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ABSTRACT

Non-polar a-plane Aly;7Sco,3N (1120) thin films were prepared by magnetron sputter epitaxy on r-plane Al,O3(1102) substrates. Different
substrate off-cut angles were compared, and the off-cut angle of 3° resulted in the best structural quality of the AIScN layer. Structural char-
acterization by x-ray diffraction confirmed that single phase, wurtzite-type, a-plane AIScN (1120), surface acoustic wave resonators were fab-
ricated with wavelengths 4 = 2-10 um (central frequency up to 1.7 GHz) with two orthogonal in-plane propagation directions. A strong
dependence of electromechanical coupling on the in-plane orientation was observed. Compared to conventional c-plane AIScN based resona-
tors, an increase of 185-1000% in the effective electromechanical coupling was achieved with only a fractional decrease of <10.5% in series

resonance fr equency.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5129329

Due to the enhanced piezoelectric coefficient’ and significantly
improved electromechanical coupling,” AlScN is currently being con-
sidered as an attractive alternative to AIN thin films and LiNbO; bulk
crystals in RF filter components, which are needed in next generation
high-frequency high-bandwidth mobile communication applications.
Because of CMOS compatibility of such substrates such as silicon
Si(001), it is more often chosen for Al(Sc)N growth. However, only c-
axis oriented nitride layers can be grown on Si(001), which led to
mostly c-plane AISCN(0001) being investigated for the fabrication of
various electroacoustic resonators for RF filters, such as surface acous-
tic waves (SAWSs),”” bulk acoustic waves (BAWs),”” or Lamb wave
resonators (LWRs).* ' One of the main obstacles in utilizing
Al;_Sc,N-based electroacoustic devices to their full potential remains
the metastability of the material. It can lead to crystal lattice distortion,
misoriented grains, ' elemental segregation, or even phase separation
into wurtzite AIN, and rock salt ScN when the Sc concentration
approaches x = 0.5," thus hindering the device fabrication and having

a negative impact on the device performance. Conversely, several
recent reports suggest that even with conventional materials, e.g., AIN,
GaN, or ZnO, further improvement in the electromechanical coupling
of SAW resonators is possible by changing from polar c-plane to non-
polar a-plane oriented layers to promote the propagation of acoustic
waves.”'* Consequently, by combining both, a material with higher
electromechanical coupling like AIScN and switching from the c-plane
to the a-plane orientation of the thin film, one could expect even
higher benefit in the final device performance while keeping the Sc
concentration relatively low. Furthermore, a-plane AlScN-based SAW
resonators were theoretically investigated,” " and indeed, studies pre-
dicted the improved coupling of a-plane resonators compared to those
based on the c-plane material.'>"®

Several attempts have been made to influence the c-axis angle of
the AIScN thin films mostly deposited on Al/silica glass."” ** However,
the c-axis tilt angle of Al; Sc,N was at maximum 80° with the Sc
concentration x not higher than only 0.05, and no electromechanical
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coupling or quality factor values were reported.”” Furthermore, the
experimental growth of AIScN on ALL,O3(1102) has been mentioned
in only two studies.' ™" In the first,"” a c-axis tilt angle of 33.1° or less
was obtained, whereas in the second,” the growth parameters were
not optimized, resulting in polycrystalline films.

In this work, the magnetron sputter epitaxy (MSE) process was
used to grow single phase, non-polar, a-plane Aly7,Sco 23N (1120)/
AL O5(1102) thin films, and SAW resonators were fabricated with central
frequencies up to 1.7 GHz. We show the significantly improved electro-
mechanical coupling and figure of merit (FOM) of a-plane Aly 7S¢ 23N-
based SAW resonators with respect to c-plane Aly;,Scy,3N-based
resonators and only a slight decrease in the resonant frequency.

