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Abstract

Scandium nitride single crystals (14-90 um thick)wefe grown on tungsten (100) single crystal
substrate by physical vapor transport in thetemperature range of 1850°C-2000°C and pressure
of 15-35 torr. Epitaxial growth was confitmed using in-plane ¢ scan and out-of-plane x-ray
diffraction techniques which revealedthat ScN exhibits cube-on-cube growth with a plane
relationship ScN (001) || W (004) and_normal direction ScN [100] || W [110]. Atomic force
microscopy revealed thessurface roughness decreased from 83 nm to 18 nm as the growth
temperature was incréasedwX-ray diffraction (XRD) rocking curves widths decreased indicating
the crystal quality impreved with increasing growth temperature. The lowest XRD FWHM was
821 arcsec, which'is sofar the lowest value reported for ScN. Scanning electron microscopy (SEM)
exhibited the f@rmation of macrosteps and cracks on the crystal surface with latter due to the

mismatchgf SEN’s and tungsten’s coefficients of thermal expansion .

1. Introduction

Recently, there has been a remarkable interest in the properties and applications of transition

metakaitrides®. In particular, the crystal growth and characterization of the group IlIB transition
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Publishimg al nitride scandium nitride (ScN), a semiconductor, is of interest for both fundamental science
and potential electronic device applications. It possess excellent physical properties such as high
hardness, mechanical strength, and outstanding electronic transport properties. The heat, free
energy, and entropy of formation of ScN suggest its high thermal stability. Its melting point is >
2600 °C.2 It has the rock salt crystal structure with a lattice constant of 4,503 +0.002 A.27 It has a
direct bandgap of 2.0 eV and an indirect band gap of 0.9 eV® and typically has a high electron
carrier concentration (>10%° cm3).%° One of the most exciting aspects«wf ScN is that it can have
either n-type or p-type conductivity (with magnesium dopigg)*°.\The électrical properties of ScN
are sensitive to impurities®. The electrical resistivity" of uniatentionally doped ScN varies
dramatically, with reported values of 25, 130, 308, and461 plohm-cm by Samsonov et al.'?,

Sclar'?, Gschneidner'3, and Dismukes et al. > * respéctively:

Scandium nitride has several potential device apglications. Moram et al.'* and Lupina et al.* used
ScN as a buffer layer Si substrates to support the;subsequent growth of GaN. Free-standing ScN
crystals could serve as lattice-matched,“e¢lectrically conductive substrates for other
semiconductors such as zinc blendé GaNy@ = 2.52 A)® and boron phosphide (a = 4.55 A).17 ScN
could also be utilized for high temperatuke ohmic contacts to IlIA nitrides.'® Large piezoelectric
coefficients can be achieved by alleying scandium nitride with aluminum nitride.*® 2° For all of

these applications, contr0! overithe material’s structure and crystal quality is essential.

It has proven to be“diffi€ult toproduce high quality ScN layers and bulk crystals for several
reasons. First, thesmaximum temperature employed in epitaxial growth studies have been
relatively low§ 1100 °C for hydride vapor phase epitaxy (HVPE)?!, 1050 °C for molecular beam
epitaxy??,4and 950%C for reactive magnetron sputtering. Such low temperatures result in thin
films (£€1um)*with small grain sizes, i.e. high densities of grain boundaries. Second, defects and
cracking.are often caused by the mismatch of substrate and ScN layer properties (crystal

structure; lattice constants, and coefficients of thermal expansion).

ScN has been deposited on many different substrates. Gall et al.?® produced ScN(001) single
crystal on MgO(001) and TiN(001) buffer layer on MgO(001) by ultrahigh vacuum reactive

magnetron sputter deposition. Ohgaki et al.?* also synthesized ScN films on MgO(110) and a-
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Publishingos(1010) substrates by (MBE), and XRD revealed ScN(220) for both substrates. Edgar et al.2!
used (HVPE) to deposit ScN on 6H-SiC(0001), and reported that ScN exhibited (111) orientation
and a mixture of (100) and (111) orientations at substrate temperatures of 800-900°C and 1000-
1100°C respectively. Moram et al.?® grew epitaxial 100-oriented ScN films on 100-oriented Si, and
mixed orientation of ScN(111) and (100) on Si(111) via (MBE) growth“method. Inevitably, this

heteroepitaxy results in high dislocation densities and cracking of ¢he films.

