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Epitaxial single-crystal Sc1�xAlxN ternary alloy layers deposited by magnetron co-sputtering on

MgO(001) substrates at 950 �C exhibit a solid solution rock-salt phase for x¼ 0–0.2 without decom-

position. Optical absorption indicates a linear increase in the optical gap from 2.51 eV for ScN to

3.05 eV for Sc0.8Al0.2N and, after correction due to the Moss-Burstein shift, a direct X point inter-

band transition energy Eg(X)¼ 2.15þ 2.75 x (eV). Correspondingly, the direct transition at the zone

center increases with Al concentration according to Eg(C)¼ 3.80þ 1.45 x (eV), as determined from

a feature in the reflection spectra. All layers are degenerate n-type semiconductors with a room tem-

perature mobility that decreases from 22 to 6.7 to 0.83 cm2/V s as x increases from 0 to 0.11 to 0.20.

The corresponding carrier densities are 9.2� 1020, 7.9� 1020, and 0.95� 1020 cm�3 as determined

from Hall measurements and consistent with optical free carrier absorption below photon energies

of 1 eV. Temperature dependent transport measurements indicate metallic conduction for ScN, but

weak localization that leads to a resistivity minimum at 85 and 210 K for x¼ 0.051 and 0.15, respec-

tively, and a negative temperature coefficient over the entire measured 4–300 K range for

Sc0.8Al0.2N. The decreasing mobility is attributed to alloy scattering at randomly distributed Al

atoms on cation sites, which also cause the weak localization. The carrier density is primarily due to

unintentional F doping from the Sc target and decreases strongly for x> 0.15, which is attributed to

trapping in defect states due to the deterioration of the crystalline quality, as evidenced by the x-ray

diffraction peak width that exhibits a minimum of 0.14� for x¼ 0.11 but increases to 0.49� for

x¼ 0.20. This is consistent with asymmetric x-ray diffraction analyses, indicating a relaxed lattice

constant that decreases from 4.511 6 0.005 to 4.411 6 0.004 Å for x¼ 0–0.2, and a biaxial in-plane

compressive strain that decreases from �1.1% to �0.2% as x increases from 0 to 0.11, which is

attributed to the higher Al adatom mobility, but increases again to �1.8% for x¼ 0.20, as x
approaches the critical composition for phase separation, which causes structural instability and a

higher defect density. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4923429]

I. INTRODUCTION

Ternary nitride alloys combining transition metal nitrides

and Group-III metal nitrides are already well known as pro-

tective coating material, with, for example, Ti1�xAlxN or

Cr1�xAlxN exhibiting excellent wear and high temperature

oxidation resistance.1–3 More recently, alloys combining ScN

and Group-III nitrides have gained interest since Sc is iso-

electric with Group-III metals, providing opportunities for

bandgap engineering in alloys like Ga1�xScxN (Refs. 4 and 5)

and Al1�xScxN,6,7 leading to potential applications in light-

emitting diodes. In addition, Al1�xScxN shows promise for

piezoelectric device applications as its piezoelectric coeffi-

cient has been reported to be up to 400% higher than that of

pure AlN.8–12 This Al-rich Al1�xScxN alloy crystallizes in the

wurtzite phase with Sc atoms substitutionally replacing Al,

leading to an anisotropic expansion and softening of the alloy

structure,6,8,13–15 which is attributed to substitutional Sc

favoring a five-fold coordinated bonding as predicted in a

meta-stable hexagonal ScN phase.16 Alternatively, the Al-Sc-

N alloy system can also be stabilized in a cubic rock-salt

structure, particularly for Sc-rich compositions, as the ther-

modynamically stable phase of pure ScN is rock-salt17–19 and

AlN also exhibits a meta-stable rock-salt phase that can be

synthesized at high pressure20 or stabilized in epitaxial multi-

layers.21 In fact, phase-pure cubic Sc1�xAlxN layers have

been deposited by magnetron co-sputtering over a large com-

position range 0� x� 0.82, and their structure and phase sta-

bility studied by both experimental and theoretical

methods.22–28 Density functional calculations predict that the

band gap of cubic Sc1�xAlxN increases with x,29,30 providing

potential for band gap engineering. ScN has also been pro-

posed as a high-temperature thermoelectric candidate mate-

rial,31–33 and alloying ScN with other nitrides could possibly

provide approaches for tuning electrical and thermal conduc-

tivity.26 However, despite the potentially promising proper-

ties, relatively little is known about the optical and electronic

transport properties of cubic Sc1�xAlxN.

