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ABSTRACT

Using epitaxial aluminum nitride (AlN) developed for ultraviolet photonics and high-speed electronics, we demonstrate suspended AlN
thin-film bulk acoustic resonators (FBARs) at 9.2 GHz in the X-band (8–12 GHz) of the microwave spectrum. The resonators show a
Qmax!614 and a figure of merit f " Q!5:6 THz. The material stack of these epi-AlN FBARs allows monolithic integration with AlN/GaN/
AlN quantum well high-electron-mobility-transistors to a unique RF front end and also enable integration with epitaxial nitride supercon-
ductors for microwave filters for quantum computing.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0097458

I. INTRODUCTION

Filters are core passive components in communication
systems that comprise a rapidly expanding market projected to
increase with emerging 5G technology, internet of things, sensors,
and automation.1–3 While surface acoustic wave (SAW) filters dom-
inate for operation below 2 GHz due to simplicity of fabrication,
their performance for higher frequencies is limited by a low surface
acoustic wave velocity, lithographic complexity, and a low quality
factor.1,4 The electro-migration damage in the narrow interdigital
transducer (IDT) fingers and an uneven current distribution of
SAW result in the poorer power handling compared to bulk acous-
tic wave (BAW) filters.1 BAW filters dominate in the lower 5G
bands ranging from 1.5 to 6 GHz because of a higher velocity of
thickness-extensional waves than that of the surface acoustic waves.
A high quality factor and high power handling enables BAW filters
to be scaled to higher frequencies while maintaining high RF per-
formance.1 The advantages of miniaturization due to such electro-
acoustic filtering (since the wavelength of acoustic waves is much
smaller than electromagnetic waves for the same frequency) face
diminishing returns for higher frequencies in the mm-wave range
(30–300 GHz). For such high frequencies, direct filtering in the
optical domain using substrate integrated waveguides (SIWs) and
cavity filters dominate.5–9

Thin-film bulk acoustic resonators (FBARs) are BAWs that
utilize a suspended thin-film piezoelectric material as the resonating
layer. The FBAR is a metal–insulator–metal (M–I–M) capacitor in
which the insulating layer is piezoelectric. The device is an acoustic
cavity: the metal electrodes (typically W, Pt, Mo, or Cu that possess
high electrical conductivity and high acoustic impedance) transduce
the electronic oscillation to mechanical through the piezoelectric
effect.1 The resonance frequency of an acoustic cavity scales inversely
with the effective dimension of the resonant cavity. The first-order res-
onance mode of a cavity of thickness L satisfies 2L ¼ λ for perfectly
reflecting mirrors, where λ is the sound wavelength. The resonance
frequency f ¼ vs=2L of a FBAR increases as the piezoelectric layer is
made thinner. Here, vs is the sound velocity in the piezoelectric layer.

AlN is widely used as the piezoelectric layer of FBARs for its
high electromechanical coupling coefficient, high acoustic phase
velocity, and low acoustic and dielectric losses as well as compati-
bility with CMOS process conditions.10,11 Recently, aluminum
scandium nitride (AlScN) alloy has also been explored due to sig-
nificantly higher electro-mechanical coupling and promise for
intrinsic switching due to accessible ferroelectricity.12–14

Currently, the AlN resonators in the commercial filters are
based on the physical vapor deposited (PVD) films, such as sput-
tered polycrystalline piezoelectric films. BAW filters with a single
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crystal, epitaxially grown AlN offer potential performance advan-
tages over their polycrystalline counterparts because of improved
acoustic velocity, piezoelectric coefficient, and power handling.15–17

Single crystalline AlN grown by metalorganic chemical vapor depo-
sition (MOCVD) or molecular-beam epitaxy (MBE) provide a way
to realize high frequency (>6 GHz) acoustic filters with a high
quality factor and high power handling.15–22