Here we demonstrate two advances: the use of physical vapor transpert (PVT) for preparing
epitaxial ScN layers and a single crystal tungsten (100) substrate. PVT technique is widely

employed for the bulk crystal growth of silicon carbide?® and aluminum nitride?’.

The present study builds on our previous work? lin which polycrystalline ScN was grown on
polycrystalline tungsten foil, by employing (100) tungsten single crystal seeds to produce ScN
single crystal. The lattice constant mismateh was minimized by this orientation preference
between ScN crystal and the tungsten seedwTheattice constant of tungsten is 3.165 A, and about
~4.49 - 4.51 A for ScN. The directed cubg=on-cube lattice mismatch is very large, 42.18 % (based
on tungsten). However, rotating the.tmit cell by 45° and considering the square that is formed by
the nearest 4 tungsten atoms (Figure.l) produce a new square. The diagonal of this new square
is about 4.48 A thus reducingthe mismatch dramatically to 0.3 % (based on tungsten). Therefore,
the ScN crystal orients,on tungsten to minimize the lattice mismatch. A 45° angle exists between
the ScN and tungstenwnit cells, and results in a plane relationship ScN (001) || W (001) with
normal directionScN[100]% | W [110]. This orientational relationship also occurs with titanium

nitride on turigsten?s.

2. Experimental Work

The sublimation'growth was conducted in a tungsten heating element furnace with a maximum
témperatture-of 2400 °C. Tungsten previously proved to be a good unreactive metal for the
sublipmation growth of TiN?® and ErN?°, so it was used as a substrate for the deposited ScN

¢rystals, and to manufacture crucibles used in the experiments.

Ultra-high-purity gases, nitrogen (99.999% N3) and forming gas (95% Ar and 5% H3), were used in

the experiments. The nitrogen and forming gases were further purified with inline moisture and

3
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Publishiezen purifiers to reduce the impurity concentrations from ppm level to ppb level. Baking in
forming gas helped to reduce and to remove oxygen present as native oxides on the surface of
the ScN source, the crucible, and the substrate (the tungsten seed). During the baking stage, the
furnace was held at 1000 °C for two hours. The ScN source was synthesized by heating small
chunks of pure Sc metal (99.9 % purity) in ultra-high-purity nitrogen a@t<1100 °C and 500 torr for
10 hours.

The ScN crystal was grown on a single crystal tungsten seed with a (3Q0) orientation. The tungsten
seed was mechanically polished to achieve an optical sukface«.Cleaning by distilled water,
acetone, methanol, and isopropanol sequentially in an ultrasonic'eleaner followed the polishing

process.

The sublimation was carried out at the temperature range 1850 °C-2000 °C and pressure range
of 15-35 torr in the ultra-high-purity nitrogen gas«IThe growth time varied from 100 hours to 360
hours. The grown ScN crystals were careftifty-detached from the tungsten seed with a razor

blade.

A Rigaku MiniFlex Il diffractometenwas employed to determine the orientation and lattice
constants of the ScN layer by 6-20%-ray-diffraction. To confirm the epitaxial growth, XRD ¢ scans
were taken by Rigaku Smartlab.diffractometer. To establish epitaxy, the dome reflections of film
and substrate peaks wére needed to assure that they are oriented as expected from their crystal
symmetry. To do s@, thex-raydetector was fixed at 20 = 39.9°, the location of the ScN (200) peak.
The post-growth seed{ScN crystal upon W seed) was rotated 360°. Then, the x-ray detector was
fixed at 20 = 40.2%which represents the diffraction of W (110) plane, and 360° the post-growth
seed was rgtated again. The 45° angle rotation relationship between the ScN film and W seed
was confirmed with a Bruker D8 Discover diffractometer. In this measurement, the ScN crystal
upon«theW\ seed was rotated to 20 =40.2° which represents W (220) orientation. Then, it was
rotated to 20 =57.7° which represents ScN (220) orientation.