In this paper, we report on the optical and electron trans-

port properties of rock-salt Sc1�xAlxN ternary alloys depos-

ited on MgO(001) by magnetron co-sputtering over the

composition range x¼ 0–0.2. This investigation builds on

our recently reported study on ScN,34 which exhibits a fun-

damental 0.92 6 0.05 eV indirect band gap from the valence

band maximum at the C point to the conduction band mini-

mum at the X point, and direct band gaps at the X and C
points which can be directly investigated using optical meth-

ods. In particular, absorption spectra indicate a direct
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transition at the X point which increases from 2.18 to

2.70 eV due to a Burstein–Moss shift as the electron density

increases from N¼ 1.12–12.8� 1020 cm�3.34 In contrast, a

feature at 3.80 6 0.02 eV in the ScN reflection spectrum that

is associated with the direct transition at the C point is unaf-

fected by N.34 Correspondingly, for the present investigation

on Sc1�xAlxN, we study both direct transitions at the X and

C points as a function of Al concentration x by optical spec-

troscopy and find an approximately linear increase of the

band gaps. The relatively high deposition temperature of

950 �C in this study results in a large adatom mobility and,

in turn, epitaxial layers with good crystalline quality but also

a tendency for phase separation into rock-salt ScN and wurt-

zite AlN. Therefore, we limit the composition here to

0� x� 0.2, which results for all layers in single phase epi-

taxial cubic Sc1�xAlxN ternary alloys. The crystalline quality

increases with increasing x due to an enhanced adatom mo-

bility and a decreasing lattice mismatch, but degrades

quickly for x> 0.15, which also causes a steep decrease in

the mobility and carrier density due to defect scattering and

electron trapping in defect states. The random distribution of

Sc and Al on cation sites causes weak carrier localization

and a resulting minimum in the resistivity at a critical tem-

perature that increases with x.

II. EXPERIMENTAL PROCEDURE

Sc1�xAlxN layers were deposited by reactive magnetron

co-sputtering in a load-locked ultra-high vacuum deposition

system with a base pressure of 10�9 Torr.6,35 Double-side

polished 10� 10� 0.5 mm3 single-crystal magnesium oxide

MgO(001) substrates were cleaned in sequential ultrasonic

baths of trichloroethylene, acetone, and isopropyl alcohol,

for 15 min each, rinsed in de-ionized water, blown dry with

nitrogen, mounted onto a Mo substrate holder using silver

paint, and inserted into the deposition system. Prior to depo-

sition, substrates were degassed at 1000 �C for 1 h. The sub-

strate temperature was measured with a pyrometer that was

cross-calibrated by a thermocouple underneath the substrate

holder and was lowered to 950 �C for deposition by reactive

sputtering from 5-cm-diamter nominally 99.99% pure Sc and

Al targets in 20 mTorr 99.999% pure N2. The targets faced

the substrate surface at a 45� angle and at a 9 cm distance

from the substrate that was continuously rotated at 60 rpm to

ensure composition and thickness uniformity. Both magnet-

rons were simultaneously operated with separate power sup-

plies providing a constant DC power, which was kept

constant at 300 W for the Sc target, resulting in a ScN depo-

sition rate of 10 nm/min, and which was varied from 0 to

400 W for the Al target to control the Al concentration in the

alloy layers. The deposition time for each sample was

adjusted according to the Al power, in order to obtain com-

parable film thicknesses ranging from 250 to 300 nm, as

measured by cross-sectional scanning electron microscopy

(SEM) in a Carl Zeiss Supra microscope.

The composition and particularly the Al-to-Sc ratio was

determined after deposition by Auger electron spectroscopy

(ULVAC-PHI 700) and photoelectron spectroscopy (PHI

5000 VersaProbe). In addition, these methods were also used

to detect fluorine impurities which stem from the Sc target

and are the primary source of the free carriers, as reported in

detail for the case of pure ScN in Ref. 34. The F impurity

level in the Sc1�xAlxN layers is 2 6 1 at. %, which is just

slightly above the detection limit and, within the experimen-

tal error, independent of x.

X-ray diffraction (XRD) was done in a PANalytical

X’Pert Pro Diffractometer with a hybrid X-ray mirror and a

two-crystal monochromator yielding Cu Ka1 radiation

(1.5406 Å) with a 0.0068� divergence, and with a 0.27�-ac-

ceptance parallel plate collimator in front of a scintillator

point detector. Symmetric and asymmetric x-2h spectra

were acquired to determine both in-plane and out-of-plane

lattice constants; x-rocking curve scans were collected to

inspect crystalline quality; and u-scans at constant x and 2h
angles corresponding to cubic 222 reflections were acquired

to determine in-plane crystalline orientations and confirm

epitaxy, similar to u-scans used to confirm the epitaxy of

CrN(001)36 and Cu(001)37 deposited on MgO(001).

