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1. Introduction

The emerging 5G telecommunication
standards require wide bandwidth filters
for operation at frequencies ranging
between 3.3 and 5.9 GHz while minimiz-
ing acoustic loss.[1] Bulk acoustic wave
(BAW) resonators exhibiting a high electro-
mechanical coupling coefficient (k2eff ), high
quality factor (Q ), and low temperature
coefficient of frequency (TCF) have become
the go-to choice to meet the require-
ments imposed by the telecommunication
industry.[2–5] Aluminum nitride (AlN)
thin films, with intrinsic electromechanical
coupling coefficient k2t = 6.5%[6] and piezo-
electric coefficient d33= 6 pCN�1,[7] are
state of the art owing to their ease of
being integrated in a semiconductor fab
environment. Akiyama et al. have shown
that by alloying AlN with scandium nitride
(ScN), the piezoelectric response can be
increased by 400%.[8] Aluminum scandium
nitride (AlAl1�xScxN or AlScN) can provide
relatively high k2t and d33, while maintain-
ing decent Q values. Al0.7Sc0.3N was found

to have k2t of 15% and a longitudinal piezoelectric response of
16 pCN�1,[8,9] making it a compelling choice for BAW resona-
tors. Single-crystal epitaxial AlN-based film acoustic bulk acoustic
wave resonator (FBAR) technology was found to have a k2eff dou-
ble that of polycrystalline AlN.[10] Vetury et al. showed that the
power handling capabilities of single crystal AlN are superior
to a fiber-textured AlN.[11] Loebl et al. have shown that the k2eff
improves with the c-axis orientation of the AlN grains.[12]

Epitaxial AlScN is expected to follow the same trend and,
therefore, is a desirable material choice for BAW resonators.

In addition to the piezoelectric material, the choice of elec-
trode is also crucial for determining the BAW resonator proper-
ties. An optimum electrode material for FBAR should have high
acoustic impedance (zac), low resistivity, and low mass density ρ.
A large difference in zac between piezoelectric and electrode
material is desired to confine acoustic waves in the piezoelec-
tric material and thereby improve the k2eff of the resonators.
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Emerging 5G telecommunication has increased the demand for filters with
high performance and wide bandwidth. Aluminum scandium nitride (AlScN)
bulk acoustic wave resonators offer high quality factor (Q) and effective
electromechanical coupling coefficient (k2eff ), making them a promising candidate
for 5G filters, due to their high piezoelectric coefficient (d33) and intrinsic elec-
tromechanical coupling coefficient (k2t ). This study compares high overtone bulk
acoustic wave resonators (HBAR) fabricated using fiber textured and epitaxial
stacks of aluminum nitride (AlN), molybdenum (Mo), and AlScN on silicon (Si)
substrates prepared by magnetron sputtering. The mosaicity, crystal texture,
thickness, and piezoelectric properties of the sputtered films are studied using
X-ray diffraction (XRD), time-of-flight secondary ion mass spectrometry, and
Berlincourt piezometry. Additionally, the frequency response of the resonators
is studied using a vector network analyzer. The comparison revealed that the
HBAR fabricated using epitaxial stack of AlScN/Mo/AlN/Si have a higher k2eff
and Q than the fiber-textured stack. Consequently, the figure of merit (k2eff �Q)
calculated at ≈4 GHz indicates a 25% improvement in resonator performance. The
study also shows that epi-AlScN (XRD AlScN 0002 ω-full width at half maximum
(FWHM)= 1.91°) grown on epitaxial Mo (XRD Mo 110 ω-FWHM= 0.63°) has
superior crystalline quality than its fiber-textured equivalent.
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Low resistivity is particularly crucial for improving Q, while low
mass density helps reduce mass loading. Previous studies have
shown that Mo-based solidly mounted resonator and FBAR have
low acoustic losses[13] and better performance[14] when compared
to metals like titanium (Ti), copper (Cu), gold (Au), chromium
(Cr), aluminum (Al), ruthenium (Ru), and tungsten (W).
Therefore, Mo was used as the bottom electrode in this work.
In our previous work, we have shown that an AlN seed layer
can be used to promote oriented growth of Mo on Si and to pre-
vent formation of silicides.[15] Therefore, a similar approach was
taken in this work. Although Au has a higher density than Mo, it
was used as the top electrode in this work owing to the ease of
fabrication.