In addition to being an excellent piezoelectric, highly crystalline
AlN is also a wide-bandgap semiconductor used in UV photonics
and RF transistor amplifiers. An exciting opportunity enabled by
single crystalline BAW filters is the monolithic integration of passive
filters with active devices, such as high-electron-mobility-transistor
(HEMT) amplifiers. While BAWs can be fabricated by sputtering,
nitride transistor amplifiers require epitaxial growth. Several groups
have demonstrated active filtering based on the GaN acoustic resona-
tors and HEMTs.23–25 Based on SiC substrates with high thermal
conductivity and mechanical toughness, the convergence of AlN
FBAR and AlN HEMT material layers by epitaxy can enable a
unique RF front end. AlN/GaN/AlN quantum well HEMTs with a
record on-current of 3.6 A/mm and a record maximum oscillation
frequency (fmax) of 233 GHz were recently demonstrated.26 In such
HEMTs, the conventional AlGaN barrier layer and the AlGaN back
barrier layer are replaced with unstrained AlN epitaxial layers. AlN
allows for a smarter, highly scaled heterostructure design that
improves the output power and thermal management of III-nitride
semiconductor amplifiers.27,28 Figure 1 shows a scheme for the
monolithic integration of an AlN FBAR filter and an AlN/GaN/AlN
quantum well HEMT on an SiC substrate. By utilizing the AlN
buffer layer of the HEMT, FBARs can be fabricated on the same SiC
substrate by fully suspending the piezoelectric cavity for a higher
quality factor using deep through-SiC-vias (TSVs). The monolithic
integration can “filter and amplify” with appropriate interconnects,
forming a unique “BAWFET” front end.

The HEMT portion in Fig. 1 was recently reported in Refs. 26
and 27. This work focuses on the design, fabrication, and analysis
of AlN-on-SiC FBARs using the same epitaxial process to demon-
strate resonators operating at the first-order thickness-extensional
mode of f ¼ 9:2 GHz. For the 9.2-GHz FBARs in this work, the
promising numbers of a maximum loaded quality factor
Qmax ! 614, Qs ! 540, Qp ! 439, f " Qmax ¼ 5:6 THz, Rs ! 25Ω
(resistance at series resonance), and Rp ! 800Ω (resistance at par-
allel resonance) indicate the potential for monolithic integration
with RF amplifiers for X-band operations. In the closest related
work in Ref. 18, MOCVD grown epi-AlN FBARs operating around
a first-order thickness-extensional mode of 12 GHz were reported
with Qmax ! 250, f " Qmax ¼ 3:1 THz, and Qs and Qp (quality
factors at series resonance and parallel resonance) <70, which indi-
cates that the integrated BAW and HEMT can aim for higher fre-
quencies in the near future.

II. EPITAXIAL GROWTH AND CHARACTERIZATION OF
AlN ON 6H-SiC

The AlN in this work was grown in a Veeco Gen10
plasma-assisted molecular-beam epitaxy (MBE) system. 6H-SiC is a
preferred substrate platform used for RF and mm-wave GaN and
AlN-based HEMTs due to its excellent thermal conductivity, hexago-
nal symmetry, and a close lattice constant to AlN.27 A 420 nm thick
AlN layer was grown on a 3 inch, 100 μm thick semi-insulating
6H-SiC wafer on the Si-face side. Growth on the Si-face locks the AlN
crystal structure to Al-polarity, as opposed to the chemically more
reactive N-polarity achieved on the C-face of SiC. The growth was per-
formed under the following conditions: an Al beam equivalent pres-
sure (BEP) flux of 3:1$ 10%7 Torr at Al/N ratio ! 1.05, an RF power
of 400W, an N2 flow rate of 1.85 sccm, and a substrate temperature of
900 &C. The resulting epitaxial AlN growth rate was 6.3 nm/min. As
shown in the inset of Fig. 2(a), the sample comprises a 420 nm thick
epi-AlN layer (blue) on 100 μm thick semi-insulating 6H-SiC (gray).

Because AlN is a direct bandgap semiconductor, a sensitive
probe of its structural and chemical quality is photoluminescence
(PL) emission. Typically sputtered AlN does not exhibit PL due to
non-radiative recombination of electrons and holes at various struc-
tural and chemical defects. A PL emission test was performed for the
epitaxial AlN on SiC using a pulsed excimer laser (λ ¼ 193 nm, 2mJ
per pulse, 100 ns pulse width, repetition frequency = 100 Hz) at
room temperature. As shown in Fig. 2(a), the AlN layer shows a
peak PL emission at 207 nm (!6 eV bandgap), which is absent in
the bare SiC substrate. The AlN 002 film peak with a 0:077& full
width at half maximum (FWHM) rocking curve was measured by
x-ray diffraction (XRD), as shown in Fig. 2(b). The corresponding
atomic force microscope (AFM) image shown in Fig. 2(c) indicates a
highly smooth surface morphology, with an rms roughness of
0.324 nm for a 10$ 10 μm2 scan of the 420 nm AlN layer. These
values indicate high quality epitaxial AlN films.

