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Optical phonons are measured to probe the origins of the reported anomalously high piezoelectric

response in aluminum scandium nitride (Al1�xScxN). Epitaxial layers with 0� x� 0.16 deposited

on sapphire(0001) exhibit a refractive index below the band gap, which increases from 2.03 for

x¼ 0 to 2.16 for x¼ 0.16, corresponding to a dielectric constant e1¼ 4.15þ 3.2x. Raman scattering

shows that zone-center E2(H) and A1(TO) phonon modes shift to lower frequencies with increasing

x, following linear relationships: x(E2(H))¼ 658–233x (cm�1) and x(A1(TO))¼ 612–159x (cm�1).

Similarly, zone-center E1(TO) and A1(LO) phonon mode frequencies obtained from specular

polarized infrared reflectance measurements red-shift to x(E1(TO))¼ 681–209x (cm�1) and

x(A1(LO))¼ 868–306x (cm�1). The measured bond angle decreases linearly from 108.2� to 106.0�,
while the length of the two metal-nitrogen bonds increase by 3.2% and 2.6%, as x increases from 0

to 0.16. This is associated with a 3%–8% increase in the Born effective charge and a simultaneous

6% decrease in the covalent metal-N bond strength, as determined from the measured vibrational

frequencies described with a Valence-Coulomb-Force-Field model. The overall results indicate that

bonding in Al-rich Al1�xScxN qualitatively follows the trends expected from mixing wurtzite AlN

with metastable hexagonal ScN. However, extrapolation suggests non-linear composition

dependencies in bond angle, length, and character for x� 0.2, leading to a structural instability

that may be responsible for the reported steep increase in the piezoelectric response. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4861034]

I. INTRODUCTION

The ternary compound Al1�xScxN exhibits a signifi-

cantly enhanced (up to 400% higher) piezoelectric response

in comparison to pure AlN.1–4 This is related to a destabiliza-

tion5,6 of the hexagonal AlN wurtzite structure by the

incorporation of ScN, which is isoelectric with AlN but crys-

tallizes in a cubic rock-salt structure,7 causing an increase in

the ionic-to-covalent bonding ratio. However, despite the in-

triguing piezoelectric properties of Al1�xScxN and the

related potential applications in acoustic wave devices, rela-

tively little is known regarding how Sc incorporates into the

AlN lattice and how this affects the atomic bonding in

Al1�xScxN.

First-principle simulations indicate that wurtzite ScN is

unstable but that there exists a meta-stable layered hexagonal

ScN (h-ScN) phase similar to hexagonal BN.8 In this layered

phase, each Sc atom forms three sp2-hybridized bonds to

nitrogen atoms within its layer, and another two slightly

(5%) longer bonds to nitrogen in neighboring planes.8 The

predicted hexagonal ScN phase is structurally much more

similar to wurtzite AlN than the rock-salt phase and is there-

fore proposed to be important to describe bonding in the

Al1�xScxN alloy.5,6,9 A similar argument has been made by

Alsaad and Ahmad for the related Ga1�xScxN alloy.10 They

predicted a strain induced phase transition from a polar wurt-

zite to a non-polar hexagonal structure, accompanied by an

increase in the piezoelectric coefficient.10–12 Recently, the

piezoelectric enhancement in Al1�xScxN was attributed to a

structural softening,6 where substitutional Sc atoms within

the wurtzite-type alloy tend towards nearly five-fold-coordi-

nated atomic positions like in h-ScN, causing a reduction in

the stiffness constant C33 and a simultaneous increase in the

internal strain sensitivity and therefore the piezoelectric con-

stant e33, yielding an overall enhancement of d33� e33/C33.

Despite these first-principles predictions, metastable h-ScN

has never been synthesized yet, and the experimental data on

the bonding in Al1�xScxN are limited to the in-plane and

perpendicular lattice parameters measured by x-ray

diffraction.1,5,9 In addition to piezoelectric applications,

Al1�xScxN
5 and related alloy systems like Ga1�xScxN

13,14

and Al1�xYxN
15 are also considered as an alternate route for

III-Nitride bandgap engineering beyond the conventional

mixing of group-III metals used in light emitting diode

fabrication.16,17

In this article, we present a study where we use meas-

ured optical phonon modes to gain insight into the bonding

in Al1�xScxN. Epitaxial alloy layers were deposited on sap-

phire(0001) substrates by reactive magnetron co-sputtering

in pure nitrogen at 850 �C. E2(H) and A1(TO) phonon modes

measured by Raman scattering shift to lower frequencies

with increasing Sc concentration x. The same trends are also

observed for E1(TO) and A1(LO) phonon modes obtained

from specular polarized infrared (IR) reflectance spectra.

The Born effective charge ZB is determined from the

A1(TO)-A1(LO) splitting. It increases with Sc concentration

and an extrapolation to x¼ 1 suggests an effective charge

between 3.1 and 4.1 for h-ScN, which is comparable to
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rock-salt ScN (rs-ScN). Using a Valence-Coulomb-

Force-Field model (VCFF) to describe the vibrational fre-

quencies indicates that the covalent metal-N bond strength

decreases linearly with x, which is attributed to a larger bond

length and a weaker covalence of the Sc-N vs the Al-N

bond.