There are many works discussing the properties of AlScN-
based BAW resonators,[9,16–23] but none have directly investi-
gated the correlation between the crystal texture with acoustic
resonator properties. Therefore, in this work, we have fabricated
high overtone bulk acoustic wave resonators (HBAR) using
stacks of AlScN/Mo/AlN on Si(111) with varying crystal texture
to demonstrate its influence on the resonator properties, such
as the effective electromechanical coupling coefficient (k2eff )
and quality factor (Q ) of the resonator. In our previous study,
we observed that AlN exhibits epitaxy on Si(111).[24] Therefore,
to achieve epitaxy and to avoid a two-domain structure of
AlN on Si(001) as shown by Lebedev et. al,[25] we have used
Si(111) substrates in this work. In addition, we also present a
detailed explanation of the crystallographic orientation of Mo
on AlN using X-ray diffraction (XRD) pole figures (PF).

2. Experimental Section

Evatec magnetron sputtering tools were used for depositing
stacks of AlScN/Mo/AlN/Si. AlN and Mo layers were deposited
in a planar configured module using an Evatec Clusterline 200II
tool, followed by deposition of AlScN in a cosputtering module
using an Evatec radiance tool. For AlN and Mo deposition, a
304mm Al with a purity of 99.9995% and a Mo target with a
purity of 99.95% were used. For AlScN deposition, 100mm
Al and Sc targets with a purity of 99.999% and 99.99% were used;
the Sc concentration in the film was controlled by the power
applied to these targets. An argon (Ar) based inductively coupled

plasma etching was used to clean the native oxide that was
formed unintentionally when Si substrates were exposed to
air. In our previous work, we have shown that growth tempera-
ture is a critical parameter to obtain epitaxial AlN on Si sub-
strates.[24] Therefore, the growth temperature of AlN seed
layer was varied to produce Al0.71Sc0.29N/Mo/AlN/Si stacks with
different crystallographic textures, while keeping the growth
parameters constant for the Mo and Al0.71Sc0.29N layers.
Growth parameters used for depositing Mo and Al0.71Sc0.29N
layers are listed in Table 1. The AlN seed layer was deposited
at 50 °C and 70 °C, while keeping the Nitrogen (N2) flow rate,
power, and target substrate distance constant at 40 sccm,
5500W, and 10mm, respectively. The Al0.71Sc0.29N/Mo/
AlN/Si stack with AlN seed deposited at 50 °C will be called
“stack 1”, while the Al0.71Sc0.29N/Mo/AlN/Si stack with AlN seed
deposited at 70 °C will be called “stack 2” in the next section of
the article.

Ti/Au contacts with a theoretical resonator area of 70� 70 μm2

were evaporated on top of the Al0.71Sc0.29N/Mo/AlN/Si stacks. For
the thickness of these layers, see Table 2. The backside of the sam-
ple was polished in order to provide reflection of acoustic waves at
the end of the substrate for a well-defined resonance cavity.

Crystal phase, mosaicity, and texture of the films were
assessed through XRD using a PANalytical X’Pert Pro MRD dif-
fractometer. An IONTOF M6 Plus time-of-flight secondary ion
mass spectrometer (TOF-SIMS) with an integrated scanning
probe microscope was used to determine the Sc concentration
in the AlScN layer and the thickness of the layers. The frequency
response of the stacks was measured using a PNA-X N5245A
vector network analyzer. A PM300 Berlincourt piezometer was
used to measure the longitudinal piezoelectric response.

