growth. 

The TEM micrograph in cross-section geometry confirms the 
columnar growth of the ScN film (see Fig. 3(a)). The columns appear 
rotated in the magnified TEM image (Fig. 3(b)). An arrow and lines are 
drawn as a guide to the eye to indicate the domain rotation with respect 
to neighboring columns (inset ofFig. 3 (b)). The atomic resolution STEM 
images (c and d) as well as electron diffraction pattern (EDP) analysis 
(inset of Fig. 3(d)) reveals (111) oriented ScN growth with epitaxial 
relationship (110)ScN‖(1120)GaN and [111]ScN‖[0001]GaN which is 
consistent with the HRXRD results. Atomic-resolution HAADF-STEM 
image along [112] shows (Fig. 3(c) and 3(d)) an atomically sharp and 
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abrupt ScN/GaN interface. As expected, no misfit dislocation is observed 
at the interface between ScN and GaN, since the materials are closely 
lattice-matched. Previous work on the growth of (111) oriented cubic 
structures on (0001) hexagonal surface had suggested domain matching 
epitaxy under suitable conditions [36,37]. Such type of growth can lead 
to pyramidal domains (as seen in FESEM image Fig. 2(a)) without any 
misfit dislocations [38]. From Fig. 3(c), the growth near the interface 
occurs in a layer-by-layer mode, which transitions to a columnar mode 
as growth proceeds. HRSTEM energy dispersive X-ray spectroscopy 
(EDS) elemental mapping shows (Fig. 4) uniform distribution of Sc and 
N throughout the film. It also shows the presence of oxygen in ScN film 
that typically arises from target contamination or process gas during the 
film growth. 

Theoretically, several types of twinned domains are possible in an fcc 
lattice. However, we find only the rotational type of twinning (with 
[111] rotational axis) in the present case. As mentioned above, a similar 
kind of rotational twinning was observed in several other hetero
epitaxial systems, even in the case of close lattice matching [36,37,39]. 
It can be noted that while the (111) ScN and (0001) GaN exhibit close 
lattice matching in the plane forming the interface, they comprise a 
mismatch in rotational symmetry. As a consequence, rotational twin 
domains will form in the ScN thin films [40]. Based on group theory, it 
was predicted that an epilayer with threefold rotational symmetry on a 
substrate with sixfold rotational symmetry could have a minimum of 
two rotational domains with in-plane rotation about the substrate 
normal [41]. In addition, the substrate surface, i.e., the first layer or first 

two layers (surface reconstruction), can have a different symmetry than 
that of the bulk [42]. Thus, depending on whether the adatoms of the 
growing film interacts with the surface or a lower layer of the substrate, 
domains with two different orientations can nucleate. Similarly, steps 
(separating atomically flat terraces) on the substrate surface, which are 
quite common in practical cases, can offer identical or different crys
tallographic orientation depending on the step height. For the wurtzite 
(0001) GaN surface, a step height of c/2 offers an identical surface with 
180◦ rotated orientation [42]. In the literature, the formation of twinned 
domains during epitaxial growth has been attributed to a variety of 
growth parameters. In the case of (111) CdTe/ (0001) Al2O3, the for
mation of rotational twin domains was attributed to the termination of 
sapphire surface as it plays a crucial role in determining whether the 
growth initiated with a Cd or Te layer [43,44]. Studies on (111) SiGe 
alloy growth on (0001) sapphire has shown that the formation of twin 
domains is dependent on the substrate temperature [36,39]. The ScN 
films in this study are grown at a homologous temperature higher than 
0.3, which we have recently shown will result in nominally 
single-crystalline ScN [45]. However, it should be noted that the films 
are grown on commercially available MOCVD grown GaN epilayers on 
c-sapphire substrates. Figure 5 shows a cross-sectional TEM image of the 
GaN epilayer and c-sapphire interface as well as the GaN and ScN 
interface. The interface between the GaN and sapphire is found to have a 
high density of defects (Fig. 5(a)), from which dislocations run vertically 
through the GaN epilayers. A large number of such dislocations termi
nate at the GaN surface. One such dislocation line extending through the 

Figure 1. (a) Symmetric 2θ-ω X-ray diffractogram of ScN thin film deposited grown on (0001) GaN substrate. Inset shows ω-scan (rocking curve) corresponding to 
the 0002 GaN/111 ScN perk. (b) X-ray pole figure of (002) ScN superimposed on that of (101) GaN. Six spots separated by 60◦ at a tilt angle of 54.2◦ show the 
twinned growth of (111) ScN on (0001) GaN. 