II. EXPERIMENTAL PROCEDURE

Epitaxial Al1�xScxN layers were deposited by reactive

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

deposition system with a base pressure of 10�10 Torr.18,19

Single-side polished 10� 10� 0.5 mm3 sapphire(0001) sub-

strates were ultrasonically cleaned in trichloroethylene, ace-

tone, and isopropyl alcohol for 15 min each, rinsed in

de-ionized water, blown dry with dry nitrogen, mounted onto

a substrate holder using silver paint, inserted into the

deposition system,20 and degassed for 1 h at 1000 �C. For

deposition, the substrate temperature was lowered and stabi-

lized to 850 �C, as measured with a pyrometer that was

cross-calibrated by a thermocouple underneath the substrate

holder. 5-cm-diamter 99.99% pure Al and Sc targets facing

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

reactively sputtered in 5 mTorr 99.999% pure N2. The sub-

strate was continuously rotated at 60 rpm to ensure uniform-

ity. An AlN deposition rate of 6.4 nm/min was achieved by

applying a 400 W pulsed dc power with a 20 kHz frequency

and 90% duty cycle (Sparc-le 20 pulse module) to the Al tar-

get, which prevented arcing associated with insulating AlN

on the target surface. A regular dc power of 0–170 W was

applied to the Sc target to achieve different compositions

x¼ 0–0.24 in deposited Al1�xScxN layers.5

The layer thicknesses were measured by cross-sectional

Scanning Electron Microscopy (Carl Zeiss Supra), using a

thin Pt coating to reduce charging. The Sc concentration was

determined by x-ray photoelectron spectroscopy (PHI 5000

VersaProbe), which yields comparable (<5% variation) for

both 90� and 30� detection angles, indicating negligible

effects of surface segregation on the measured composition.

X-ray diffraction (PANalytical X’Pert Pro Diffractometer)

phi scans were used to confirm that the layers are epitaxial

single crystals. Layers with large Sc compositions x� 0.2 ex-

hibit a reduced crystalline quality associated with the onset

of phase separation, as described previously,5 and are there-

fore not included in this study on the vibrational modes of

single-phase Al1�xScxN. X-ray diffraction was also

employed to measure lattice constants, both c and a, using

both symmetric 0002 and asymmetric 10�13 reflections.

Ultraviolet-to-visible (UV-Vis) optical reflectance measure-

ments were carried out in a Perkin-Elmer Lambda 950 spec-

trophotometer with a 6� incident angle over a wavelength

range from 190–3000 nm in 1 nm steps, using an Al mirror

reference, which was calibrated with the polished surface of

a sapphire substrate and optical constants of sapphire from

Palik’s handbook.21 Raman scattering spectra were collected

with a zðx; x=yÞ�z geometry (unpolarized normal incidence)

in a LabRAM HR800 micro-Raman system, using a 200

mW 532 nm laser, with a 100� objective lens and a

1800 mm�1 diffraction grating. Specular IR reflectance was

measured in a Nicolet Magna IR-560 Fourier-transform

infrared spectrometer with fixed 45� incident angle, using an

IR polarizer to obtain s-polarized or p-polarized light only,

and a gold mirror for reference. The measured spectra were

corrected by first subtracting a linear background and then

multiplying by a constant scaling factor in order to match the

intensity of the measured sapphire substrate reflectance with

literature data.

III. RESULTS

Figure 1(a) shows typical UV-Vis reflectance spectra

from three 500–580 nm thick epitaxial Al1�xScxN layers

with x¼ 0, 0.09, and 0.12. Fresnel fringes due to interference

from reflection at the air/layer and layer/substrate interfaces

dominate the spectra at low photon energy h� where the

layers are transparent. The amplitude of fringes becomes

weaker and gradually disappears with increasing h�, indicat-

ing the onset of strong absorption when approaching the op-

tical bandgap. Specifically, interference fringes disappear at

6.1, 5.4, and 5.1 eV for x¼ 0, 0.09, and 0.16 respectively,

indicating a decrease in the bandgap with increasing Sc con-

centration. This is consistent with the reported composition

dependence of the band gap Egap¼ 6.15 – 9.32x eV (Ref. 5)

and is attributed to the alloy moving towards meta-stable

h-ScN that might be either a metal or small-bandgap semi-

conductor.5,8 Increasing the Sc concentration within

single-phase Al1�xScxN also results in disorder induced band

tails that cause sub-bandgap absorption,5 which is evidenced

by the larger energy range over which the fringe amplitude

FIG. 1. (a) Typical UV-Vis reflectance spectra from three epitaxial

Al1�xScxN layers with x¼ 0, 0.09, and 0.16. (b) Dielectric constant e1
(which is equal to the square of the refractive index n2) vs. Sc concentration

x, obtained from fitting reflectance spectra for h� < 2 eV.
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continuously diminishes, from 2.5–5.1 eV in Al0.84Sc0.16N

versus from 5.3–6.1 eV in pure AlN.