1um a-plane Aly;;Sco,3N (1120)/A1,05(1102) and c-plane
Aly 775¢9.23N(0001)/A1,05(0001) thin films were prepared by reactive
pulsed-DC magnetron sputtering using 99.99% pure Sc and 99.9995%
pure Al sputter targets at heater temperatures up to 500°C. 20 sccm
nitrogen (N,) flow was used as the process gas, and the combined
magnetron power P(Al) + P(Sc) of 1000 W was used to produce layers
with the composition of Aly;,Scy,3N. The base pressure before the
growth was <5 x 10 °Pa. More details about the optimization of the
growth parameters can be found elsewhere.”>” The Sc content,
expressed as Sc/(Al+Sc), was determined using SIMS and energy dis-
persive x ray (EDX) in AIScN(0001)/Si(001) layers deposited under
the same conditions in order to avoid the overlap of the Al signal from
the film and the substrate.” X-ray diffraction (XRD) 20/0 scans and
Al Sc,N 1120 reflection rocking curve (m-scan) measurements, as
well as pole figure measurements, were performed to evaluate the ori-
entation and the crystalline quality of the films using a PANalytical
X’Pert Pro MRD diffractometer with a Ge 220 hybrid monochromator
providing Cu-Ko, radiation.

In order to evaluate the potential of a-plane and c-plane
Al 77S¢0.3N thin films for implementation in RE-MEMS, SAW reso-
nators were fabricated. Electron beam (e-beam) evaporation together
with stepper photolithography/lift-off processes was employed to
transfer 100 nm thick platinum (Pt) patterns of the interdigital trans-
mission (IDT) and the reflectors onto the thin films. The IDTs con-
sisted of 100 fingers, while each reflector bank had 40 short-circuited
fingers; their pitch p = A/2 was varied for fabricating resonators with
the wavelengths 7 of 2, 2.5, 3, 4, 5, 6, 7, 8, and 10 um. a-plane
Aly 7,S¢o 23N-based resonators were fabricated with two orthogonal in-
plane propagation directions, i.e., parallel and perpendicular to the pri-
mary flat of the substrate (in the following referred to as “0°” and
“90°” resonators, respectively). For contact pads, a 20/100 nm thick
titanium/gold (Ti/Au) stack was evaporated using the same techni-
ques. The fabricated resonators were analyzed by measuring their fre-
quency response at the wafer level by using an Agilent E5061B vector
network analyzer (VNA) and cascade air coplanar SG probes (350 um
pitch). An impedance standard substrate (ISS) from Cascade
Microtech was used for calibration in the open-short-load configura-
tion before performing the measurements.

Non-polar group III-nitride layers have various applications, but
until now, most groups focused on using different types of metalor-
ganic chemical vapor deposition (MOCVD) and MBE approaches for
growth. In previous studies of sputtered a-plane AIN, it was typically
done in combination with ZnO acting as a buffer layer.” Based on the
literature, the off-cut angle for r-plane AL,O; (1102) can have a signifi-
cant influence on material quality and on the formation of in-plane

scitation.org/journal/apl

anti-phase domains.”” The control of anti-phase domains is especially
important in electroacoustic applications as different directions of the
c-axis would impede the propagation of acoustic waves and have a neg-
ative impact on electromechanical coupling. Wu et al.”’ also showed
that a “positive” substrate off-cut angle in the direction of the c-plane
facilitates the growth of a better oriented a-plane AIN. However, in the
literature, the actual off-cut angle that is the most suitable to produce
high quality material varies. In addition, in the case of AIScN, the lat-
tice parameters are slightly larger than those of AIN, so the lattice mis-
match is also different. Therefore, we performed growth experiments
on three kinds of r-plane Al,O; substrates with 1°, 2°, and 3° off-cut
angles toward the c-plane before proceeding with device fabrication.

The results of XRD 20/0 measurements are shown in Fig. 1. In
addition to AL,O3 1102 type peaks originating from the substrate, only
the Aly77Sco23N 1120 diffraction peak can be seen in all three cases,
indicating the growth of the single-phase a-plane oriented Aly;,Scq 3N
thin films. The rocking curve measurements (inset in Fig. 1) show a
much stronger reflection in the case of 3° off-cut, and the full width at
half maximum (FWHM) of this peak decreases from 2.25° in the case
of 1° off-cut down to 1.72° for 3° off-cut. Such rocking curve FWHM
values are comparable to our AIScN(0001)/Al,05(0001) data previ-
ously published in Ref. 27, indicating sufficient material quality for the
fabrication of high frequency SAW resonators. Additionally, pole fig-
ure measurements (not shown) were performed, and they indicate that
the films were deposited with a defined in-plane orientation, confirm-
ing the good application of the MSE growth method for also non-polar
AlScN thin films. However, the non-polar AlScN layers show a com-
plex distortion from the exact hexagonal symmetry due to the lattice
mismatch and the off-cut angle of the substrate. Details of this distor-
tion and the epitaxial relationship are not the subject of this work and
will be published elsewhere.