Ultraviolet-to-visible (UV-Vis) optical spectra were col-

lected in a Perkin-Elmer Lambda 950 spectrophotometer

over a wavelength range from 190 to 3000 nm in 1 nm steps.

Transmittance T measurements were carried out at normal

incidence, and reflectance R measurements were done with a

6� incident angle and an Al mirror reference which was cali-

brated with the polished surface of a sapphire substrate and

optical constants of sapphire from Palik’s handbook.38 Both

collected T and R spectra were treated to account for effects

from the MgO substrate, using optical constants of MgO

obtained from substrate T and R spectra measured in the

same system.

Electronic transport measurements were done in a van

der Pauw geometry. For this purpose, 1.5� 1.5 mm2 Al, Cu,

or Au contacts were sputter deposited on the corners of each

sample and were contacted to wire leads with silver paint.

Room-temperature Hall measurements were done using an

Accent HL5500 Hall system with a 0.518 T magnetic field.

The temperature-dependent resistivity was measured in vac-

uum in a liquid-He cooled cryostat during warm-up from 4 K

to ambient temperature. The temperature measurement/con-

trol system resulted in minor discontinuities in the slope of

the measured resistivity q vs T curves at 50, 200, and 250 K,

which have negligible effect on the quantitative data analysis

in this paper. For each sample, resistances R12–34, R34–12,

R14–32, and R32–14 in both current directions were measured

at room temperature and 4 K to accurately solve for the sheet

resistance Rs.
39 The geometric factor g¼R12–34/Rs at the two

temperatures was nearly identical, with a difference of <3%

for all samples. The average g was subsequently applied to

the measured R12–34 during the temperature sweep to obtain

Rs as a function of temperature. All deposited films are suffi-

ciently resistive to render thermoelectric voltage effects neg-

ligible, with zero current offsets being much smaller (<3%)

than the voltage drop across the layer due to the measure-

ment current. The latter was chosen to be small enough to

have a negligible effect on the measured voltage due to local

heating. The resistivity was determined from the measured

Rs and the thickness from SEM measurements.
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III. RESULTS AND DISCUSSION

X-ray diffraction x-2h spectra showing the rock-salt

002 reflection from Sc1�xAlxN layers with x¼ 0–0.2 are

plotted in Fig. 1(a) as both the measured data points and the

Lorentzian fitting curves. The peak from the ScN film

(x¼ 0) is centered at 39.72 6 0.02�, corresponding to a per-

pendicular (out-of-plane) lattice constant a?¼ 4.535

6 0.002 Å. This value is larger than the reported ScN

relaxed lattice constant of 4.501 Å,40 indicating an in-plane

biaxial compressive stress within the layer. The alloy film

with x¼ 0.018 exhibits a peak with a 42% smaller intensity

which is shifted to the right, corresponding to a reduced lat-

tice constant of a?¼ 4.528 6 0.002 Å. Increasing the Al

concentration further to x¼ 0.051, 0.11, and 0.15 leads to a

continuous peak shift to larger 2h-values of 40.00 6 0.01�,
40.195 6 0.005�, and 40.550 6 0.005�, respectively, indicat-

ing that a? decreases, which is expected because rock-salt

AlN has a smaller reported lattice constant than ScN.20 In

addition, the peak intensity from these layers is 2.1, 5.8, and

3.9 times stronger than for pure ScN, respectively, indicat-

ing increased crystalline quality with the addition of Al.

This is also consistent with the rocking curve width analysis

presented below. In addition, the peak shapes indicate a

non-zero skewness that suggests some non-uniform strain

distribution. The alloy with the largest Al concentration,

x¼ 0.20, has a dramatically lower peak intensity corre-

sponding to just 20% of the ScN peak intensity. This indi-

cates, together with a significant peak broadening, a fast

deterioration of the crystalline quality when the Al concen-

tration is too large and the ternary alloy is approaching the

phase separation composition. The peak center of

40.51 6 0.02� is smaller than the 2h value for x¼ 0.15. This

is opposite to the trend for x< 0.15 and is attributed to a

considerably larger film strain, as discussed below.

Figure 1(b) shows the results from asymmetric x-2h
scans which are done to detect the cubic 113 reflection in

order to determine the parallel (in-plane) lattice constant ajj.
Similar to the results in Fig. 1(a), increasing the Al concen-

tration leads initially (x< 0.018) to a decrease in the peak

intensity, followed by a steep increase for 0.018< x< 0.11

and a steep decrease for 0.15< x< 0.20. The 2h peak posi-

tions gradually shift to larger angles of 68.81 6 0.03�,
68.86 6 0.04�, 69.20 6 0.02�, 69.52 6 0.01�, 70.22 6 0.01�,
and 70.47 6 0.03� for x¼ 0, 0.018, 0.051, 0.11, 0.15, and

0.20, respectively.