Data fitting of the reflectance spectra from all samples in

the energy range with negligible absorption (h� < 2 eV) was

done using a conventional three-medium (air/sample/sap-

phire) transfer matrix method22 that treats the 6� incident

angle as normal incidence and accounts only for the ordinary

(polarization perpendicular to the c-axis) optical constants of

sapphire.21 The two fitting parameters for each Al1�xScxN

layer are the layer thickness d and the refractive index n,

which is kept constant within the fitting range. Surface and

interface roughness effects are not explicitly accounted for,

which causes deviations in the absolute values of the reflec-

tance, but has little effect on the fringe peak-to-valley ampli-

tudes, which are directly related to the difference in

refractive index between the deposited layer and substrate,

and are therefore used to determine n. The variation in fringe

amplitude for each sample is used to quantify the uncertainty

in n. The thicknesses determined from optical fitting are in

excellent agreement with SEM results, with a maximum

deviation of 7%.

The dielectric constant e1¼ n2 is plotted in Fig. 1(b)

as a function of Sc concentration x. The constant e1 refers

to the dielectric function at a frequency, which is large in

comparison to vibrational frequencies discussed below, but

small with respect to electron polarization effects. That is,

it corresponds to the square of the refractive index for pho-

ton energies from the near-infrared to below the band gap.

e1 for the pure AlN layer is 4.1 6 0.1. This is below the

reported bulk value of 4.47–4.63 for the energy range

h�¼ 0.7–2.0 eV,21 but agrees well with other reports on

AlN layers deposited by sputtering,2,23 molecular beam epi-

taxy,24 and sublimation,25 with measured e1 values of

3.98–4.13 and the deviation to bulk being attributed to a

small amount of porosity. Adding Sc to form the ternary

Al1�xScxN alloy causes an approximately linear increase in

e1 to 4.66 6 0.09, 4.8 6 0.1, and 5.0 6 0.3 for x¼ 0.09,

0.16, and 0.24, respectively. This corresponds to an

increase in the refractive index n from 2.03 6 0.03 to

2.10 6 0.02, 2.16 6 0.02, and 2.23 6 0.06, for x¼ 0, 0.09,

0.16, and 0.24. The linear increase in e1 is also illustrated

in Fig. 1(b) with a fit through the data points, correspond-

ing to e1¼ 4.15þ 3.2x. The slope of 3.2 is slightly larger

than �2.3 reported by Wingqvist et al. measured by ellips-

ometry.2 The increase in e1 with increasing x can be quali-

tatively attributed to the decreasing bandgap, which

corresponds to an increasing intermixing of valence and

conduction band states, causing stronger electronic polar-

ization. We note here that we do not detect any discontinu-

ity in e1 around x¼ 0.2, despite the observed discontinuity

in lattice constants and band gaps, which is related to the

onset of a structural instability associated with the rs-ScN

equilibrium phase.5 This may indicate that h-ScN has a

similar electronic polarization as rs-ScN with a reported

e1¼ 7–10 for h�� 2 eV,26 but it may also be related to the

relatively large uncertainty in the x¼ 0.24 data point in

Fig. 1(b), which is due to a large variation in the reflec-

tance interference fringes amplitude associated with a pos-

sible non-zero absorption below h�¼ 2.0 eV.

Figure 2 shows Raman scattering spectra in the range of

550–825 cm�1 from epitaxial Al1�xScxN layers with

x¼ 0–0.16 and from a sapphire substrate. The plotted inten-

sities are arbitrarily scaled to better show the features of each

spectrum. The spectrum from the substrate shows two well

defined peaks at 576.8 and 750.2 cm�1, which are attributed

to sapphire Eg vibrational modes, reported at 578 and

751 cm�1, respectively.27 These peaks are visible for all sam-

ples and remain at the same position within 6 0.5 cm�1, as

also indicated by the vertical dotted lines in Fig. 2. For x ¼
0.16, the substrate peaks exhibit a lower signal-to-noise ratio,

because the focal point was adjusted to be near the sample

surface in order to measure more intensity from the deposited

film rather than from the substrate. The spectrum for pure

AlN (x¼ 0) exhibits one major peak at 656.6 6 0.2 cm�1

associated with the wurtzite E2(H) phonon mode, and a nearly

10� weaker peak at 612 6 2 cm�1 due to A1(TO) phonons.

These values are in excellent agreement with the reported

bulk values of 657.4 and 611.0 cm�1, respectively,28 indicat-

ing negligible stress in the deposited layer, consistent with

the measured in-plane and out-of-plane lattice constants also

indicating a negligible strain< 10�3. The A1(TO) phonon is

Raman inactive for a perfect AlN crystal and the employed

measurement geometry, but is nevertheless observed here,

indicating some possible point defects that relax the selection

rule. The spectrum from Al0.978Sc0.022N shows the same

peaks as pure AlN, however, the E2(H) peak is 3� as wide,

and its center is shifted to 651.5 6 0.3 cm�1, while the

A1(TO) peak is shifted to 608 6 2 cm�1. This trend continues

as x is increased to 0.044, with the E2(H) peak being nearly

5� as wide as for pure AlN and the peaks shifted to

646.4 6 0.5 cm�1 and 605 6 2 cm�1. For even higher Sc con-

centrations, the A1(TO) phonon peak becomes too weak to be

detected, but the E2(H) peak continues to red-shift and

FIG. 2. Raman scattering spectra for a sapphire substrate and Al1�xScxN

layers with x¼ 0 – 0.16. The dotted and dashed lines indicated the positions

of the two sapphire Eg modes, and the Al1�xScxN layer E2(H) and A1(TO)

modes.
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broaden, to 638.0 6 0.9 (11� as wide), 630 6 1 (12�), and

629 6 2 cm�1 (14�) for x¼ 0.09, 0.12, and 0.16, respec-

tively. The red shift of both E2(H) and A1(TO) modes with

increasing x is highlighted in Fig. 2 by dashed and

dashed-dotted lines, respectively. It is attributed to a bond

softening when Sc is substitutionally incorporated into the

wurtzite AlN lattice, as discussed in more detail in Sec. IV.