To,determine the structural quality ScN, rocking curve scan was performed to calculate the Full

Width at Half Maximum (FWHM) of the ScN (200) peak.
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PublishiAgh magnification images of the ScN layer were taken with a scanning electron microscope
(SEM) to determine the crystal surface morphology and defects such as steps and cracks.
The surface topography and roughness of the ScN crystal were investigated by atomic force

microscopy (AFM)

3. Results and Discussions

3.1 Out-of-Plane and In-Plane X-ray Diffraction to Confirm the Epitaxilal Growth of ScN Single
Crystal

For a ScN crystal removed from the tungsten substrate #only twe peaks were evident, the (200)
and (400) reflections, at 39.9° and 86.2° respectively insthe XRD 6-20 pattern (Figure 2). This

suggests that only ScN single crystal of the (100) family‘was produced.

The FWHM’s of 8-20 scans decrease as the ‘growth*temperature increases, showing that the
crystallinity of ScN films improved at higher growth temperature (the insets in Figure 2). This was
due to greater atom mobility at higher tempegatures and the tendency of threading dislocation

to recombine with increasing the layer thickness.

In the XRD ¢ scans (not shown)“at 39.9°(ScN(200)) and 40.2° (W(110)) detector positions, peaks
appeared at ¢ values of 17°,107°, 197, and 287°. For ScN(200), the peaks had different intensities,
and this is related to the'steps presenting on the crystal surface, which will be explained later.
For W(110) the peaks Were/ot intense because the ScN layer has steps, and is so thick and blocks

the x-rays from réaehing the tungsten substrate.
3.2 X-ray Diffraction to Confirm 45° Rotation

XRD analysis’ of the ScN layer and the tungsten single crystal revealed an orientational
relationship af SCN (001) || W (001) with normal direction ScN [100] || W [110], a 45° rotation
between the*ScN and W lattices, as defined by their primary unit cell directions [100]. The ScN
(200)planes are parallel to the substrate surface when the tungsten seed (100) is parallel to the
growth surface. However, the tungsten substrate surface was unintentionally slightly tilted away
from the (100) plane during cutting and machining the seed. This results in ScN surfaces with

steps, but the ScN planes were still parallel with the tungsten (100) plane, and with the in-plane
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Publishigigections ScN [100] || W [110]. To confirm this, the in-plane XRD pattern of ScN (220) and W
(110) was performed as shown in Figure (3). When the post-growth ScN(100) on W(100)
composite was tilted 45°, only two x-ray diffraction peaks were evident: one at 26 = 57.7° from
the ScN(220) plane (ScN (100) plane with 45° tilt) and a second at 26 = 40.2° which is for W(110)
plane (underlying W(100) plane with 45° tilt). This confirms the planés(100) of the ScN and W

are parallel, with a 45° angle between the perpendicular ScN [200) andiW [110] directions

3.3 Structural Quality of ScN Crystal by X-Ray Rocking Curves

The crystal quality greatly improved with the ScN layer thiekness, as evidenced by the decreasing
FWHM of X-ray rocking curves (the inset in Figuge 3).Withithe ScN layer thickness ranged from
14 to 90 um, the FWHM decreased from 1438 to 821 arcsec. This improving crystal quality is
attributable to a reduction in the dislocation«density. The dislocations with opposite Burger’s
vectors are attracted toward each otheras the ScN layer becomes thicker, and ultimately
combine and are annihilated. Although, XRD«w-20 pattern revealed a relatively wide FWHM
compared to the conventional high ‘quality'semiconductors, the ScN grown in this work has the
lowest value reported up to datew XRDww-26 pattern revealed a relatively wide FWHM for the
tungsten seed, which cgnsequently affected the quality of ScN crystal. Table (1) lists the

previously reported FWHM"s.;for XRD peaks taken from ScN films.

