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Characterization of elastic modulus across the
(Al1−x Scx)N system using DFT and
substrate-effect-corrected nanoindentation
Dong Wu1 , Yachao Chen1, Sukriti Manna2 , Kevin Talley1, Andriy Zakutayev3, Geoff Brennecka1, Cristian V.
Ciobanu2, Paul Constantine4, Corinne E. Packard1,3∗

Abstract— Knowledge of accurate values of elastic modulus of
(Al1−x Scx )N is required for design of piezoelectric resonators
and related devices. Thin films of (Al1−x Scx )N across the entire
composition space are deposited and characterized. Accuracy of
modulus measurements is improved and quantified by removing
the influence of substrate effects and by direct comparison
of experimental results with density functional theory (DFT)
calculations. The 5-30% Sc compositional range is of particular
interest for piezoelectric applications and is covered at higher
compositional resolution here than in previous work. The reduced
elastic modulus is found to decrease by as much as 40% with
increasing Sc concentration in the wurtzite phase according to
both experimental and computational techniques, whereas Scrich rocksalt-structured films exhibits little variation in modulus
with composition.
Index Terms— Elastic modulus, nanoindentation, thin film,
Aluminum nitride, Scandium nitride

I. I NTRODUCTION
IEZOELECTRIC aluminum nitride (AlN) thin films form
the basis of surface acoustic wave (SAW) and film bulk
acoustic resonator (FBAR) devices that are widely used in
telecommunications and other applications[1]–[6]. In the past
decade, significant efforts have been directed at increasing
the piezoelectric performance of AlN-based materials, largely
via Sc additions [6]–[12], which have been found to increase
the longitudinal piezoelectric strain modulus, d33 , by up to
400% compared to pure AlN films for a Sc composition of
43% [9]. Computational studies suggest that such increases
in Al1−x Scx N and related materials stem from mechanical
softening of the wurtzite phase and may be associated in part
with proximity to a phase boundary [13]–[16]. The elastic
properties of these alloy systems are receiving less attention;
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experimental studies only minimally cover the range of 5-30%
Sc [17], [18], computational work does not extend beyond
50% Sc [13], [15], [19], and no previous study provides
direct comparison between the computed and measured elastic
constants.
In addition to being important from a fundamental standpoint, the elastic modulus is an essential property for FBARs
and other devices because of its relation to mechanical resonance and role in energy dissipation and impedance matching.
In resonator applications, one common figure of merit is
the k 2 Q product, where the mechanical quality factor, Q,
is directly proportional to stiffness with significant additional
extrinsic contributions, andk 2 is the mode-appropriate electromechanical coupling coefficient. Moreover, while the most
commonly experimentally measured and reported piezoelectric
coefficient is the d tensor, which relates electric field to strain
or dielectric displacement to stress, first-principles calculations
directly compute the e tensor, necessitating knowledge of the
stiffness tensor in order to directly compare measured d with
V , where the V superscript
calculated d, e.g., d33 = e33 /C33
indicates a condition of constant electric potential. Thus, the
investigation of elastic properties is critical for evaluation of
the functional performance of piezoelectric systems.
Various techniques are utilized to determine elastic modulus
from thin films. The elastic modulus can be extracted from the
resonance frequency of cantilever beams that are fabricated
out of the thin film of interest [20]–[23], but this technique
requires multiple film deposition, etching, and lithography
procedures and optimization thereof. In contrast, instrumented
indentation presents a nearly preparation-free testing method
for thin films deposited on a substrate [18], [24]–[27], making
it more suitable for rapid evaluation of elastic modulus in films
fabricated via combinatorial deposition in order to cover a
large composition range over a single sample library. However,
one important complication arises for testing thin films: when
the size of the stress field induced by indentation approaches
the film thickness, the measurement of the reduced elastic
modulus is invariably influenced by the substrate. Recently,
these limitations have been overcome by Li and Vlassak [28],
who introduced a numerical calculation method based on an
analytical model of the contact mechanics of a laminated
film [29], showing that the impact of the substrate could be
effectively removed from the data for a wide range of elastic
dissimilarities and film thicknesses.
In this study, the reduced elastic moduli of (Al1−x Scx )N
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films are measured using a dynamic indentation technique.
Accuracy of measurements is improved and quantified by
removing the influence of substrate effects and by direct comparison of experimental results with density functional theory
(DFT) calculations. This work covers the entire composition
space in this system and maps elastic modulus with higher
compositional resolution than previous studies, particularly
over the 5-30% Sc composition space that is of great application interest. The influences of composition and phase content
on the elastic modulus of this nitride alloy are evaluated and
discussed.
II. M ETHODS OF PREPARATION , CHARACTERIZATION AND
THEORETICAL ANALYSIS