3. Structural Properties

XRD–2θ=θ scans recorded from “stack 1” and “stack 2” are
depicted in Figure 1(a). For both, reflections from Al0.71Sc0.29N
and AlN 000L (l= 2, 4, 6), Mo hk0 (h= 1, 2 and k= 1, 2), and
Si hkl (h= 1, 2, 3; k= 1, 2, 3; and l= 1, 2, 3) were observed, prov-
ing that Mo grows with its (110) plane parallel to the (0001) basal
plane of AlN on Si(111). Based on the 2θ=θ analysis, the orienta-
tional relationship (OR) of the stacks can be written as
Al0.71Sc0.29N(0001)kMo(110)kAlN(0001)kSi(111). Crystal phases
that can be observed forMo deposited on AlN depend on the polar-
ity of AlN. When Mo is deposited on N-polar AlN, Mo is expected
to grow with both (110) and (100) planes parallel to the AlN (0001)
basal plane, while on metal-polar AlN, only Mo(110) plane is
expected.[26] In our previous work, we have shown that the AlN
that we deposit is mixed-polar,[24] which could be the reason
for the absence of Mo 100 type reflections. Moreover, Mo 100 type

Table 2. Thickness of the layers and scandium concentration in stacks 1 and 2 determined using TOF-SIMS.

Stack Thickness [nm] Sc Concentration [%]

AlN Mo AlScN Ti Au AlScN

1 111.6� 6.2 108.9� 6.7 293.4� 5.1 13.7� 1.7 111.2� 4.6 29

2 128.4� 5.3 110.5� 3.7 295.7� 6.8 14.3� 5.6 104.8� 0.4 29

Table 1. Growth parameters used for depositing Al0.71Sc0.29N and Mo
layers.

Layer Temperature [°C] Ar/N2 [sccm] TSD [mm]

Mo 700 25/0 60

Al0.71Sc0.29N 700 0/20 65
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reflections were observed when a similar stack was deposited on
sapphire substrates.[27] Figure 1(b) and (c) show XRD rocking
curves of Al0.71Sc0.29N 0002 and Mo 110 reflections, measured
from stacks 1 and 2, respectively. The full width at half maximum

(FWHM) values were extracted by fitting a Pseudo-Voigt function
to the respective rocking curves. The ω-FWHM of Al0.71Sc0.29N
0002 reflection for stacks 1 and 2 was determined to be 4.41°
and 1.91°, respectively, while the ω-FWHM of Mo 110 for stacks
1 and 2 was determined to be 0.78° and 0.63°, respectively. The
ω-FWHM values indicate that the crystalline quality of both
Al0.71Sc0.29N andMo improve when deposited on AlN seed grown
at 70 °C. The improvement in the crystal quality of Momay also be
partly attributed to the increased thickness of the AlN seed layer
when grown at 70 °C (see Table 2).

XRD–PF recorded at a 2θ angle of 37.9° from stacks 1 and 2 is
shown in Figure 2(a) and (c), respectively. XRD–PF obtained
from stack 1 revealed a ring-like structure at χ ≈ 60°, indicating
that AlScN is fiber-textured. In our previous work, we have
shown that Mo grown on fiber-textured AlN is fiber-textured,
while on epitaxial AlN it has a three-domain structure.[15] Due
to the fiber-textured nature of Mo on fiber-textured AlN,
AlScN grains also grow in a fiber-textured manner, resulting
in a ring-like feature as seen in Figure 2(a). Interestingly, for
stack 2, there appears to be a sixfold symmetry with two maxima
at χ ≈ 60o. At a 2θ angle of 40°, four reflections of Mo are allowed,
since this angle is close to the 2θ angle at which the XRD–PF was
measured, it is possible that these reflections are from Mo. Since
Mo has a three-domain structure on epitaxial AlN, the additional
two domains contribute to eight more reflections, resulting in
the 12 peaks as seen in Figure 2(b). The broad reflection observed
between the two pairs of reflections corresponds to Al0.71Sc0.29N.
Since the Al0.71Sc0.29N reflection is broadened, a distinct OR with
Mo could not be determined. Although the epitaxial relationship
is unclear, from Figure 2(a) and (b), one could argue that the
allowed degree of rotation for the Al0.71Sc0.29N grains along

Figure 1. a) XRD–2θ=θ analysis of stacks 1 and 2, and X-ray rocking curves
measured from Stacks 1 and 2; b) Al0.71Sc0.29N 0002 reflection; and c) Mo
110 reflection. Here, “Stack 1” and “Stack 2” correspond to fiber-textured
and epitaxial Stacks of Al0.71Sc0.29N/Mo/AlN/Si, respectively.