Based on VNA and laser Doppler vibrometer (LDV) measure-
ments, SAWs were excited in all the fabricated resonators. Series and
parallel resonance frequencies f; and f,, respectively, were extracted
using the modified Butterworth van Dyke model (mBVD),” as
described in more detail elsewhere.'””" The measured and fitted fre-
quency response of the c-plane and a-plane based / = 2 yum resonators
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FIG. 1. X-ay diffraction 20/0 scans for sputter-deposited Aly7ScozN (1120)/
Al,05(1102) thin films with different substrate off-cut angles: 1° (black), 2° (orange),
and 3° (blue). The inset shows the w-rocking curve for the Alp77Sco 23N 1120 peak.
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FIG. 2. Measured and fitted frequency response of c-plane 2 = 2 um resonators
according to the modified Butterworth van Dyke model: (a) impedance magnitude
and (b) impedance phase.

is shown in Figs. 2 and 3, respectively. Satellite resonances can be seen
in the former, the reason for which is not clear. Phase velocity v, was
then estimated from f; using

Von = 2fs. (1)

The resulting vy, dispersion curves are shown in Fig. 4 and Table I
summarizes the performance of A = 2 um resonators. When the nor-
malized thickness hajsan// is <0.2, the phase velocity and, by exten-
sion, resonant frequency f; are higher in the resonators fabricated on
A10.77SCO_23N (1150)/A1203(1T02) Speciﬁcally, at hAlScN/;” = 0.1°,
90°, and 0°, a-plane resonators exhibit 3.9% and 12.1% higher v,
than c-plane resonators. At higher normalized thicknesses, ie.,
0.33 < hgisen//A < 0.5, the phase velocity and frequency of a-plane res-
onators are reduced, but the difference between the two investigated
propagation directions in a-plane Al 7;Sco 3N is much smaller. At the
other extreme, i.e., haisen/A = 0.5, the vy, of 90° and 0° a-plane reso-
nators is 10.5% and 8.9% below those of c-plane resonators. At low
normalized thickness hajsan/A, SAW energy penetrates deeper into the
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FIG. 3. Measured and fitted frequency response of a-plane 90° orientation
/=2 um resonators according to the modified Butterworth van Dyke model: (a)
impedance magnitude and (b) impedance phase.

scitation.org/journal/apl

|—=— a-plane AIScN, 90° in-plane| 1
|—e—a-plane AlScN, 0° in-plane
[—— c-plane AlScN ref.

6000

5600 +
5200
4800
4400
4000
3600

Phase velocity (m/s)

200 — -
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55

Normalized thickness hgen/A

FIG. 4. Phase velocity dispersion curves of Alg77ScozsN (1120)/A1,05(1102)
SAW resonators oriented parallel (blue circles) and perpendicular (red squares) to
the primary substrate flat and reference Aly 77S¢o.23N(0001)/Al,03(0001) SAW reso-
nators (black triangles). The lines are a guide to the eye.

substrate and is more affected by the anisotropic elastic properties of
AL Os. With increasing hason//, the substrate influence diminishes,
and the intrinsic v, of the piezoelectric layer becomes more important.
At the same time, the anisotropic elastic properties of r-plane Al,O; at
least for the two propagation directions are much more pronounced
than those of a-plane Aly 7;5¢o3N. Therefore, in terms of v, and f;, for
the high frequency devices (i.e., high hajsv/4), only a minuscule differ-
ence exists between the two investigated propagation directions on a-
plane Aly;,S¢ 23N and only a small difference when comparing both
to the c-plane Aly;,Sc,3N resonators. The low standard deviations of
frequency at a wafer level show good reproducibility and confirm uni-
form AIScN material quality across the wafer (Table I).