Combinatorial (Al1−x Scx )N thin film libraries are prepared
through a magnetically enhanced RF reactive co-sputtering
technique. The deposition is performed in a high-vacuum
chamber with a base pressure <1×10−7 Torr and process
pressure of 2 mTorr at flows of 6 sccm Ar and 3 sccm N2 .
The deposition system is described in our previous work [30].
Fused silica (GM Associates) or Si(100) wafer (universitywafer.com) substrates of 51×51 mm size are mounted on a
substrate stage equipped with a heater, and the temperature
of the substrate is maintained at 400◦ C during deposition.
Prior to deposition, substrates are cleaned by pre-sputtering
with O2 followed by Ar (fused silica) or Ar alone (Si).
Two separate elemental targets (99.995% pure metallic Al
and 99.9995% pure metallic Sc), installed at 45◦ angles with
respect to the substrate, generate a lateral composition gradient
across the substrate. A nitrogen plasma source is used to
introduce nitrogen of increased reactivity to the deposition
environment. During deposition, a cryogenic shroud is used
to reduce the partial pressure of water in the system and
minimize oxygen contamination. Power for each of the targets
and deposition time for each library were chosen based on
data from preliminary runs, weighing the need for simultaneously achieving high crystallinity, balanced sputter yields,
and reasonable deposition rates [31]. On each substrate, a
2×11 grid of thin film samples is deposited through a shadow
mask, referred to here as a “sample library”. Each sample
on the library is 2 mm by 10 mm in size, with the long
axes perpendicular to a line connecting the two sputter targets.
This bins the composition gradient across the sample library
into 11 different compositions, each with a pair of sibling
samples. The thickness of each sample is measured using
contact profilometry. Deposition parameters and resulting film
characteristics are summarized in Table II for each sample
library.
The composition of each thin film sample on the library
is determined using spatially-resolved X-Ray Fluorescence
(XRF) with a Fischerscope X-ray XUV 773 and associated analysis software. The analysis is calibrated to singlecomposition AlN and ScN films of known thickness to
improve the accuracy of measurements. Spatially-resolved XRay Diffraction (XRD) is utilized to determine the crystalline
structure and the texture of the films. The diffraction pattern of
each film sample is collected using a Bruker D8 diffractometer