Figure 2(a) is a plot of the out-of-plane a? and in-plane ajj
lattice constants, as determined from the x-ray diffraction anal-

ysis presented in Fig. 1. It also shows the relaxed lattice con-

stant ao¼ (a?� �a?þ 2�ajj)/(1þ �), where � is the Poisson’s

ratio and is assumed to be a composition-independent constant

of 0.2, as reported for ScN.40 For all layers, a? is larger than

ajj, indicating a biaxial in-plane compressive strain with a mag-

nitude that decreases from �1.1% to �0.8%, �0.4%, and

�0.2% for x¼ 0, 0.018, 0.051, and 0.11, respectively, and

increases again to �0.3% and �1.8% for x¼ 0.15 and 0.20.

The smallest strain of �0.2% is observed for the Sc0.89Al0.11N

sample which also shows the largest x-ray diffraction intensity.

This correlation of small strain with high diffraction intensity

suggests that a larger atomic mobility which increases the crys-

talline quality also facilitates stress relaxation. The relaxed lat-

tice constant for ScN is 4.511 6 0.005 Å. This is slightly

(0.2%) larger than the reported 4.501 Å for relaxed ScN,40

FIG. 1. X-ray diffraction (a) symmetric and (b) asymmetric x-2h scans

showing the 002 and 113 reflections, respectively, from epitaxial

Sc1�xAlxN/MgO(001) layers with x¼ 0–0.2 as labeled.

FIG. 2. (a) Out-of-plane a?, in-plane ajj, and relaxed ao lattice constants vs

Al concentration x in Sc1�xAlxN/MgO(001) layers, and (b) full-width at

half-maximum of XRD peaks from x rocking curves (C002
x ), and symmetric

and asymmetric x-2h scans (C002
2h and C113

2h ) of the 002 and 113 reflections.
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which is attributed to Fluorine impurity atoms which stem

from the Sc source material34 and occupy N lattice sites, caus-

ing a lattice expansion41–43 as well as a Burstein-Moss shift in

the ScN direct optical transition,34 as discussed below. The

relaxed lattice constant decreases with increasing x, reaching

ao¼ 4.511 6 0.005, 4.495 6 0.003, and 4.479 6 0.001 Å for

x¼ 0.018, 0.051, and 0.11, respectively. These values are con-

siderably above what would be expected using Vegard’s linear

mixing rule, as indicated in Fig. 2(a) with a dashed line labeled

aVegard which is determined using rock-salt ScN and AlN lat-

tice constants of 4.501 and 4.045 Å, respectively.20,40 At higher

Al concentrations, the measured ao¼ 4.439 6 0.001 and

4.411 6 0.004 Å for x¼ 0.15 and 0.20 approaches aVegard. A

similar non-linear ao vs x dependence has also been reported

by H€oglund et al.22 for Sc1�xAlxN solid solution films depos-

ited on MgO(111) substrates at 600 �C with, opposite to our

results, a deviation from aVegard for all compositions x� 0.6.

Figure 2(b) is a plot of the x-ray diffraction peak widths

vs composition x of Sc1�xAlxN(001) layers. More specifi-

cally, the plot shows the full-widths at half-maximum C002
2h

and C113
2h of the 002 and 113 peaks from symmetric and asym-

metric x-2h scans shown in Fig. 1 as well as the width C002
x

of the 002 x rocking-curves. All three measured peak widths

are an indication of the crystalline quality where smaller C002
2h

and C002
x values indicate a larger x-ray coherence length per-

pendicular and parallel to the substrate surface, respectively,

while C113
2h is affected by both the in-plane and out-of-plane

coherence lengths with the former being more dominant.

Peak broadening is due to the lattice distorting strain fields

around dislocations and, for C002
x and partially C113

2h , also due

to the mosaic spread associated with low-angle grain bounda-

ries. The three plotted widths exhibit all a similar dependency

on the Al concentration. In particular, C002
x increases from

1.8� for ScN to 2.5� for Sc0.982Al0.018 N, but decreases to

1.4�, 0.9�, and 0.8� for x¼ 0.051, 0.11, and 0.15, respectively,

followed by a considerable increase to 1.5� for Sc0.8Al0.2N.

Likewise, C113
2h increases from 0.98� to 1.2�, then decreases to

0.52� for x¼ 0.15, and increases again to 1.0� for x¼ 0.20,

while C002
2h increases from 0.47� to 0.62� for x¼ 0–0.018,

decreases to a minimum of 0.14� for x¼ 0.11, and increases

to 0.49� for Sc0.8Al0.2N.