III. DESIGN, FABRICATION, AND ANALYSIS OF EPI-AlN
FBARs

If the electrodes are neglected, the resonance frequency of the
FBAR is f ¼ vs=2L with L ! λ=2 for the first thickness extension
mode. For AlN, using vs ¼ 12 000 m/s and L ¼ 420 nm, the

FIG. 1. Schematic of a “BAWFET,” with an AlN FBAR and a AlN/GaN/AlN
quantum well HEMT on the same 6H-SiC chip.
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resonance frequency expected is f ¼ 14:3 GHz. The penetration of
the acoustic wave into the electrodes will lead to a lower resonance
frequency; a thin electrode with a low mass density is thus needed
to reduce the mass loading on the electromechanically oscillating

layer and to enable high resonance frequencies. A more accurate
design of the device geometry for a specific resonance frequency
requires numerical simulations, which are discussed next.

Figures 3(a) and 3(b) show a two-port shunt AlN FBAR
designed using constitutive equations1,10,29–31 and finite-element
simulators (COMSOL for the piezoelectric effect and HFSS for the
effect of the interconnects) and optimized for a first-order
thickness-extensional mode around 10 GHz. As shown in the cross-
sectional schematic in Fig. 3(b), the FBAR consists of a 420 nm
thick MBE-grown AlN layer (blue) on a 100 μm thick semi-
insulating SiC substrate (gray), a 50 nm thick top electrode of Ni
(red), and a 20 nm thick bottom electrode of Pt (green). There are
two types of through-SiC-vias in the design: (1) the air pockets

FIG. 2. (a) Photoluminescence spectra for the MBE-grown AlN layer on the
6H-SiC substrate (excitation laser wavelength: 193 nm) showing a near bandgap
peak of !6:0 eV. (b) AlN 002 film peak rocking-curve XRD scan. (c) 10$
10 μm2 AFM scan on the AlN surface.

FIG. 3. (a) Top view and (b) a cross-sectional view of the designed shunt AlN
FBAR. FBAR comprises an MBE-grown AlN layer (blue) on semi-insulating
6H-SiC, a top electrode (red), and a backside electrode (green). (c) SEM figure
on the SiC’s carbon face after deep SiC etching.
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under the AlN film and (2) the TSVs under the ground lines. Air
pockets suspend the electromechanical oscillating AlN layer. The
low energy leakage into the substrate in the suspended structure
enables a higher quality factor than that of the FBAR mounted on
the substrate. TSVs connect the bottom electrode with topside
ground lines. Taking quantitative results from the recently demon-
strated SiC SIW design parameters,32 circular TSVs under the
ground lines are designed to be 50 μm in diameter. Air pockets are
designed to have the same size and shape as the TSVs to eliminate
the loading effect during SiC deep etching.

Since the processing steps involve certain complications, we
describe them in sufficient detail. The fabrication starts from a
quarter 3 in. AlN-on-SiC wafer. A 5-mask layer, two-sided wafer
process, including an E-beam evaporated top electrode metal, a
deep inductively coupled plasma reactive ion etching (ICP-RIE) on
an SiC substrate and a follow-up atomic layer deposited (ALD)
bottom electrode metal yielded an epi-AlN FBAR. To better
confine the acoustic waves in the piezoelectric layer, Mo or W is
usually used as FBAR electrodes. A good etch-stop layer is needed
for realizing the TSV. Ni was chosen as the first metal layer (M1)
on the top side of the wafer for its high etch-selectivity over SiC, as
shown in Figs. 3(a) and 3(b). As Fig. 3(b) indicates, M1 on the
ground lines is used as the TSV etch-stop layer, while M1 on the
AlN layer is used as the top electrode of FBAR.

The SiC deep etching was performed in an Oxford Cobra
ICP-RIE tool at 10 mTorr vacuum, 2000W ICP power, and 50W
RIE power at a 110 V DC bias with a gas flow of 50 sccm SF6 and
10 sccm O2. A 3 μm thick Ni layer was used as the etch mask. The
etch rate of SiC is !15 μm/h. The Ni layer (M1) serves as the etch-
stop of the TSV under the ground lines. AlN serves as the etch-stop
for the air pockets. In an SF6=O2 environment, the etch-selectivity
of SiC over AlN is 70 and that of SiC over Ni is 50. An extra metal
layer (TM1) of 50 nm Ni and 500 nm Al on the ground lines is
used to mitigate TSV over-etching. The etch-stop at Ni makes sure
that metallized TSVs connect the bottom electrode with the ground
lines on top of the wafer. The etch-stop at AlN indicates a sus-
pended piezoelectric layer. Both etch stops at AlN and Ni layer
were carefully controlled using a scanning electron microscope
(SEM) and Raman spectroscopy. Figure 3(c) shows an SEM image
on the carbon face of SiC after etching. Exposed Ni (M1) exhibits
lighter color compared to SiC in Fig. 3(c) due to its higher electrical
conductivity.