with a two-dimensional area detector and collimated CuKα
radiation in a θ −2θ configuration. The intensity counts collected by the detector are integrated across the chi dimension
to provide an intensity vs. 2θ pattern.
The stiffness of each sample on the library is measured
using dynamic nanoindentation [32] on a TI-950 Hysitron
Triboindenter instrument equipped with a Berkovich-geometry
diamond indenter tip. The area function, A, of the Berkovich
indenter tip is calibrated on fused silica. Four dynamic indentation tests with a peak load of 3 mN are performed on each
film sample on the library, with an excitation frequency of
150 Hz and a constant strain rate of 0.06 s−1 . Analysis of
nanoindentation data and correction to remove the substrate
effects are conducted according to the method of Li and
Vlassak [28]. Though Li and Vlassak’s method has been
incorporated into a commercially available software package
offered by Bruker, we have created our own implementation
of the method, allowing for customization of optimization
parameters and the utilization of parallel processing on a
high-performance computing cluster. The values of material
parameters used in the method are listed in Table I. Step
sizes of 4 GPa and 0.1 are used to resolve substrate-effectcorrected elastic modulus of the film, M f , and dimensionless
plastic thinning parameter, η, respectively, for analysis of each
set of indentation data. Each indentation test containing 61
data points in total is reduced to six data points uniformly
spaced over the total indentation time to increase the speed of
calculation. The error associated with using a reduced data set
is found to be smaller than that associated with the (M f , η)
step sizes utilized here.
The Vienna Ab-initio Simulation Package (VASP) is used
for structural optimizations (ionic positions and lattice parameters) and calculations of elastic constants of the (Al1−x Scx )N
lattice, with Projector Augmented Waves (PAW) in the generalized gradient approximation using the Perdew-BurkeErnzerhof (PBE) exchange-correlation functional [33]–[35].
In these calculations, plane-wave energy cutoffs of 540 eV,
and tolerances for total energy of 10−8 and 10−7 eV for
electronic and ionic convergence are applied, respectively.
The simulation supercells are constructed using special quasirandom structures (SQS), allowing efficient simulations of
random alloys using a small number of atoms [36]; five SQS
structures are assembled and run for each alloy composition.
For the wurtzite structure (B1), a 32-atom supercell (2×2×2
unit cells) with a 6×6×2 Monkhorst Pack k-point mesh is
used to sample the Brillouin zone with their origins set at the
Ŵ point, resulting in 40 irreducible k–points [37]. The calculations of scandium-rich rocksalt structures (B4) are performed
using a 64-atom supercell (2×2×2 unit cells), and Brillouin
zones are sampled by 4×4×4 Monkhorst-Pack meshes with
their origins set at the Ŵ points (36 irreducible k-points). At
the relaxed (equilibrium) values for the lattice parameters,
the elastic constants are computed as second derivatives of
the total energy density with respect to small strains applied
to the supercells [38]. In particular, the independent elastic
constants: C11 , C12 , C13 , C33 , and C44 for the hexagonal
wurtzite structure, and C11 , C12 and C44 for the cubic rocksalt
structure are determined from specific strain matrices [39].
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TABLE I

TABLE II

PARAMETERS OF NUMERICAL CALCULATION TO REMOVE THE SUBSTRATE

PARAMETERS OF NUMERICAL CALCULATION TO REMOVE THE SUBSTRATE

EFFECTS

EFFECTS

Fig. 1. A transition from wurtzite to rocksalt structure is indicated by XRD
patterns of the (Al1−x Scx )N film.

III. R ESULTS AND DISCUSSION
A. Thickness, composition and microstructure of the (Al1−x
Scx )N films
Intentional gradients in film composition and thickness exist
along the row direction of the thin film sample libraries
because of the position of film samples with respect to the
sputtering targets and can be modified by varying the power
applied to the targets. Ranges of composition and thickness of
the deposited films are provided in Table II; measured values
vary continuously along the row direction of the film sample
libraries.
The crystalline structure(s) and phase(s) of all samples
are characterized using XRD. In Fig. 1, the collection of
XRD patterns are represented with the film Sc content on
the ordinate axis, the diffraction angle 2θ on the abscissa,
and the color indicates normalized diffraction intensity. For
comparison to more typical diffraction plots having 2θ on the
abscissa and diffraction intensity on the ordinate, line plots of
this form are shown in white for the compositional extremes of
AlN (bottom) and ScN (top). The Lotgering factor is calculated
to quantify the degree of (002) c-axis texture in a film, where
1 indicates a c-axis texture, and 0 a randomly oriented film.