Specular IR reflectance is used as a complementary

technique to investigate optic polar phonon modes. Spectra

were collected with a 45� incident angle for both s- and p-

polarizations, in order to separate the dielectric functions e?
and ejj, perpendicular and parallel to the c-axis of the aniso-

tropic sapphire substrate and the anisotropic wurtzite-

structure ternary nitride layers. For s-polarization, the elec-

tric field is parallel to the sample surface, yielding a mea-

surement of e? and therefore information on E1(TO) and

E1(LO) phonon modes.25,29 Conversely, p-polarization

results in equal importance of e? and ejj, and therefore a

measurement of both E1 and A1 phonon modes, each with a

TO and a LO branch.

Figure 3(a) shows typical s-polarized IR reflectance

spectra from a sapphire substrate and from four epitaxial

Al1�xScxN layers with x ¼ 0, 0.044, 0.12, and 0.16. The

solid lines represent the measured data while the

dashed-dotted lines are the result from data fitting. In con-

trast to Raman scattering which directly reveals phonon

modes as spectral peaks, data fitting with oscillator

models29–31 is typically required in order to extract informa-

tion about lattice vibrations from IR spectra. Thus, in the fol-

lowing, we first briefly describe the fitting approach,

followed by a discussion of the spectra. The optical proper-

ties of the sapphire substrate are modeled following Ref. 32,

using four oscillators with a total of 17 parameters for the

dielectric function e?. The fitted spectrum describes well the

measured characteristic features at 484, 573, and 630 cm�1,

and the parameters from the fitting procedure are in good

agreement with published data, in particular, all four oscilla-

tor positions deviate by less than 1% from the reported val-

ues for sapphire.32 The obtained e? is subsequently used to

describe the substrate when fitting the spectra from

Al1�xScxN layers by applying a complete three-medium

transfer matrix method that correctly accounts for the 45�

incident angle and s-polarization.33 The dielectric constant

of the ternary compound as a function of frequency x is

modeled with Lorentz oscillators for longitudinal and trans-

verse modes using the following factorized expression:32

e? ¼ e1
x2

LO � x2 � icLOx
x2

TO � x2 � icTOx
; (1)

where xLO and xTO are the E1(LO) and the E1(TO)

zone-center phonon frequencies, and cLO and cTO are the cor-

responding damping terms. Fitting is done by fixing the opti-

cal thicknesses d as well as e1 (or more specifically, e?1)

for each sample to the values obtained for h�¼ 0.4–2.0 eV

as plotted in Fig. 1. Also, the constraint cLO � cTO � 0 to

maintain dispersive optical properties as x!1 is not

imposed by the fitting, as the measurement range is finite.32

The fitted dashed-dotted lines in Fig. 3(a) overlap nearly

perfectly with the measured spectra, and successfully depict

the line shape of the major dip feature related to wurtzite

E1(TO) phonons around 600 cm�1. With increasing Sc con-

centration, the feature becomes weaker, broader, and moves

to lower wavenumber, indicating bond softening as well as

increasing disorder. The alloy spectra also show a small dip

feature at 480 cm�1, which do not directly correspond to a

phonon mode from the layer but are due to

energy-broadening of the E1(TO) phonon oscillator. The

steep decrease in the measured IR spectrum around

950 cm�1 is attributed to E1(LO) phonons, which are

expected at �910 cm�1.28 However, this feature does not

result in a valley/dip with a well defined frequency, thus the

E1(LO) phonon frequency cannot be accurately determined

by the fitting procedure. The broad but weak dip for pure

AlN around 700 cm�1 is attributed to an impurity/defect

related phonon mode and is accounted for by adding an im-

purity oscillator into the factorized formula of Eq. (1), yield-

ing frequencies of xTO¼ 722 cm�1 and xLO¼ 687 cm�1.

The LO and TO phonon frequencies of this impurity mode

are close to each other, indicating that the oscillator strength

is small and therefore only weakly contributes to the total

dielectric response.34,35 Adding Sc reduces the effect of the

impurity mode, such that it is very weak for x¼ 0.022 (not

shown), and almost completely disappears for higher Sc con-

centrations as the weak impurity phonon merges with the

broadened E1(TO) phonon feature. Thus, in order to avoid

fitting parameter correlation, the impurity oscillator is omit-

ted when fitting the alloy samples. Fig. 3(b) is a plot of the

imaginary part e2 of the dielectric function obtained from the

fitting procedure, for the same layers shown in Fig. 3(a). e2 is

primarily determined by the E1(TO) oscillator.29 Pure AlN

has an e2 peak at 668 cm�1 associated with the E1(TO) pho-

non mode. It has a full-width at half maximum (FWHM) of

25 cm�1, and its position is very close to the literature value

of 670.8 cm�1 for the E1(TO) mode in bulk AlN,28 indicating

FIG. 3. (a) Typical s-polarization IR specular reflectance spectra from a sap-

phire substrate and four Al1�xScxN samples. The superimposed

dashed-dotted lines are obtained from curve fitting using a Lorentz oscillator

model. (b) Imaginary part e2 of the dielectric function of Al1�xScxN obtained

from fitting the spectra in (a).
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negligible (<300 MPa) bi-axial stress in the pure AlN layer.