Since the color contrast between the exposed AlN and SiC is
not sharp, Raman spectroscopy was used to confirm if the SiC etch
stopped at AlN. Figure 4(a) shows an optical microscope image of
the air pocket used for Raman spectroscopy. Figure 4(b) shows the
cross-sectional SEM image of the air pocket. As shown in Fig. 4(c),
Raman spectra taken by laser excitation through the air pocket
shows the characteristic33 Raman-active phonon vibration mode
EH
2 of AlN at !660 cm%1, confirming a successful TSV formation

and that the 420 nm thick AlN layer was suspended from the
100 μm thick SiC after the deep ICP-RIE SiC etching.

Figure 5(a) shows the top view of a fabricated AlN FBAR in
shunt configuration. Figure 5(b) is an enlarged SEM image of the
active region, in which electromechanical oscillations occur. The
top electrode (M1) is E-beam evaporated 50 nm thick Ni. The
thickened probing pad (TM1) consisting of 50 nm thick Ni and

500 nm thick Al was deposited on M1 (except for the region on
AlN) to eliminate metal punch-through during SiC etching. The
bottom electrode is 20 nm thick ALD Pt. Figure 5(c) shows the sus-
pended metal–AlN–metal layer cross section after backside SiC
etching and a bottom electrode deposition.

FIG. 4. (a) Optical microscope image of the air pocket for Raman spectroscopy.
(b) Cross-sectional SEM figure of an air pocket. (c) Raman spectra for the
MBE-grown AlN layer on the 6H-SiC substrate (excitation laser wavelength:
488 nm).
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DC measurements were performed on the AlN FBARs to
confirm the electrical conductivity of the metallized TSVs. The
measured DC resistance of a TSV with 20 nm thick ALD Pt is 6Ω
per TSV. Based on the known resistivity of Pt, R ¼ ρl=A is expected
to be 3.4Ω. Here, l!100 μm is the length of TSV. A is the cross-
sectional area of a hollow TSV. The discrepancy may be from the
resistive seed layer of Al2O3 in an ALD process. FBARs with a
lower TSV resistance (<1Ω) exhibit lower resistive losses and
higher quality factors. ALD metals with higher electrical conductiv-
ity, such as Al and Ru, will be explored in the future to lower the
TSV resistance and improve the quality factors of FBARs.

FBARs with electrically conductive TSVs allow for reliable RF
characterization. For RF measurements performed using an Agilent
40-GHz 8722ES vector network analyzer (VNA), the VNA system
was calibrated via a short-open-load-through (SOLT) method using
an impedance standard substrate. After the VNA calibration, the
reference plane was moved to the probes. The on-SiC-wafer open
and short devices were used to de-embed the raw data of FBARs,
after which the reference plane was moved to the active region of
FBARs. However, the metallized air pockets underneath the AlN
film are not de-embedded. The quality factors calculated in Fig. 6
are the loaded values. As shown in Figs. 6(a) and 6(b), a series res-
onance at fs ! 9:17 GHz and a parallel resonance at fp ! 9:23 GHz
were observed for the fabricated two-port shunt AlN FBAR. The
quality factors Q at series resonance and parallel resonance were
measured to be 540 and 439, respectively. As shown in Fig. 6(c), a
loaded quality factor QL for the two-port shunt AlN FBAR driven
by a 50-Ω source was extracted using the magnitude and group
delay of S11. The frequency dependent QL is given by10

QL(ω) ¼ 2πf " (% df=dω) " jS11j=(1% jS11j2), where f is the phase
of S11 at f . It is noted that the maximum loaded quality factor
Qmax is between series and parallel resonance frequencies. Qmax
plays an important role in determining the insertion loss when the
FBAR is employed in a bandpass filter.34 For the loaded two-port
shunt AlN FBAR, the maximum loaded quality factor Qmax is 614,
fairly high in the X-band. For the epi-FBARs operating in the
1–6 GHz window, the figure of merit f " Q and k2eff " Q are among
2–8 THz and 10-230 separately.15–19,21,22 The figure of merit f " Q
for the 9.2 GHz epi-FBAR in this paper is 5.6 THz, which is

reasonably high for an epi-AlN FBAR in the X-band (8–12 GHz).
k2eff " Q of the 9.2 GHz epi-FBAR is 8, which is low. More effort for
the X-band epi-AlN FBARs is needed to realize a cleaner and
stronger resonance as well as a higher electromechanical coupling
coefficient.