The overall trend of increasing crystalline quality with

increasing x� 0.15 is attributed to the combination of (i) the

larger adatom mobility of Al vs Sc atoms which is due to

both the lower metallic bond energy of Al vs Sc with melting

points of 934 and 1812 K, respectively, and the lower atomic

mass of Al which results in a considerably better mass-

match with impinging N2
þ-ions and therefore a higher mo-

mentum transfer and, in turn, a higher Al surface diffusivity,

and (ii) the decreasing lattice constant with increasing x
which reduces the lattice mismatch with the MgO substrate

from 7.1% for ScN to 5.4% for Sc0.85Al0.15N, leading to a

lower misfit strain and dislocation density. The trend of

increasing crystalline quality with increasing x is reversed

for the highest Al concentration, x¼ 0.20. This is attributed

to this composition approaching the phase separation point

above which wurtzite AlN clusters form. Therefore, the sin-

gle phase solid solution rock-salt structure of the

Sc0.80Al0.20N layer has a reduced stability, which, in turn,

leads to lower formation energies for crystalline defects and

also allows larger strains, as evident from the rapid increase

in strain between x¼ 0.15 and x¼ 0.20 in Fig. 2(a). We note

that H€oglund et al.22 reported a single-phase rock-salt struc-

ture for Sc1�xAlxN up to x¼ 0.6 and Saha et al.28 stabilized

the cubic phase by epitaxial constraints up to x¼ 0.82. These

larger critical Al compositions are attributed to the lower

deposition temperatures of 600 �C and 750 �C in these stud-

ies, while the 950 �C in our investigation is expected to over-

come kinetic barriers for phase separation at a lower Al

concentration, slightly above x¼ 0.20. The data points in

Fig. 2(b) for the smallest Al concentration of x¼ 0.018 devi-

ate from the decreasing trend, showing a lower crystalline

quality than for pure ScN although the strain, as shown in

Fig. 2(a) is lower. This is not well understood but may be

related to a deposition instability related to the formation of

an AlN surface layer on the Al target which forms due to the

low Al deposition power for this sample and causes the well

known hysteresis problem44,45 in reactive sputtering and,

therefore, a non-uniform Al concentration in this layer.

Figures 3(a) and 3(b) show sections of transmittance T
and reflectance R spectra, which are used to determine the

direct optical transition energies in the Sc1�xAlxN ternary

alloy. The T spectra in Fig. 3(a) indicate a relatively high

transparency for photon energies h� between approximately

1 and 2.5 eV, leading to interference fringes with three max-

ima for all spectra. At low h� < 1 eV, the transmittance

decreases with decreasing h� due to free carrier absorption.

This effect is strongest for the ScN layer and decreases with

increasing x, due to a decreasing free carrier density. More

specifically, the transmittance at 0.5 eV is 5.9% for ScN and

increases to 13% for Sc0.89Al0.11N and 36% for Sc0.8Al0.2N,

indicating a decreasing absorption due to free carriers. At

high h�, T decreases with increasing h�, which is attributed

to absorption from interband transitions. The transition

energy increases with increasing Al concentration, as high-

lighted in Fig. 3(a) with a dashed line. More specifically, the

transmission edge, defined as the photon energy for which

T¼ 0.1%, is 2.79 eV for ScN, and shifts to 3.0 eV for

FIG. 3. Optical (a) transmittance and (b) reflectance spectra vs photon

energy h�, from 250 to 300 nm thick Sc1�xAlxN layers on MgO(001) sub-

strates with x¼ 0–0.2.
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x¼ 0.051, 3.15 eV for x¼ 0.11, and 3.62 eV for x¼ 0.2. This

trend indicates an increasing direct band gap at the X point,

discussed in detail below, as Al atoms substitutionally

replace Sc to form a ternary alloy.

The R spectra in Fig. 3(b) are plotted for the high photon

energy range from h�¼ 2–5.5 eV. Interference fringes domi-

nate the spectra at low photon energies but disappear above

�2.5 eV for ScN to �3 eV for Sc0.8Al0.2N, consistent with

the decreasing transparency observed in Fig. 3(a). The spec-

tra exhibit a relatively weak peak near 4 eV, which is due to

direct interband transitions near the C point where valence

and conduction bands are nearly parallel, yielding a high

joint density of states.34 The position of this feature is high-

lighted by the tilted vertical line, indicating a shift from

3.8 eV for ScN to 4.0 eV for Sc0.89Al0.11N to 4.1 eV for

Sc0.8Al0.2N. This shift indicates an increasing band gap with

increasing Al concentration, as discussed more quantitatively

below. The amplitude of the feature decreases with increas-

ing x, which is attributed to the relaxation of k-vector conser-

vation as an increasing fraction of cation sites are randomly

occupied by Al atoms.