The additional feature in this spectrum at 722 cm�1 corre-

sponds to the impurity phonon mode, as discussed before.

The E1(TO) phonon mode in Al0.956Sc0.044N appears at

676 cm�1, and its FWHM of 73 cm�1 is approximately

3� broader than for pure AlN, which is attributed to a

reduced crystalline quality and local strain variations associ-

ated with Sc atoms distorting the AlN lattice. The peak shifts

and broadens further, to 656 cm�1 and 637 cm�1 with

FWHM¼ 120 cm�1 and 122 cm�1, for x¼ 0.12 and 0.16,

respectively.

Fig. 4 shows the IR reflectance spectra for

p-polarization with a light incidence angle of 45�, such that

both e? and ejj are sampled with equal intensity and all E1

and A1 phonons are active. The superimposed dashed-dotted

lines in the figure are obtained from curve fitting, which is

done as described for s-polarization, with e? directly adopted

from the fitting results of s-polarization. ejj is described by

only one oscillator associated with the A1 mode for all sam-

ples and the small difference due to anisotropy between ejj1
and e?1 is neglected. The spectrum from the sapphire sub-

strate shows the same features as the spectrum for

s-polarization in Fig. 3(a); but in addition, it exhibits a spike

at 512 cm�1 and a pocket slightly below 900 cm�1. These

additional features emerge due to the optical anisotropy of

sapphire and are attributed to the two A2u(LO) phonons with

reported frequencies of 511 cm�1 and 881 cm�1.32 The spec-

trum for pure AlN (x¼ 0) shows the features from the sub-

strate as well as those already observed with s-polarization

associated with the E1 phonons. In addition, it also shows a

dip at 868 cm�1, which is attributed to the A1(LO)

vibrational mode. In contrast, the effect of the A1(TO) mode,

which is expected to occur around 612 cm�1 as shown by

Raman spectrum, cannot be separated from the features

between 600 and 650 cm�1 associated with the substrate

Eu(TO)32 and the AlN E1(TO) phonon, as the modeled curve

is rather insensitive to changing A1(TO) phonon parameters.

Thus, the frequency of the A1(TO) mode cannot be deter-

mined from these spectra. The fitting procedure shows that

for the present measurement configuration (45� incidence),

the dip position at 868 cm�1 exactly corresponds to the

A1(LO) phonon frequency and is nearly unaffected by the

position of the A1(TO) phonon. Therefore, in order to reduce

ambiguity due to fitting parameter correlation, the fitting was

done by fixing the A1(TO) phonon position at 612 cm�1, and

varying the damping parameters and A1(LO) positions to

best match the dip feature. The value for pure AlN of

868 cm�1 is lower than the reported bulk value of

890.0 cm�1.28 The reason for this deviation is not known but

may be associated with a growth induced anisotropy in local

strain variations that only affect A1(LO) but not E2(H) and

A1(TO). The spectrum from the Al0.978Sc0.022N layer in

Fig. 4 shows the same features as the pure AlN layer.

However, the A1(TO) dip is shifted to 864 cm�1. This

red-shift continues as the Sc concentration increases, with

the dip moving to 856, 842, 829, and 825 cm�1 for

x¼ 0.044, 0.09, 0.12, and 0.16, respectively. The shift is

highlighted with a dashed line that indicates the minima

positions associated with the A1(TO) mode and is clearly

inclined in comparison to the vertical dotted line, which

highlights the minimum position associated with the sap-

phire A2u(LO) mode.

Fig. 5 is a summary plot, showing all zone-center phonon

frequencies obtained from the Raman and s- and p-polarized

IR reflection spectra shown in Figs. 2–4. The data points are

the measured frequencies for E1(TO), E2(H), A1(TO), and

A1(LO) modes as a function of Sc concentration x, while the

lines are obtained from linear fitting. The straight lines

describe the data well for E2(H), A1(TO), and A1(LO) pho-

nons, while there is considerable data scattering for the

FIG. 4. P-polarization IR specular reflectance spectra from Al1�xScxN

layers. The dotted line indicates the position of the feature associated with

the sapphire A2u(LO) phonon mode, while the dashed line highlights the

position of the dip associated with the Al1�xScxN A1(LO) phonon mode.

FIG. 5. Phonon frequencies of Al1�xScxN vs. x, as obtained from Raman

and IR measurements. The left axis shows the scale for E1(TO), E2(H), and

A1(TO) modes, and the right axis for the A1(LO) mode.
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E1(TO) mode. This is because the former frequencies are

directly obtained from the measured spectra while the latter

involves data fitting, which results in larger sample-to-sample

variations. All four modes exhibit a red-shift with increasing

x, with the linear lines corresponding to: x(A1(LO))¼ 868 –

306x (cm�1); x(E1(TO))¼ 681� 209x (cm�1); x(E2(H))

¼ 658 – 233x (cm�1); and x(A1(TO))¼ 612 – 159x (cm�1).