The de-embedded data represent the intrinsic resonator part
as well as a electrically conductive air pocket under the AlN layer,
after removing the external circuit elements, such as the grounded
coplanar waveguide (GCPW) stubs. Based on the de-embedded
data, elements of the modified Butterworth–Van Dyke model
(mBVD) were extracted,35 as shown in Fig. 6(d). The mBVD model
includes one R0–C0 branch (intrinsic properties of the capacitor-
like acoustic resonator), one R1–L1–C1 branch (a motional branch
due to a piezoelectric effect) parallel to the intrinsic R0–C0 branch,
and a LX–RX branch (associated with the electrodes of FBAR and a
metallized air pocket) connected in series with the previous parallel
sets. The de-embedded measured impedance data and modeled
data fit well, as shown in Figs. 6(a)–6(c).

In addition to the primary mode characteristics, ripples were
observed both in magnitude and phase plots of Z11. These ripples
exhibit a period of !0.1 GHz. The energy losses related to the
FBAR scale can be divided into lateral loss and vertical loss. The
lateral standing waves are likely responsible for the ripples in the
impedance plot.1 Adding a framed electrode or a border ring is
able to help suppress the spurious modes. Extra modes due to the
border ring should be avoided.1 Another possible reason for the
ripples is the non-uniform AlN film thickness after SiC TSV
etching. To better understand the ripples, a focused ion beam (FIB)
cut was performed on an FBAR active region to outline the cross-
sectional morphology of the device.

As shown in Fig. 7(a), after SiC etching, the bottom of TSV
etched into AlN has a tapered shape. The measured center AlN
thickness is 350 nm, while at the edge of TSV, the AlN thickness is
420 nm. The detailed FBAR cross-sectional schematic is shown in
Fig. 7(b). By reproducing Fig. 7(b) in a COMSOL multiphysics
platform, the impedance characteristic Z11 was simulated, as shown
in Fig. 7(c). The simulation reproduced the RF results of the fabri-
cated FBAR, including fs ! 9:17 GHz (experimental result:
9.17 GHz), fp ! 9:29 GHz (experimental result: 9.23 GHz) as well

FIG. 5. (a) 45& tilted SEM figure of the fabricated shunt FBAR with 420-nm thick AlN, 50-nm thick Ni as a top electrode and 20-nm thick ALD Pt as a bottom electrode.
(b) Enlarged SEM figure of the device vibrating region, including the AlN layer, a top electrode (M1), thickened metal pad (TM1), and the 6H-SiC substrate. (c) 52& tilted
cross-sectional SEM figure showing the suspending M–I–M structure after a focused ion beam (FIB) cut.
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as the ripples with a period of 0.1 GHz. Based on f ¼ vs=2L, an
estimate of the frequency shift due to the nonuniform AlN is
Δf ! %vs

2"L2 " ΔL. For a 10 GHz signal, roughly a 3 nm thickness differ-
ence in the center of AlN will induce fairly strong ripples with a
0.1 GHz period. To validate that the ripples are due to nonuniform
AlN, a calculation with a uniform AlN layer was performed, as
shown in Fig. 7(d). In this model, except for the uniform thick AlN
film, all other parameters are the same as those of the model with a
nonuniform AlN in Fig. 7(c). In Fig. 7(d), a pure and strong funda-
mental resonance mode around 9.2 GHz is evaluated without
ripples. The FBAR’s electromechanical coupling coefficient k2eff ,

given by k2eff ¼ π
2 "

fs
fp
" cot π

2 "
fs
fp

! "
, is a measure of the efficiency of

energy conversion from the electromagnetic domain to the acoustic
domain.1 Higher k2eff is expected in Fig. 7(d) at the expense of a
quality factor. The COMSOL models shown in Figs. 7(c) and 7(d)
suggest quantitatively that the observed ripples are because of the
nonuniform AlN after the TSV etching.