[40]. Only one dominant diffraction peak, (002), is identified
over the measured 2θ range in (Al1−x Scx )N samples below
19.3% (cation percent) Sc (#1 and #2) with a Lotgering
factor of 1, indicating the deposited (Al1−x Scx) N film has a
wurtzite structure with a strong c-axis texture. For those film
alloys with intermediate alloying concentration (19.3 ∼ 33.2%
Sc) deposited on Si(100), wurtzite (100) and (101) peaks
are present in addition to the (002) peak. Increasing the Sc
concentration across this range leads to a gradual decrease
in the Lotgering factor from 0.95 to 0.7, indicating a loss
of strong c-axis texture in the films. For the sample library
#3 with high Sc content, a coexistence of two crystalline
phases consisting of hexagonal wurtzite and cubic rocksalt
structures are observed when the Sc content increases from
33.2% to 83.4%. The XRD pattern of the pure ScN film (#4)
has only two diffraction peaks (111) and (002) in this 2θ range,
consistent with untextured rocksalt crystal structure.
It should also be noted that as the Sc content increases
in materials of either structure, all diffraction peaks move to
lower angle, as shown in Fig. 2. Our DFT calculations for equilibrium lattice constants as a function of Sc composition, x,
show both wurtzite lattice parameters a and c increasing with
increasing x, consistent with other studies in the literature [14],
[15], [19]. Using the DFT lattice constants, we have calculated
the 2θ locations of the XRD peaks and compared with those
determined experimentally. The experimental and DFT results
agree with each other across the entire composition range,
albeit with the DFT results systematically underestimating the
2θ positions in experimental data due to the fact that the PBE
functional [35] overestimates the experimental lattice constants
by up ∼1-3% [41]. The shifting trend of diffraction peaks is
ascribed to lattice expansion in the (Al1−x Scx )N system, as
the Sc ion is larger than the Al ion with the ionic radius ratio
of Sc/Al=1.39 [42].
B. First-principles calculations of elastic constants and
polycrystalline averages for (Al1− xScx )N films
The elements of the stiffness matrix for (Al1−x Scx )N in
either the wurtzite or rocksalt structure (depending upon x) are
determined from total energy DFT calculations, and are plotted
in Fig. 3(a) as a function of Sc content. Relaxations of the
computational SQS cells for Sc cation content >50% Sc lead
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Fig. 2. The experimental and DFT-calculated positions of the main XRD
peaks: wurtzite (002), and rocksalt (002) and (111) for (Al1−x Scx )N structures
as functions of Sc content x show shifts in positions as a result of lattice
distortion due to alloying.

to significant deviations from expected wurtzite parameters,
so values are reported here for wurtzite-structured material
for Sc contents ≤50%, and rocksalt-structured material for Sc
contents ≥50%. The values and trends shown in Fig. 3(a) are
similar to those reported in the literature [15], [19], and reflect
a decrease of the stiffness components C33 and C11 with Sc
content x.
Despite other reports of elastic softening with increasing
Sc concentration in wurtzite [15], direct comparisons with
experimental data that do not independently access any of the
stiffness constants can only be enabled by through appropriate
averaging of the elements of the stiffness tensor, C. The
presence of texture in the polycrystalline wurtzite-structured
(Al1−x Scx )N adds complexity to this analysis; however, it is
reasonable to bound the elastic modulus between that of an
isotropic medium of randomly oriented grains [43]–[45] and
that of a fully c-axis oriented material that can be approximated as an orthotropic medium [46]. For the orthotropic
bound, the indentation modulus M f ilm is calculated as:


2 − C2
C31
1
2
13
M f ilm = 2
(
+
)
(1)
C11
C44
C31 + C13
√
whereC31 =
C11 C33 . The indentation modulus for the
isotropic bound is found from M = 9BG/[(3B + G)(1 − θ 2 )],
where θ is the Poisson’s ratio. For the wurtzite structure, the
bulk modulus, B, and shear modulus, G, are estimated in terms
of a Voigt approximation [47] and a Reuss approximation
[48] for the upper and lower bounds of modulus values
of hexagonal crystals, respectively. According to the Hill
approximation[47] for polycrystalline materials, the effective
moduli for isotropic media are written as the arithmetic mean
of the two bounds: B = (BV + B R )/2 and G = (G V + G R )/2,
where B R , B V , G R and G V correspond to the Voigt and Reuss
approximations and can be found in Ref. [44]. For the rock salt

Fig. 3.
Elastic constants of (Al1−x Scx )N with wurtzite structure (C11 ,
C12 , C33 , C44 , C13 ) or rocksalt structure (CC11 , C12 , C44 ) as a function
of Sc content. (a) DFT results for single-crystal values and (b) polycrystalline
averages computed from the DFT single crystal results in the random
(wurtzite, rocksalt) and orthothropic (wurtzite) limits.