Figure 2. XRD– PF of a) stack 1 and c) stack 2 recorded at a 2θ angle of 37.9∘, covering χ angles from 0° to 80°; AFM images of b) stack 1 and d) stack 2.
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the c-axis is limited in stack 2 when compared to stack 1.
Figure 2(b) and (d) show atomic force microscopy (AFM) images
from stacks 1 and 2, respectively. The large grain seen in the
images corresponds to Mo, while the smaller grains correspond
to AlScN grains, as depicted in Figure 2(b). AlScN in both the
stacks showed a similar roughness of ≈1.9 nm.

4. Fabrication of high overtone bulk acoustic
wave resonators (HBARs)

In order to fabricate HBAR, ≈20 nm Ti/≈100 nm Au electrodes
were evaporated on stacks 1 and 2. To grind and polish the back
side of the wafer, the wafers were bonded to a dummy substrate,
followed by grinding and polishing of the backside of the
substrate. After polishing the backside of the wafer, the wafers
were debonded from the dummy substrate. A schematic of the
fabrication route is shown in Figure 3. Since the layers in stacks 1
and 2 were determined to be fiber textured and epitaxial, respec-
tively, the resonators fabricated using stacks 1 and 2 will be called
“fiber-HBAR” and “epi-HBAR,” respectively. The resonator
topology of fiber-HBAR and epi-HBAR, from which the electrical
measurements reported in the following section are shown in
Figure S2(a) and (b), respectively, in Supplementary file. From
the images, it can be seen that the resonator area for both
fiber-HBAR and epi-HBAR was approximately the same.

Thickness of the layers and the Sc concentration in AlScN of
stacks 1 and 2 were determined using TOF-SIMS and are listed
in Table 2. The table demonstrates that both stacks have similar
layer thickness and Sc concentration in the AlScN layer.

5. Resonator Properties of EPI and Fiber-HBAR

The input impedance (Zin) of epi-HBAR and fiber-HBAR is
illustrated in Figure 4(a). The fundamental resonance frequency,
i.e., resonance frequency of the piezoelectric film for both the
HBARs occurs at ≈4 GHz. The shift observed in the resonant
modes, as depicted in the inset of Figure 4(a), could be attributed
to a slight variation in thickness of the substrate after grinding
and polishing processes. This thickness variation in the substrate
is also reflected as a shift in the spacing between the parallel reso-
nant frequencies (SPRF), as depicted in Figure 4(b). The SPRF is
inversely proportional to the length of the resonance cavity d,
i.e., the thickness of the substrate.[28,29] For information on the
SPRF, the readers are directed to literature.[30] Specifically, the
SPRF of epi-HBAR is higher than fiber-HBAR, indicating that
the substrate thickness of epi-HBAR is less than that of fiber-
HBAR. Moreover, the substrate thickness (tsb) of epi-HBAR
and fiber-HBAR was found to be ≈120 and ≈124 μm, respectively.

For both epi-HBAR and fiber-HBAR, a noticeable trend is
the decrease in resonance amplitude as the spectral distance
from the fundamental frequency increases. The fundamental
frequency is primarily modulated by the piezoelectric layer,
and as the distance from the fundamental frequency increases,
the influence of the substrate becomes more prominent, result-
ing in reduction of the resonance amplitude.

The effective electromechanical coupling coefficient (k2eff ),
[31]

for each mode in the resonance spectrum was calculated using

k2eff ¼
π2

4
f s
f p

f p � f s
f p

(1)

where f s and f p are series and parallel resonance frequencies,
respectively. f s and f p, as defined by the IEEE standards, were
identified from the real part of Zin and admittance Y in.

[32] k2eff
for epi and fiber-HBAR, was calculated using Equation (1)Figure 3. Fabrication route employed to realize an HBAR resonator.

Figure 4. a) Impedance characteristics jZinj and b) spacing between parallel resonant frequencies of a fiber-HBAR and epi-HBAR.
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and is plotted against the corresponding series resonant fre-
quency (f s) in Figure 5.