Figure 4(a) is a plot of the optical absorption coefficient

a vs photon energy h�¼ 0.5–3.5 eV, as determined from T
and R spectra using the method described in Ref. 17. The

absorption spectra below 1 eV are dominated by the free car-

rier absorption. This absorption is largest for ScN, with

a¼ 7.0� 104 cm�1 at h�¼ 0.5 eV, and decreases to 6.3� 104

and 5.3� 104 cm�1 for x¼ 0.018 and 0.051, increases again

to 6.3� 104 cm�1 for x¼ 0.11, and continues to decrease to

5.0� 104 and 2.6� 104 cm�1 for x¼ 0.15 and 0.2. The gen-

eral trend of a decreasing free carrier absorption is consistent

with the above discussion of the transmission spectra and is

primarily attributed to the decreasing free carrier density and

mobility discussed below, while the reversal of the trend for

the x¼ 0.11 sample is due to a larger free carrier concentra-

tion for this particular sample, as also presented below. The

spectra also show an onset of strong absorption above 2 eV,

which is due to interband transitions at the X point of the

Brillouin zone. Increasing the Al concentration leads to a

nearly parallel shift of the spectra to higher photon energies.

For instance, the curve for ScN reaches a¼ 1.0� 105 cm�1 at

h�¼ 2.52 eV, while the photon energy to reach the same level

of absorption increases to 2.56, 2.62, 2.73, 2.82, and 2.96 eV

as the Al concentration increases to x¼ 0.018, 0.051, 0.11,

0.15, and 0.2, respectively.

Figure 4(b) is a plot of the optical gap energies as a

function of Al concentration in Sc1�xAlxN. The data points

are obtained using a quantitative analysis of the optical spec-

tra. In particular, the optical gap Eg,opt, which is associated

with direct interband transitions at the X point, is determined

for each Al concentration from the a vs h� data, using the

Tauc’s plot method as described in Ref. 6, while the value

for the direct interband transition at the C point is obtained

from the peak in the reflectance spectra in Fig. 3(b). In order

to accurately determine this peak position, the reflectance

spectra between 3 and 5 eV are fitted using a 10th-order

polynomial, which provides smooth curves that retain the

relevant peak. Subsequently, the peak position is obtained

from the minimum of the second derivative of these smooth

spectra, corresponding to the largest negative curvature of

the original spectrum.

The obtained optical gap for the ScN layer is 2.52 eV,

which is considerably larger than the reported intrinsic X point

gap of 2.07 6 0.05 eV.34 This larger measured value is due to

the Burstein–Moss effect caused by free carriers46 which fill

the bottom of the conduction band at the X point and therefore

increase the optical gap. In fact, using the data for the optical

gap vs carrier concentration N from Ref. 34, we estimate that

this ScN layer with Eg,opt¼ 2.52 eV should have a N¼ 9.1

� 1020cm�3, which is very close to the 9.2� 1020 cm�3 from

the Hall measurements presented below. The C point transition

energy Eg(C) for the ScN layer is 3.81 eV, in excellent agree-

ment with the previously reported 3.80 6 0.02 eV.34 The free

carriers have negligible effect on this second transition, since

the conduction band bottom is not at the C point and all sam-

ples in this study are n-type. Both optical transition values

increase with increasing Al concentration, to Eg,opt¼ 2.55,

2.63, 2.74, 2.84, and 3.05 eV, and to Eg(C)¼ 3.83, 3.86, 3.95,

4.05, and 4.08 eV for x¼ 0.018, 0.051, 0.11, 0.15, and 0.2,

respectively. This increase is approximately linear in x, as indi-

cated by the dashed lines in Fig. 4(b), which are obtained by

linear fitting and yield Eg,opt¼ 2.50þ 2.51 x (eV) and

Eg(C)¼ 3.80þ 1.45 x (eV). In addition, Fig. 4(b) also contains

X point gap values which are obtained by correcting the

measured optical gap by a Burstein–Moss shift of

N� (�4.3� 10�22 eV cm3) as reported for ScN,34 where N is

the measured carrier concentration as presented below for each

FIG. 4. (a) Optical absorption coefficient a vs photon energy

h�¼ 0.5–3.5 eV and (b) the optical gap Eg,opt obtained from the absorption

onset, and the direct transition energies Eg(X) and Eg(C) determined from

Eg,opt after correcting for the Burstein–Moss shift and from the reflectance

spectra, respectively, vs x, for Sc1�xAlxN(001) layers.
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Sc1�xAlxN layer. This analysis assumes that increasing x
causes negligible changes in the density of states at the bottom

of the conduction band. The resulting X point gap Eg(X) val-

ues increase approximately linearly with x, as indicated by the

dotted line which corresponds to Eg(X)¼ 2.15þ 2.75 x (eV).