cubic structure, B is estimated as a linear combination of two
elastic constants: B = (C11 + 2C12 )/3, while G is averaged
as: G = (G V + G R )/2, where G V = (C11 -C12 + 3C44 )/5, and
G R = 5(C11 -C12 )C44 )/(4C44 + 3(C11-C12 )).
Fig. 3(b) plots the indentation modulus across the composition range, determined using the elements of the DFTcomputed stiffness tensor, C. The calculated indentation modulus of wurtzite (Al1−x Scx )N decreases with increasing Sc
content, reaching as low as 81 GPa for a Sc content of 50
at%, while the relaxed unit cell maintains a wurtzite structure.
Both isotropic and orthotropic assumptions of the crystalline
microstructure are applied in calculating the indentation modulus, but no substantial difference is observed. This indicates
that the softening of the wurtzite structure results in a drastic
reduction in elastic modulus, regardless of the film texture. On
the other hand, the calculated indentation modulus of rocksalt
(Al1−x Scx )N only changes slightly with Sc content because
the stiffness constants C11 , C12 and C44 of the cubic rocksalt
are less sensitive to composition.
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C. Elastic response of thin (Al1−x Scx )N films on substrates
The raw indentation data of library #1 are plotted as a
function of indentation depth in Fig. 4(a). Each of the 11 data
series (one from each sample of the library) is plotted, with
uncorrected indentation modulus (E/(1 − θ 2 )) as a function
of indentation depth. In contrast to the depth-independent
modulus of the SiO2 substrate, which is determined to be
74.1 GPa, the indentation modulus of each film/substrate
samples decreases sharply with increasing indentation depth.
Given the same indentation depth, the indentation modulus
increases with increased film thickness. Sample library #1 has
only a very small variation in Sc content; thus the variation
of modulus is not attributable to compositional changes, but
instead indicates impact from the compliant substrate. The
maximum values of uncorrected indentation modulus for each
indentation test occur at the lowest indentation depths and are
plotted against film thickness in Fig. 4(b). With the exception
of the thinnest film, the plotted modulus values are derived
from measurements from less than 10% of total film thickness.
Even though these values occur at shallow penetrations, where
the influence of the substrate is minimized, the impact is
obviously not negligible because uncorrected modulus varies
over 100 GPa with only a 2.2 % absolute variation in Sc
content.
The indentation moduli of thin film samples are corrected
to remove the impact of the substrate following the numerical
procedure developed by Li & Vlassak [28]. For all film
samples, the optimized η has a value of zero because plasticity
in the nitride film is limited. The values of indentation modulus
with and without correction are shown for two sample libraries
in Fig 5. For the (Al1−x Scx )N thin film deposited on a
compliant substrate (#1 film/SiO2 ), there is little variance in
composition, so the apparent increase of indentation modulus
with film thickness comes from a severe substrate effect. After
correction, the moduli are shown to be approximately 350 GPa,
within error of the 354 GPa reported in literature [26], and the
dependence on film thickness has been eliminated. Corrections
to remove the substrate effect increase the indentation modulus
by 100-250 GPa. The measured indentation modulus of the
thicker (Al1−x Scx )N film deposited on a stiffer substrate (#7
film/Si(100)) does not depend strongly on film thickness, but
still yields an increase of 15-20 GPa in the indentation modulus after correction. In this sample, the modulus mismatch
between substrate and film is lower and the indentation depth
relative to total film thickness is substantially lower, leading
to smaller corrections.
The indentation moduli of (Al1−x Scx )N films with varied
Sc content are obtained, corrected, and evaluated for all films
using the same procedure. Fig. 6 compiles all of the data
and plots modulus as a function of Sc content. Each data
point represents the average of all four indentation results
on each composition for each sample library, with error bars
representing the standard deviation. It is often observed in
AlN-based films that differences in films grown on different
substrates are dominated by the residual stress state, and that
nucleation and microstructure development are similar across
different substrates [49]–[54]. We found that cracks tended to