Figure 5 shows that for both fiber-HBAR and epi-HBAR, the
k2eff reaches a maximum at ≈4 GHz, and it reduces as the dis-
tance from the fundamental resonance increases. The reason
for themaximum is due to the fact that the fundamental frequency
is predominantly modulated by the piezoelectric film. It can also
be observed that the k2eff of an epi-HBAR is higher than fiber-
HBAR. The difference in k2eff of an epi and fiber-HBAR (Δk2eff ),
which is shown as an inset in Figure 5, reached a maximum
of ≈0.03% at ≈4 GHz. Additionally, the average SPRF (SPRF)

and average k2eff (k
2
eff ), calculated from the SPRF and k2eff spectra

are listed in Table 3.
As discussed previously, the thickness of epi-HBAR is slightly

lower than that of fiber-HBAR, which is expected to improve
its k2eff .

[33] To investigate whether this difference could have
accounted for the observed increase in k2eff , an epi-HBAR with a
substrate thickness of ≈110 μm (“Thin” epi-HBAR) was fabricated.
SPRF was employed to indirectly assess the change in substrate
thickness. The outcomes of the results are summarized in
Table 3. Reducing the substrate thickness of an epi-HBAR

increased the SPRF by ≈3.8MHz, while the k2eff increased by

≈0.017%. When comparing this observation with SPRF and k2eff
of epi and fiber-HBAR, which were ≈0.49MHz and ≈0.013%,

respectively, it becomes evident that the change in substrate thick-
ness has a negligible contribution to the increase in k2eff depicted in
Figure 5. The average SPRF and average k2eff listed in Table 3
were calculated from the plots shown in Figure S1(a) and (b)
(see Supplementary file).

In Section III, it was shown that the ω-FWHM of the AlScN
0002 reflection for the produced epitaxial AlScN to be better than
the produced fiber-textured AlScN. The rocking curve width,
which is an indication of the degree of c-axis orientation of
the AlScN grains, is expected to have a direct impact on
d33,

[34] and hence could be the reason for the observed improve-
ment in k2eff (see Figure 5).

[12] In order to quantify the change in
longitudinal piezoelectric response, fiber texture and epitaxial
stacks of Al0.71Sc0.29N/AlN/Si were prepared and analyzed using
Berlincourt piezometer. The longitudinal piezoelectric response
of the fiber textured and epitaxial AlScN was found to be
(�8.82� 0.05) pC N�1 and (–9.14� 0.05) pC N�1. Additionally,
variations in number of abnormally oriented grains (AOG)
can also influence the longitudinal piezoelectric response.[35]

AFM images (5� 5 μm2) of stack 1 and stack 2 (see Figure S3
in Supplementary file) revealed that the produced “epi-AlScN”
is rougher than “fiber-AlScN”, but both the stacks exhibit a simi-
lar number of AOG. This indicates that the observed improve-
ment in longitudinal piezoelectric response is not attributed to
AOG. A longitudinal piezoelectric response of 16 pCN�1 has
been reported for Al0.71Sc0.29N,

[8] which is significantly higher
than the longitudinal piezoelectric response values obtained
for both fiber-textured and epitaxial Al0.71Sc0.29N in this work.
Factors such as presence of an AlN seed layer,[36] thickness of
the Al0.71Sc0.29N layer,[34] presence of AOG,[35] or inversion
domain boundaries could have caused the observed reduction
in longitudinal piezoelectric response. Nevertheless, the out-
come of the piezometer measurements clearly shows that the
longitudinal piezoelectric response of epitaxial Al0.71Sc0.29N is
larger than that of fiber-textured Al0.71Sc0.29N, supporting the
results observed in Figure 5.

The Bode Q (Qbode) can be determined using Equation 2.[37]

ϕ and mag(S11) in the equation are the phase and magnitude
of the measured scatter parameters (S11). In order to validate
Qbode calculations, QDicke Z, and QDicke Y were calculated
using Equation 3 and 4, respectively.[38] R and X in
Equation 3 were calculated from impedance Z as Z= Rþ jX,
while G and B in Equation 4 were calculated from admittance
Y as Y=Gþ jB.