The effective electromechanical coupling kZ; was then calculated
using the following equation:”***

ki = (g) ZJJ;;ff—pfs- ()

Figure 5 shows k% as a function of normalized thickness for all
of the fabricated resonators. For conventional c-plane AlScN-based
resonators, a relatively high effective electromechanical coupling
kﬁff“ * of 1.3% for the highest frequency resonators (4 = 2 um) was
observed (black triangles). As it can be seen, the k%; of a-plane resona-
tors parallel to the primary substrate flat (i.e., 0° rotated, blue circles)
is lower than that of c-plane resonators. However, the k% of 90°
rotated resonators (red squares) is 350-1275% higher (depending on
normalized thickness) and also 185-1000% higher compared to c-
plane resonators with the same hajsan/A. The results of our recently
published FEM simulations,'® which showed higher coupling of a-
plane resonators compared to c-plane resonators, also confirm these
observations. This enormous surge in electromechanical coupling with
only a fractional decrease in the central frequency of SAW resonators
would allow us to keep the Sc concentrations at a relatively low level
where the losses caused by material imperfections are still moderate.
Furthermore, such a strong dependence of electromechanical coupling
in the in-plane orientation of the resonators could signal a possibility
for further improvement if the resonators are aligned in-plane along
other specific directions of the substrate, and a more detailed study of
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TABLE 1. Resonance frequency, effective electromechanical coupling, quality factor, and figure of merit (FOM) comparison for 2 = 2 um resonators fabricated on c- and a-

plane Al 77Sco 23N grown on ¢- and r-plane Al,O5 substrates, respectively.

For A =2 um fs (GHz) Relative change in f; kﬁff (%) Relative change in kﬁff Quality factor, Qy FOM, kﬁff - Qg
c-plane 1.91 £ 0.0063 1.3+£0.2 659 8.6
a-plane, 0° 1.74 = 0.0045 -89 % 0.5*0.03 —61.5% 321 1.6
a-plane, 90° 1.71 = 0.0086 —10.5 % 24*+0.1 +85% 538 12.9

the angular dependence for SAW performance will be published
elsewhere.

The loaded series quality factor was calculated from mBVD
model parameters using the following equation:' "’

1

" 20f.(Ry + R)Cy ®

QsO
where R;,, and R are the motional and series resistances, respectively,
and C,, is the motional capacitance. From the obtained values given in
Table T, it can be seen that although the quality factor decreased by
18.4% for a-plane based resonators (90°), due to the mentioned 85%
increase in electromechanical coupling, the figure of merit (FOM) is
50% higher.

In summary, single phase 1000 nm thick Aly;7Sco2;N c-plane
and a-plane oriented thin films were sputter-deposited on c-plane and
1°-3° off-cut r-plane AlL,O; substrates, respectively. Aly;7Sco 23N
(1120)/A1,05(1702)-based SAW resonators were fabricated with
A =2-10 pum with two orthogonal in-plane propagation directions with
respect to the primary flat of the substrate (0° and 90° rotated), and
their performance was compared to Alj;,Sco23N(0001)/A1,05(0001)-
based resonators of the same design. In the case of 90° rotated a-plane
resonators with the 4 = 2 um wavelength, almost a twofold increase
in the effective electromechanical coupling from k% = 1.3% to k%
= 2.4% as compared to conventional c-plane AIScN-based resonators
was observed. Despite the slight decrease in the quality factor, this led
to a 50% increase in FOM. The highest value of k%, = 3.3% was
reached at 1 = 3 um. Moreover, A = 2 um 90° rotated resonators
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FIG. 5. Dispersion curves for the effective electromechanical coupling of
Al 778025 (1120)/A1,05(1102) SAW resonators oriented parallel (blue circles)
and perpendicular (red squares) to the primary substrate flat and reference
Alp77S¢o23N(0001)/Al,04(0001) SAW resonators (black triangles). The lines are a
guide to the eye.

showed only a fractional decrease in a series resonance frequency of
10.5%. Interestingly, SAW resonator analysis indicated a very strong
directional dependence and high potential for the additional improve-
ment of device performance, which merits further investigations. This
means that challenges caused by Sc incorporation into AIN could ulti-
mately be overcome by focusing on non-polar and semi-polar AIScN
thin films, taking us one step closer to the next generation mobile
communication systems.
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