For x¼ 0.16, the E2(H) and A1(LO) phonon frequencies devi-

ate from the linear trend by þ1%. This may be an indication

for the onset of Sc destabilizing the wurtzite structure, similar

to the deviation from a linear trend in the lattice constant,

which occurs at x� 0.20.5 The phonon softening with

increasing x is attributed to a combination of an increase in

the metal ion mass, an increase in the dynamic effective

charge, and a related decrease in the metal-N bond strength,

as discussed more quantitatively in Sec. IV.

IV. DISCUSSION

In this discussion section, we use the measured lattice

constants and vibrational modes to determine the average

bond angle, bond length, charge transfer, and covalent bond

stiffness in wurtzite structure Al1�xScxN alloys as a function

of composition x. This analysis approximates the random

metal distribution over cation sites by an effective

composition-dependent cation. That is, the local variations in

interatomic bonds around Al and Sc sites, which are sug-

gested by first-principle simulations,36 are neglected.

In pure AlN, each Al atom is bonded to four N atoms to

form a near-tetrahedral coordination due to sp3 hybridization

of covalent bonding. The ideal wurtzite structure has four

equivalent sp3 hybridized bonds, however, due to the contri-

bution of ionic bonding and the related development of

dipole moments, AlN has two distinct bonds:37,38 The bond

along the [0001] direction, referred to as Bond 1, has a

length b1¼ 1.90 Å, which is slightly larger than the three

other bonds (Bond 2) with a length b2¼ 1.89 Å. In addition,

the angle b between Bond 1 and Bond 2 is 108.2� instead of

the ideal 109.5� for a tetrahedron. The predicted meta-stable

h-ScN exhibits a layered structure in which each Sc atom is

bonded to three N atoms within the same layer with bond

lengths b2¼ 2.11 Å, and to an additional two N atoms in the

layers above and below such that b1¼ 2.21 Å and b¼ 90�.8

Here, we use the same labeling of bond lengths b1,2 and

angles b for h-ScN as for wurtzite AlN, suggesting that the

h-ScN structure is more similar to AlN than rocksalt ScN,

and therefore h-ScN is more relevant when discussing the

bonding in the Al-rich Al1�xScxN alloys, as proposed previ-

ously.5,6,9 In order to investigate how the addition of Sc to

wurtzite AlN affects bonding, we use the lattice constants a
and c, as determined by x-ray diffraction, to calculate the av-

erage bond angles and lengths. They are plotted in Fig. 6 as a

function of x and are obtained from the diffraction data that

we have reported previously in Ref. 5. For this purpose, we

assume that the ratio r12 between the lengths of Bond 1 and

Bond 2 is a weighted average between the known values

rAlN
12 and rScN

12 for AlN and h-ScN: r12 ¼ ð1� xÞrAlN
12 þxrScN

12 .8

Fig. 6(a) shows that the bond angle decreases approximately

linearly from 108.2� for pure AlN to 106.0� for

Al0.84Sc0.16N. A linear extrapolation of this data to pure

h-ScN (x¼ 1) yields b¼ 94.4�. This is well above the

expected value of 90�, indicating that Sc atoms which are

constraint within the wurtzite lattice of an Al-rich ternary

affect the bond angles less than what would be expected

assuming a linear trend between w-AlN and h-ScN. The

bond lengths b1 and b2 plotted in Fig. 6(b) increase both

approximately linearly with increasing Sc concentration. In

particular, b1 increases from 1.90 Å for pure AlN to 1.96 Å

for Al0.84Sc0.16N, while b2 simultaneously increases from

1.89 Å to 1.94 Å. Extrapolating these linear trends to h-ScN

yields b1¼ 2.29 Å and b2¼ 2.20 Å, which are 3.6% and

4.3% larger than the previously predicted values of 2.21 Å

and 2.11 Å, respectively,8 but are consistent with the

reported composition dependence of the unit cell volume in

Al1�xScxN.5 In summary, the trends of decreasing bond

angles and increasing bond lengths shown in Fig. 6 are con-

sistent with the qualitative argument that increasing x in

wurtzite Al1�xScxN causes a trend towards h-ScN. However,

linear extrapolation to x¼ 1 yields too high values for bond

angles and lengths. This means that the wurtzite matrix

pushes bonding of substitutional Sc within AlN towards a

tetragonal symmetry, while this constraint is compensated by

bond lengths that increase more than what would be

expected from linear mixing of AlN and h-ScN. This latter

effect is expected to contribute to the observed bond soften-

ing and the related structural instability and large piezoelec-

tric response.

The unscreened Born dynamic effective charge ZB is a

measure of the degree of ionic character of the metal-N

bond. We determine ZB as a function of x from the measured

phonon frequencies, using the fact that the splitting of LO

and TO phonon modes is the direct result of ZB> 0 (Refs. 39

and 40)

x2
LO � x2

TO ¼
2Z2

Be2

e0e1Vo

1

mmetal

þ 1

mN

� �
: (2)

Here e and e0 are the elementary charge and the vacuum per-

mittivity, respectively; Vo is the unit cell volume, which is

obtained from the measured lattice constants c and a; e1 is

the high-frequency dielectric constant, which we obtain from

the optical analysis in Fig. 1 by assuming negligible anisot-

ropy of the electronic contribution to polarization, and mmetal

and mN are the ion masses where mmetal¼ (1� x) mAlþ x

FIG. 6. (a) Bond angle b and (b) bond lengths b1 and b2, obtained from

measured lattice constants c and a of Al1�xScxN.
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mSc is the weighted average for Al and Sc. That is, as men-

tioned above, the randomly distributed Al and Sc atoms are

represented by a single average cation, neglecting variations

in the local chemical environment. The resulting ZB from the

measured A1(LO) and A1(TO) frequencies are plotted in Fig.