3.4 SEM Images

The mismatchin theithermal expansions between the ScN layer and the tungsten seed generated
stressgés, resulting in cracks on the ScN crystal. Figure (4-a) shows how the cracks were oriented
regularly.generating square and rectangular shapes of the ScN crystal.

No.individual grain boundaries are apparent in the SEM image, but large macrosteps, several
mierons high, can be seen on the ScN surfaces, as a result of step bunching (Figure 4-b). In
general, step bunching can be caused by the misorientation of the substrate surface from the

(100) plane, substrate polishing damage, and extended defects running through the ScN layer.
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Publishistgp bunching is caused by a difference between the distance of neighboring kinks and the
surface diffusion distance. In the case of steps forming, the average distance between
neighboring kinks is far smaller than the average surface diffusion distance of the adatoms.3? In
other words, the step velocity is higher than the diffusion speed of adatoms. When the kink
density is adequately high, steps perform as holes through which adatoms can be drawn in a

continuous flow.

3.5 AFM

The surface morphologies of the ScN layers grown at differenttemperatures are compared in
Figure (5). The morphology of ScN crystal surface was uniferm at different growth temperatures
and well-ordered steps with step height of about 15.am were observed when temperature was
increased to 2000 °C . The surface roughness @f the SeN films decreased from 83 nm to 18 nm as
the growth temperature was increased from*4870+C to 2000 °C because the adatom mobility
increases with temperature. The relationship.between the log of the film roughness and inverse
temperature was linear. This trend indicates that the inverse relationship is a consequence of the
thermally activated process which is inaceordance with the limited adatom mobility at lower
temperature. AFM and SEM showed the ScN surface consisted of both nanometer steps (Figure

5-d) and much larger micrometer scale steps (Figure 4).

4. Conclusion

ScN (200) single erystals,were grown on W (100) by physical vapor transport method in the
temperatufe range of 1850-2000 °C. Out-of-plane 8-20 and in-plane ¢ x-ray diffraction scans
revealed thewgpitaxial growth of ScN with a cube-on-cube plane relationship ScN (200) | | W (200)
and with norfmal direction ScN [200] || W [110]. The crystal surface exhibited layer-by-layer
fashion with'steps, and cracks formed due to the difference in the thermal expansion between
ScNand.W. AFM showed that the growth temperature has a dramatic impact on the roughness
of ‘the crystal with an inverse relationship. X-ray rocking curve (XRC) showed that the crystal
quality is excellent comparing to the previously reported qualities, and FWHM of ScN produced

in this work is the lowest value reported to date.
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Publishin@ e (1): FWHM of Rocking Curve for ScN Single Crystal

Growth Method Growth Substrate  ScN ScN Layer FWHM
Temp. (°C) Orient Thickness (arcsec)
ation  (um)
Reactive Magnetron Sputter 750 MgO (001) (002) [ 0.345 3,132
Deposition3! 3\
Reactive Magnetron Sputter 750 MgO (001) 11 0.345 7,668
Deposition3!
MBE3? 600 - 1,000 Si (111) ‘()llL 0.225 1,983 -7,900
-
rf-MBES 800 Sicog\‘mom 0.8 2,520
dc- Reactive Magnetron 850 0 (O@ (0o1) 0.48-0.52 2,430
Sputtering33 X&Q
RSMBE?® 300 - 5(\ (100) (200) 0.12-0.320 1,260 - 2,340
\
GSMBE?*? 3C-SiC (112) 0.2 1,047
Y (111)/6H-
\ SiC(0001)
dc- Reactive Magnetron wo MgO (001) (001) 0.47-0.52 2,487-2,754
Sputtering3*
MBE2* Q 750-900 MgO(110) (220) 0.1-0.15 1,800-2,520
24 /
MBE / y. 750 - 900 a-Al203 (110) 0.1-0.15 1,760-3,960
\ (1010)
Present Wo bDVT 1,850 — W (100) (200) 14-90 821 -1438
2,000

N/
A
<
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