Qbode ¼ ω
dϕ
dω

magðS11Þ
1� ðmagðS11ÞÞ2

(2)

QDicke Z ¼ ω

2R
∂X
∂ω

(3)

QDicke Y ¼ ω

2G
∂B
∂ω

(4)

Qbode determined for fiber-HBAR and epi-HBAR at ≈4 GHz
shown in Figure 6(a), reveals that the Qbode of “normal modes”
and spurious modes is higher for epi-HBAR. Qbode, QDicke Z,
and QDicke Y of “normal modes” and spurious modes deter-
mined for a larger frequency range also showed a similar trend

Figure 5. Effective electromechanical coupling coefficient (k2eff ) calculated
from the resonant spectrum of a fiber-HBAR and epi-HBAR.

Table 3. Average SPRF, average effective electromechanical coupling
coefficients, and substrate thickness of the HBAR studied in this work.

Resonator Substrate
thickness(tsb) [μm]

Average SPRF (SPRF)
[MHz]

Average

k2eff (k
2
eff ) [%]

epi-HBAR ≈120 38.99 0.054

fiber-HBAR ≈124 38.51 0.041

“thin”
epi-HBAR

≈110 42.7 0.071

www.advancedsciencenews.com www.pss-a.com

Phys. Status Solidi A 2025, 2500189 2500189 (5 of 7) © 2025 The Author(s). physica status solidi (a) applications and materials science
published by Wiley-VCH GmbH

 18626319, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pssa.202500189 by Fraunhofer IA

F, W
iley O

nline L
ibrary on [21/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.pss-a.com


(see Figure 6(b) and (c)). In our previous work, we have shown
that the electrical resistivity of epitaxial Mo is lower than
fiber-textured Mo due to presence of high symmetry grain
boundaries.[15] Electrical resistivity introduces Ohmic losses in
the resonator, reducing its Q.[39] The improved resistivity of
epitaxial Mo could be the reason for the observed improvement
in Q. The figure of merit (FOM) [Q � k2eff ] calculated by using
Qbode,QDicke Z,QDicke Y, and k2eff for the “normal modes” of both
epi-HBAR and fiber-HBAR are shown in Figure 6(d). The figure
clearly demonstrates that the performance of epi-HBAR is better
than fiber-HBAR. FOM at ≈4 GHz for epi-HBAR and fiber-
HBAR was determined to be 1.57 and 1.25, respectively, which
is ≈25% improvement in resonator performance with epitaxial
piezoelectric and electrode material. The results indicate a signif-
icant gain in performance of the resonator by employing epitaxial
layers of Mo and AlScN. Therefore, epitaxial Mo and AlScN
emerge as a superior candidate for BAW devices when compared
to their fiber-textured equivalents.

6. Conclusion

In this study, we systematically studied the effect of texture
on the structural properties and performance of HBAR

fabricated using the stack Au-Ti/AlScN/Mo/AlN/Si. The tex-
ture of Mo and AlScN was controlled by changing the deposi-
tion conditions of AlN seed layer while keeping all the other
parameters constant. TOF-SIMS and XRD results confirm
that the only difference between the two stacks is the crystal-
line quality. Our results indicate that the improvement in crys-
talline quality of both epitaxial Mo and AlScN leads to a
significant improvement in their resonator properties.
HBAR fabricated demonstrate that the resonator that employs
epitaxial AlScN has a superior k2eff than fiber-textured material.
Reasons for this improvement are attributed to the improved
crystal quality, which leads to improvement of the longitudinal
piezoelectric response for epitaxial AlScN. In addition, epi-
HBAR has a higher Q factor than fiber-HBAR. The improve-
ment in Q could be due to a combination of reduced losses at
grain boundaries or due to reduced resistivity of the electrodes.
In conclusion, the study revealed that epitaxial growth of
AlScN on Mo and AlN substrates resulted in better structural
properties and enhanced performance of the HBAR compared
to the fiber-textured stack. These findings have implications
for the development of BAW devices, where devices with
higher Q factor and k2eff are required. Further improvements
in the resonator properties are planned by having epitaxial Mo
as a top electrode.

Figure 6. Quality factor Qbode of a fiber and epi-HBAR extracted a) at ≈4 GHz, b) for “normal modes” in the frequency range ≈2 and 4.2 GHz, c) for
spurious modes in the frequency range ≈3 and 4.2 GHz, and d) FOM (Qbode � k2eff ) calculated for “normal modes” in the frequency range ≈2 and
4.5 GHz.
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