Figure 2. (a) Plan-view FESEM image showing pyramidal (111) oriented ScN growth on (0001) GaN. Red circles in the inset indicate the domains rotated 60◦ with 
respect to each other. (b) Atomic force microscopy image of ScN that exhibits a small surface root-mean-square roughness of 1.6 nm. 
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Figure 3. (a) Cross-sectional TEM image of ScN 
thin film deposited on (0001) GaN surface 
showing columnar grain growth. (b) Magnified 
image of the ScN columns (the part marked 
with a black square in (a)). Twin domains 
rotated by 60◦ along [111] are indicated in the 
inset. (c) Atomic resolution HAADF STEM 
image of the ScN and GaN interface along the 
ScN [112] zone axis. (d) Magnified interface 
region between ScN/GaN marked with black 
square (in (c)) with inset showing correspond
ing selected area diffraction pattern of ScN.   

Figure 4. (a) HAADF-STEM image of ScN deposited on the (0001) GaN substrate showing columnar growth. Respective STEM-EDS maps of Sc (b), N (c), O (d) as well 
as Ga (e). No inter-diffusion of Ga was observed. 
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GaN epilayer towards the GaN/ScN interface is shown in Fig. 5(b). 
Hence, surface termination of the dislocations and resulting defects at 
the GaN/ScN interface can contribute to twin domain formation in the 
(111) ScN thin films. 

Room-temperature Hall measurements were performed on (111) ScN 
samples in van der Pauw geometry. The samples exhibited high hall 
mobility ranging 124 – 177 cm2/Vs with a corresponding n-type carrier 
concentration of 1.05 × 1018 cm− 3 and the resistivity of 48.1 mΩ-cm. 
The mobility obtained here is higher than the typical values reported for 
ScN growth on MgO or sapphire substrates but is slightly lower than 
HVPE grown ScN, which exhibited the highest mobility value of up to 
284 cm2/Vs to date. Also, the measured carrier concentration was two 
orders of magnitude lower than that of undoped ScN thin films deposited 
on other substrates. Such high mobility and low carrier concentration 
can be the possible outcome of a significant reduction in misfit defects 
and threading dislocations due to the close in-plane lattice-matched 
growth of ScN on the (0001) GaN surface. In an ionic crystal, such 
extended defects are expected to be charged and electrically active and 
act as scattering centers. Further, these results are in line with the 
speculations made by Dismukes et al. and Oshima et al. that reducing 
defects in ScN films can result in carrier concentrations as low as 1018 

cm− 3 and mobility close to that of Ge and Si [17,46]. 

4. Conclusions 

Highly (111) oriented ScN thin films are deposited on lattice- 
matched c-plane GaN surface. Structural analysis indicated that 
growth on a hexagonal substrate with (0001) oriented surface led to 
(111) oriented columnar growth of ScN instead of (001) ScN. The 
HRXRD analysis revealed an epitaxial relationship of 
[111]ScN‖[0001]GaN. The analysis of the (002) pole figure clearly showed 
the presence of two (111) oriented domains, with one of the domains 
rotated by 60◦ to accommodate the sixfold symmetry of the substrate. 
TEM analysis reveals dislocations originating at the Al2O3/GaN interface 
and vertically extending throughout the GaN film to its interface with 
ScN as a possible cause for the twinning. Within the individual domains, 
however, high-resolution STEM images of the interface demonstrate the 
absence of misfit dislocations over distances of tens of nanometers due to 
the near-perfect lattice match of ScN [111] with the GaN [0001] sub
strate. This has a significant effect on the electrical transport properties 
of the ScN thin films. Room temperature electrical measurements 
revealed high hall mobility of 177 cm2/Vs in comparison to previously 
reported values for ScN. Demonstration of single-crystal ScN growth on 
GaN with reduced interfacial defects marks important progress in ScN 

research. This is expected to improve the transport properties and make 
novel electronic device application of ScN possible. 
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