However, the data point for the largest Al concentration

(x¼ 0.20) is well above this line. We attribute this either to (i)

the breakdown of a linear relationship which may be associ-

ated with the structural instability which also causes a dramatic

decrease in the crystalline quality, as observed by the XRD

results presented in Figs. 1 and 2, or (ii) an overestimation of

the Burstein–Moss shift for the x< 0.20 samples which have a

large carrier concentration that is considerably reduced for

x¼ 0.20 due to trapping by defect states, as presented below.

Extrapolation of the lines in Fig. 4(b) to x¼ 1 suggests

Eg(X)¼ 4.90 eV, Eg,opt¼ 5.01 eV, and Eg(C)¼ 5.25 eV for

rock-salt AlN. These values are slightly larger than a previ-

ously reported extrapolation for the direct gap to

4.7 6 0.2 eV,28 but smaller than the results from first-principles

calculations for rock-salt AlN, which predict, similar to ScN, a

valence band top at the C point and a conduction band

bottom at the X point, with Eg(C)¼ 6.3–7.2 eV and

Eg(X)¼ 7.6–8.3 eV.29,30,47–49 However, we note here that the

random arrangement of Al and Sc atoms on the cation sublat-

tice are expected to relax the momentum conservation selec-

tion such that contributions from indirect interband transitions

to the optical absorption spectrum may increase with increas-

ing x. With this argument, extrapolation of Eg values to x¼ 1

points to the indirect C! X band gap of rock-salt AlN, which

has been predicted to be 4.6–5.9 eV,29,30,47–49 in good agree-

ment with the 4.90–5.25 eV from our extrapolation.

Figure 5 is a plot of the carrier concentration N and car-

rier mobility l vs Al concentration x in Sc1�xAlxN layers, as

determined by room temperature Hall measurements. All

samples exhibit an n-type carrier density which decreases

and then increases slightly from N¼ 9.2� 1020 cm�3 for

ScN to 7.4� 1020, 6.3� 1020, and 7.9� 1020 cm�3 for

x¼ 0.018, 0.051, and 0.11, respectively, followed by a con-

siderable drop to 5.6� 1020 cm�3 for Sc0.85Al0.15N and

0.95� 1020 cm�3 for Sc0.8Al0.2N. The relatively large carrier

densities indicate that the layers are highly degenerate semi-

conductors, consistent with the transport results presented

below. The carriers are primarily attributed to unintentional

F doping, as discussed above. The measured changes in N
are attributed to carrier trapping by deep level states associ-

ated with crystalline defects as well as localized states due to

the random Al occupation of cation sites. In particular, the

initial decrease in N is attributed to increasing carrier local-

ization with increasing x, while the high N for the

Sc0.89Al0.11N layer is due to the high crystalline quality as

shown in Figs. 1 and 2, and the subsequent steep decrease in

N is due to both localization associated with the increasing

Al concentration as well as carrier trapping due to a deterio-

rating crystalline quality. The measured mobility for ScN is

l¼ 22 cm2/V s, which is within the range of previously

reported values for epitaxial ScN, ranging from 10–284 cm2/

V s.28,41,43,50–58 The mobility decreases with increasing Al

concentration to l¼ 17.5, 7.5, 6.7, 2.2, and 0.83 cm2/V s for

the corresponding compositions from x¼ 0.018 to 0.20. The

continuous decrease is primarily attributed to alloy scatter-

ing, that is, increasing electron scattering at the random

arrangement of Sc and Al atoms which are expected to form

a solid solution on cation sites. In addition, the decreasing

crystalline quality particularly for x¼ 0.20 likely also con-

tributes to the decreasing l through scattering at crystalline

defects.

Figure 6 shows temperature-dependent resistivity q(T)

curves from four Sc1�xAlxN samples with x¼ 0, 0.051, 0.15,

and 0.2. The resistivity of the ScN layer in Fig. 6(a) remains

nearly constant at 0.26� 103lX cm for T¼ 4–70 K, and then

increases linearly with T to reach 0.30� 103lX cm at 280 K.

This temperature profile is characteristic for metallic conduc-

tion, indicating that this ScN layer is a highly degenerate

semiconductor where the temperature dependence of q is

dominated by phonon scattering. In addition, the resistivity

is lower than previously reported,55 which is attributed to the

large carrier density in the ScN of the present study. The re-

sistivity in Fig. 6(b) from the Sc0.949Al0.051N layer is

FIG. 5. The carrier concentration N and carrier mobility l vs Al concentra-

tion x in Sc1�xAlxN layers.