Fig. 4. Indentation modulus of the (Al1−x Scx )N /SiO2 system (a) as a
function of indentation depth and (b) the maximum values of indentation
modulus as a function of film thickness.

occur more frequently in films on SiO2 substrates, likely due
to the thermal expansion coefficient mismatch between the
substrate and film. Crack-free films are necessary for valid
indentation measurements; thus, we discarded cracked films
and instead used silicon substrates (with lower thermal expansion coefficient mismatch) for several libraries. Substrateeffect-corrected data from sample libraries #2 and #5, which
cover a similar composition range but have different substrates,
converge in a single trend, consistent with other studies that
have seen negligible differences in AlN-based film growth on
different substrates. In the modulus-composition diagram, the
substrate-effect-corrected indentation modulus decreases with
increasing Sc content from 0 to ∼25%. This result mirrors
the trend observed in the work of Zywitzki et al. [17] and
Zukauskaite et al. [18], but maps the changes in indentation
modulus with much higher compositional resolution. The
values of indentation modulus obtained here are more similar
to those of Zywitzki et al. and are higher than those reported
by Zukauskaite et al., who report restricting indentation depth
to less than 10% of the film thickness but do not provide sufficient evidence that substrate compliance effects are avoided.
We confirm that indentation modulus decreases monotonically
with Sc addition between the sparse data provided by other

6

Fig. 5. Extraction of indentation modulus of representative film sample
library: #1 (Al1−x Scx )N/SiO2 and #7 (Al1−x Scx )N/Si(100) following numerical calculation analysis.

reports. Furthermore, the substrate-effect-corrected indentation
modulus is well-matched by estimations of the indentation
modulus made from texture-based averaging of the DFT
results in the range of 0-25% Sc, showing that DFT calculations can provide accurate estimates of modulus which may aid
in accelerating the discovery of piezoelectric materials tailored
to optimizing specific figures of merit. Additionally, these
combined experimental and computational findings support
the idea that the oft-reported increase in piezoelectric strain
response with Sc additions to AlN are driven at least as
much by the reduction in material stiffness (as much as 40%,
as shown here) as by the direct improvement in intrinsic
electromechanical response (also ∼40% change over the same
composition space) [58], and highlight the need for further
materials development for improved performance in resonator
applications.
Between 25-65% Sc, the corrected indentation modulus
stays roughly constant, consistent with the results from
Zywitzki et al., that covered the range of 30-45% Sc. The
discrepancy between the experimental and computed indentation modulus in this range is due to the mixture of phases
in experiments (wurtzite and rocksalt), whereas computations
are carried out for either wurtzite or rocksalt (not mixed); it
is not tractable to have mixed phases in the DFT simulation
cells. Above 65% Sc, a range which has not previously been
experimentally or computationally explored, the films have
rocksalt structure and exhibit substrate-corrected indentation
modulus values consistent with DFT calculations. Rocksalt
(Al1−x Scx )N exhibits little compositional variation in elastic
modulus.
IV. C ONCLUSION
Thin films of (Al1−x Scx )N across the entire composition
space are deposited and characterized. In mapping elastic
modulus across the full (Al1−x Scx )N system, we show that

Fig. 6.
Indentation modulus and XRD patterns of (Al1−x Scx )N as a
function of Sc content. The deviation of experimental indentation modulus
from theoretical prediction is consistent with the coexistence of two phases
observed by XRD.

accuracy of measurements is improved and quantified by
removing the influence of substrate effects and by direct comparison of experimental results with density functional theory
(DFT) calculations. The indentation modulus of (Al1−x Scx )N
in the wurtzite phase decreases with increased Sc content,
whereas the modulus is relatively insensitive to Sc content in
the rocksalt structure. The coexistence of hexagonal wurtzite
and cubic rocksalt structure occurs in nitride films with
intermediate Sc content and is reflected in experimentally
observed indentation modulus between that of the wurtzite
and rocksalt phases. This study reinforces the importance of
reduced elastic modulus on the increased strain response of
Sc-modified AlN piezoelectrics and has provided an efficient
approach to evaluate the elastic modulus of a thin film on
compliant substrate in a high-throughput manner.
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