7(a) as square data points. The plot includes solid squares for

the range x� 0.044 where both A1(LO) and A1(TO) frequen-

cies are directly measured experimentally, while the hollow

squares are obtained by combining the measured A1(LO)

mode for x� 0.09 with data from a linear extrapolation of

the A1(TO) frequencies as shown in Fig. 5. Pure AlN exhib-

its a ZB¼ 2.47, which is close to the range of previously

reported values 2.53–2.70 obtained from both simulations

and experiments.41–44 The charge is below 3.0, the value

expected for a pure ionic crystal with three valence electrons.

This is consistent with the sp3-like bonding in AlN, which

suggests a considerable covalent bonding character and

therefore an effective ion charge contributing to the long

range Coulomb interaction that is smaller than the nominal

charge, i.e., ZB< 3. However, adding Sc increases ZB to 2.52

and 2.57 for x¼ 0.022 and 0.044, respectively, and to 2.55,

2.54, and 2.62 for x¼ 0.09, 0.12, and 0.16. This increase is

attributed to the stronger ionic bonding character in ScN in

comparison to AlN. This is consistent with reported Raman

measurements and first-principles calculations, which pro-

vide values for the effective charge for rs-ScN and h-ScN of

4.04-4.23 and 4.49, respectively.8,39,45,46 In addition, the

charge transfer may also be enhanced by ionic displacement

that is facilitated by the increasing structural instability with

increasing x, and the strong hybridization between Sc 3d and

N 2p orbitals.39,40,47

We employ an alternative approach to determine ZB as

well as the covalent bond strength. For this purpose, we

interpret the measured E2(H) and A1(LO) vibrational modes

with a two-parameter VCFF model.48 The interaction

between ions is separated into a short-range covalent bond,

which is quantified by a single bond-stretching spring con-

stant k, and a long-range Coulomb interaction, which is pro-

portional to Z2
B and is responsible for macroscopic

polarization. Higher order contributions, including

bond-bending and interactions between neighboring bonds,

are neglected since they have been reported to be consider-

ably smaller than the bond-stretching contribution in AlN.49

The relationships between A1(LO), E2(H) phonon frequen-

cies and k and ZB are48,50

x2
A1ðLOÞ ¼ p1 	 tþ l1 	 kð Þmmetal þ mN

mmetalmN

; (3)

x2
E2ðHÞ

mmetal þ mN

mmetalmN

p2 	 tþ l2 	 kð Þ � x2
E2ðHÞ

� �

¼ p2 	 tþ l2 	 kð Þ2 � p3 	 t� l2 	 kð Þ2

mmetalmN

; (4)

where t ¼ Z2
Be2

e0e1V0
, and pi and li are geometrical prefactors for

the ionic and covalent contributions, respectively. Assuming

an ideal wurtzite structure, p1¼ 1.2992, p2¼�0.5592, and

p3¼ 1.1299, as numerically determined by Wei et al. using

Ewald summation.50 The corresponding coefficients for the

covalent bonding are l1¼ l2¼ 4/3 and the resulting ZB values

are plotted in Fig. 7(a) as triangles. These values are consid-

erably (�0.25) below what is obtained from the direct com-

parison of A1(LO) and A1(TO) frequencies. However, they

show a similar increase in ZB with increasing x. Fig. 7(a)

includes a third data set, which is also obtained from the

measured A1(LO) and E2(H) frequencies and the VCFF

model. However, the geometrical prefactors for the

covalent bonding are corrected to account for the decreasing

bond angle with increasing x, as determined by x-ray

diffraction and plotted in Fig. 6(a). The corrected factors are

l1 ¼ 1þ 3 cos2b and l2 ¼ 3
2

sin2b, and yield higher ZB val-

ues, plotted as solid circles in Fig. 7(a). In addition, the slope

of ZB vs. x is also larger. A linear fit through the data, as

shown as dashed line, indicates a slope of 1.57 for this cor-

rected VCFF model, while the other data sets yield slopes of

0.62 and 0.65. These numbers can be directly compared to a

slope of 0.8, from first-principle calculations by Tasn�adi

et al.6 for the range x¼ 0.1–0.5. It is illustrative to extrapo-

late these linear curves to obtain ZB values for x¼ 1, that is,

the effective charge for pure h-ScN. We obtain ZB¼ 3.2

from the direct A1(LO)/A1(TO) measurement, and 2.9 and

3.9 from the A1(LO)/E2(H) method with constant and

adjusted b, respectively. These values are all 0.6–1.6 lower

than the predicted 4.49 obtained from direct first-principle

simulations by Farrer et al. of pure h-ScN.8 However, they

are in reasonable agreement with 3.5, the value obtained

when extrapolating the simulation on Al1�xScxN by Tasn�adi

FIG. 7. (a) Born dynamic effective charge ZB as a function of x in wurtzite

Al1�xScxN. The solid squares indicate values obtained from the splitting of

measured A1(TO) and A1(LO) frequencies, while open squares use linearly

extrapolated A1(TO) frequencies. ZB values from measured A1(LO) and

E2(H) frequencies and VCFF modeling are plotted as triangles for the ideal

wurtzite structure with b¼ 109.5�, and as circles using the measured b from

Fig. 6(a). (b) Corresponding covalent bond strength constant k.
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et al.6 We note here that the VCFF model with measured