FIG. 6. The electrical resistivity q vs temperature T for (a) ScN, (b)

Sc0.949Al0.051N, (c) Sc0.85Al0.15N, and (d) Sc0.8Al0.2N. The insets in (c) and

(d) show the conductivity r vs T1/2.
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approximately four times larger than for pure ScN, consistent

with the considerably lower mobility and slightly lower car-

rier density shown in Fig. 5. It decreases from 1.22� 103lX
cm at 4 K to a minimum of 1.21� 103lX cm at 85 K and

increases to 1.31� 103lX cm at 290 K. The negative slope

at low temperature is attributed to weak localization caused

by Al-alloying induced disorder while the nearly linear posi-

tive slope at higher temperatures is due to phonon scattering.

Similar localization has previously been reported for epitax-

ial Sc1�xTixN(001),55 Ti1�xWxN(001),59 TaNx(001),60,61

HfNx(001),62 and CrN(001).63,64 The q vs T curves for

Sc0.85Al0.15N and Sc0.8Al0.2N in Figs. 6(c) and 6(d) exhibit a

negative slope over most of the measured temperature range,

with q¼ 5.25� 103 and 153� 103lX cm at 4 K and

q¼ 4.90� 103 and 79� 103lX cm at 290 K, respectively,

and a minimum of 4.87� 103lX cm near 210 K for x¼ 0.15

and an expected minimum at T> 300 K for x¼ 0.20. The

insets in these figures are plots of the conductivity r vs T1/2.

The curves are well described by the dashed straight lines

over T¼ 10–150 K for x¼ 0.15 and T¼ 10–250 K for

x¼ 0.20. The deviation <10 K is due to an experimental arti-

fact associated with an inaccurate temperature measurement

due to the fast temperature rise associated with the low heat

capacity at low T, while the deviation at high T is attributed

to phonon scattering. The linear trend with r¼roþC T1/2

suggests that the transport is dominated by weak carrier

localization due to the disorder from Al incorporation, where

ro is the zero-temperature conductivity and the constant C is

determined by the Fermi momentum, electron mean free

path, and phase-breaking length Lu.65 The Fermi level is

above the disorder-induced band tail for the degenerate

n-type semiconductor ScN, and it does not move into the

band tail with the addition of Al (up to x¼ 0.2), as this would

cause strong localization and related hopping conduction at

low temperature.63,64 That is, the ternary alloy conducts like

a metal, except that the additional Al impurity atoms cause

interference between coherent electron wave paths through

back-scattering, increasing the overall resistivity. Weak

localization occurs in Sc1�xAlxN if Lu is larger than the aver-

age spacing between Al impurity atoms which is propor-

tional to x�1/3. Therefore, the minima TC in Figs. 6(b) and

6(c) are expected to be proportional to x2/3, since Lu is pro-

portional to T(�1/2).65 This is confirmed by comparing the

two alloy samples Sc0.949Al0.051N and Sc0.85Al0.15N which

have a ratio in x2/3 of 0.49, in reasonable agreement with

0.40, the ratio of the transition temperatures of 85 and 210 K.

IV. CONCLUSIONS

Sc1�xAlxN ternaries deposited on MgO(001) substrates

at 950 �C form epitaxial layers over the entire investigated

composition range x¼ 0–0.2 and exhibit a single cubic rock-

salt phase. Increasing the Al concentration from x¼ 0–0.11

causes an increasing crystalline quality as quantified by the

XRD peak widths. This is attributed to the higher adatom mo-

bility of Al vs Sc atoms as well as the decreasing lattice mis-

match to the substrate. However, x¼ 0.20 leads to a

considerably lower crystalline quality, indicating that this

composition approaches the phase separation point above

which wurtzite AlN clusters form at the growth temperature

of 950 �C. Similarly, the measured biaxial compressive strain

decreases from �1.1% to �0.2% but increases again to

�1.8% as x increases from 0 to 0.11 to 0.20, suggesting that

the increased atomic mobility facilitates strain relaxation but

a composition close to the phase separation point suppresses

relaxation. The relaxed lattice constant decreases with

increasing x, while the band gap increases with increasing x,

as quantified by (i) the optical band gap, (ii) the direct transi-

tion energy at the X point which is determined from the opti-

cal band gap corrected for the Burstein–Moss effect, and (iii)

the direct transition energy at the C point, determined from

the optical reflection spectra. All layers are degenerate n-type

semiconductors that exhibit metallic conduction with weak

carrier localization due to the randomness associated with the

solid solution of Sc and Al atoms on cation sites. The mobil-

ity decreases from 22 to 0.83 cm2/V-s as x increases from 0 to

20. This is primarily attributed to alloy scattering and, for

x> 0.15, also to scattering and trapping by crystalline defects.

The carrier concentration of 6–9� 1020 cm�3 for x� 0.11 is

due to unintentional F impurities. It decreases steeply for

x> 0.15 to N¼ 0.95� 1020 cm�3 for Sc0.8Al0.2N, which is

attributed to trapping in defect states.
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