IV. DISCUSSION AND CONCLUSIONS

The simulation in Fig. 7 indicates that the ripples lower the
energy coupling and resonance strength of the primary resonance
mode, consistent with the experimental result. The measured k2eff of
the FBAR (Fig. 6) is 1.3%, which is lower than the expected k2eff of
6%–7% of the epi-AlN FBARs. An over-etching experiment was

performed to confirm this hypothesis. For the 9.17 GHz FBAR, the
equivalent AlN thickness is 350 nm. By further etching the AlN to
300 nm thickness, a higher frequency FBAR was fabricated, with
fs ! 10:49 GHz, fp ! 10:53 GHz, Qs ! 350, and Qp ! 176. In this
case, more ripples were observed to appear around the series reso-
nance. The measured k2eff was lowered to 0.93%. The resistance at
parallel resonance Rp was measured to be 180Ω, 30% of the Rp of
the 9.2-GHz FBAR. With a similar resistance at series resonance Rs
of 20–30Ω, much lower Rp of the 10.5-GHz FBAR indicates a
decreased resonance strength.

In order to reduce the ripples and increase k2eff , TSVs with a
flatter bottom are needed. The flat TSV bottom can be realized
using higher RIE power during SiC etching in the future. In addi-
tion to the uniformity of a piezoelectric layer, k2eff depends on the
electromechanical coupling coefficient k2 of the piezoelectric, the
acoustic impedance of electrodes, as well as the thickness ratio
(tE=tP) of the electrode layer (tE) over the piezoelectric layer (tP).
Highly crystalline AlN (002) films with a low full width at half
maximum (FWHM) of the x-ray diffraction rocking curve exhibits
k2 as high as 8%.1 Electrode metals with high acoustic impedance,
such as Mo, W, and Ru, are choices to improve k2eff of FBARs.10

AlN FBARs utilizing Ru, Pt, Mo, W, Al, Ni, Au, or Cu as elec-
trodes, with the tE=tP of 5%–10%, exhibit achievable high k2eff .

1

Epi-AlN FBARs can exhibit high k2eff between 6% and 8%, with
high quality piezoelectric films and careful design of the electrodes.

FIG. 6. (a) Magnitude plot and (b) the
phase plot of Z11 of a loaded two-port
shunt AlN FBAR in Fig. 5. (c) Loaded
quality factor plot of the AlN FBAR in
(a) and (b) driven by a 50-Ω source.
(d) Modified Butterworth–Van Dyke
(mBVD) model of the AlN FBAR in
(a)–(c).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 132, 024503 (2022); doi: 10.1063/5.0097458 132, 024503-6

Published under an exclusive license by AIP Publishing

https://aip.scitation.org/journal/jap


The quality factor Q ¼ ω
2 "

Etot
ΔP quantifies the degree of damping

of the oscillations. Here, Etot is the total energy and ΔP is the power
lost per half-cycle at frequency ω. Q values of 1000–4000 are typical
for AlN FBARs operating in the frequency window of 1–5 GHz,
where the AlN thickness L is 0.5–2 μm.36 The power loss mecha-
nisms are categorized into electrical loss, acoustic attenuation, and
acoustic leakage. In the epi-BAWs reported here, the electrical losses
dominate, followed by acoustic wave attenuation. For high quality
factors in the X-band, FBARs need bottom electrodes, such as Al
and Ru, with high electrical conductivity and high acoustic imped-
ance to reduce the electrical and acoustic loss. Acoustic wave losses
can be reduced using framed electrode geometries.1

In conclusion, using highly crystalline AlN piezoelectric thin
films grown by MBE on SiC substrates, FBARs with a first-order
thickness-extensional resonance mode at 9.2 GHz are demon-
strated. Resonators fabricated on the same wafers using
through-SiC vias and ALD metallization show consistent resonance
frequencies and a Qmax of 614. For these epi-FBARs, undesired res-
onances can be eliminated with an AlN film of a uniform thickness
after SiC via etching. TSVs with a more uniform and conductive
metal coverage will enable FBARs with a lower loss and a higher
quality factor. Such AlN-based FBARs provide a unique opportu-
nity to be integrated with nitride HEMTs for RF applications and
also with superconductors for microwave qubits for quantum com-
puting. Importantly, such epi-BAW structure offers an opportunity
for scaling microwave filters at higher frequencies than what are
possible today, which is necessary for future communication
systems.
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FIG. 7. (a) 52& tilted SEM figure
showing the cross section of AlN
FBAR. (b) The cross-sectional sche-
matic in (a), showing a top electrode
Ni, a non-uniform AlN layer, a backside
electrode Pt as well as the air pocket
underneath AlN FBAR. (c) COMSOL
simulation of FBAR with non-uniform
AlN (center thickness 350 nm). (d)
COMSOL simulation of FBAR with a
uniform AlN layer with a thickness of
350 nm.
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