A1(LO) and E2(H) frequencies underestimates ZB by 0.25

and 0.17 for constant and adjusted b, respectively. Assuming

a similar underestimation for Al1�xScxN, the extrapolated ZB

for pure h-ScN is 3.1-4.1, which is still 0.4-1.4 lower than

the predicted 4.49. Thus, both our experimental results as

well as these latter simulations indicate that the extrapolation

of properties of wurtzite Al1�xScxN to x¼ 1 is only of lim-

ited validity to describe h-ScN. This is attributed to

non-linear composition-property relationships associated

with a structural instability at large x> 0.2, as evidenced by

a divergence from linear composition dependences of lattice

constant and band gap.5

Fig. 7(b) is a plot of the bond strength constant k for the

metal-N covalent bond contribution as directly obtained

from the VCFF model. The data are plotted for both the con-

stant angle b¼ 109.5� ideal wurtzite structure and for

the wurtzite structure alloy where b varies according to

Fig. 6(a). The two models show similar results for k, with

the maximum difference being 0.6%. The covalent bond

strength decreases approximately linearly with increasing x,

from 226 N/m for pure AlN to 213 N/m for Al0.88Sc0.12 N.

This decrease by 6% is consistent with an increase in the

bond length of 2% over the same composition range, as

shown in Fig. 6(b). In addition, a decrease in the covalent

bonding strength is expected as the bonding shifts towards

ionic character with increasing Sc concentration. The effec-

tive charge increases over the same composition range by

3%–8%, as shown in Fig. 7(a). k remains approximately con-

stant for x� 0.12. This may be related to experimental uncer-

tainty for the Al0.84Sc0.16 N sample, but likely indicates the

onset of a structural instability, consistent with previously

reported deviations from linearity in the lattice constants5

and consistent with the deviations from the linear trend of

the A1(LO) and E2(H) phonon frequencies for x¼ 0.16 pre-

sented in Fig. 5.

In summary, the analyses presented in Figs. 6 and 7

show that incorporation of Sc into wurtzite AlN is qualita-

tively described by a trend of the structure and bonding

towards meta-stable h-ScN, which exhibits a 90� bond angle

and strong ionicity. This is quantitatively demonstrated by a

decrease in bond angle, an increase in bond length, an

increase in bond ionicity, and a decrease in bond covalency,

with increasing Sc concentration. All four trends are approxi-

mately linear in x, but extrapolation beyond the measured

range of 0� x� 0.16 and particularly to h-ScN (x¼ 1) is

likely not justified, due to non-linear effects associated with

structural instabilities for x> 0.2.

V. CONCLUSIONS

The dielectric constant and optic phonon frequencies of

wurtzite structure Al1�xScxN are measured from sputter de-

posited alloy layers on sapphire(0001) substrates. The dielec-

tric constant obtained by optical reflectance measurements in

the wavelength range k¼ 190–3000 nm increases linearly

according to e1¼ 4.15þ 3.2x for x¼ 0 – 0.24. The linear

relationship extends slightly beyond x� 0.2, the onset

composition for structural instability associated with rs-ScN

formation. For x� 0.16, optic phonon modes E2(H) and

A1(TO) are measured by Raman scattering, while E1(TO)

and A1(LO) mode frequencies are acquired by fitting specu-

lar polarized IR reflectance spectra. All four phonon

modes exhibit red-shifts with increasing x, described by

x(E2(H))¼ 658 – 233x, x(A1(TO))¼ 612 – 159x, x(E1(TO))

¼ 681 – 209x, x(A1(LO))¼ 868 – 306x (all units in cm�1).

The phonon softening is investigated in terms of changes in

average bond character in order to interpret the effect of Sc

alloying in AlN. The bond ionicity is quantified by the Born

dynamic effective charge determined from vibrational fre-

quency splitting, which increases with x. Simultaneously, the

covalent bond strength decreases, indicating a trend from co-

valently bonded AlN towards ionic ScN. Structurally, an

increase in x leads to a decrease in the bond angle and an

increase in the bond lengths, which suggests a trend from

wurtzite AlN towards h-ScN. Extrapolation of the linear

trends for x� 0.16 to x¼ 1 suggests that h-ScN has a

ZB¼ 3.1–4.1, which is 0.4–1.4 smaller than the simulation

predicted value of 4.49. It also suggests a bond angle of

94.4� and bond lengths of 2.29 Å and 2.20 Å, which are close

to the predicted values of 90.0�, 2.21 Å, and 2.11 Å for

h-ScN. The deviation between the extrapolated and simu-

lated values of h-ScN indicates non-linear composition rela-

tionships associated with a structural instability for x� 0.2.

The previously reported increasing piezoelectric response

with increasing x can be attributed to the bond softening, the

increasing bond length, the increasing ionicity, and the

decreasing bond angle. However, in addition, the structural

instability may exacerbate these effects for x� 0.2.
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