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Abstract— Epitaxial AIN thin-film bulk acoustic res-
onators (FBARs) on SiC substrates with first-order thick-
ness extensional modes of 15-17 GHz are demonstrated.
For the 15 GHz epi-AIN FBARSs, the quality factor Qmax ~
443, electromechanical coupling coefficient k2e ~ 2.3%,
and f. Q ~ 6.65 THz figure of merit achieved are
among the highest in the Ku-band (12-18 GHz). A clean
primary mode with a high quality factor enables such
epi-AIN FBARs to be utilized in Ku-band acoustic fil-
ters with clean bands and steep rejection. Because such
epi-AIN FBARs share the same SiC substrate and epi-
taxial growth as AIN/GaN/AIN quantum well high-electron-
mobility-transistors (QW HEMTSs), they are well suited for
monolithic integration with HEMT low noise amplifiers
(LNAs) and power amplifiers (PAs).

Index Terms—FBARs, epitaxial, AIN, SiC, super high
frequency.

[. INTRODUCTION

IGH speed communication systems require compact and
Heffective filters in the 6-30 GHz frequency range. [1],
[2], [3], [4], [5] These frequencies are beyond the capac-
ity of conventional surface-acoustic wave resonators, and
are challenging with bulk acoustic-wave resonators including
solidly mounted bulk acoustic resonators (SMRs) and thin-film
bulk acoutic resonators (FBARs). FBARs are Metal-Insulator-
Metal (M-I-M) structures operating on the principle of energy
conversion between electromagnetic and acoustic domains
enabled by the piezoelectric (insulating) layer. Neglecting the
electrode load, the resonance frequency of the FBAR follows
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f = vs/2L with L ~ A /2 for the first thickness mode. Here v
is the longitudinal acoustic velocity in piezoelectric layer and
L is the thickness of the piezoelectric layer. Using longitudinal
acoustic velocity of AIN vy = 11000 m/s [6] and L = 300 nm
yields f ~ 18.3 GHz. The electrode mass load lowers the
resonance frequency of the FBAR from this estimate.

Commercial acoustic filters today normally use sputtered
polycrystalline piezoelectric films. Several works successfully
extend sputter-material-based FBARs to 10-30 GHz window.
[31, [4], [5], [7], [8] By utilizing higher order antisymmet-
ric modes, up to 60 GHz resonance mode with contour
mode acoustic resonators have been achieved [9], [10], [11],
[12], [13].

Can one leverage the epitaxial AIN layers that are already
used for high-speed nitride HEMT amplifiers to realize
FBARs without additional sputtering deposition? In this work,
we demonstrate such epi-AIN FBARs on SiC substrates oper-
ating at the first-order longitudinal mode up to 17 GHz, the
highest resonance frequency for epi-FBARs. Without addi-
tional material growth, these FBARs can be directly fabricated
on the AIN HEMT wafer (e.g. 4 nm thick AIN barrier/30 nm
thick GaN channel/ 500 nm thick AIN buffer on the SiC sub-
strate). Fig. 1 benchmarks the resonance frequency and quality
factor of III-Nitride FBARs. Higher f - Q within the Akhieser
limit and Landau—Rumer (L-R) limit [14], [15] is desired for
FBARs. In addition to the high-frequency performance, the
f - O of the 15 GHz highest performance epi-AIN FBARs in
this work compare favorably to FBARs operating in the lower
1-6 GHz window for the wireless communication standards of
PCS, WCDMA and WiFi.

Il. DEVICE DESIGN AND FABRICATION

Epitaxial AIN thin films were grown on a 3 inch, 100 um
thick semi-insulating 6H-SiC substrate (thinned down from a
350 pum thick substrate) in a Veeco GenlO plasma-assisted
molecular beam epitaxy (MBE) system. An AIN 002 X-ray
peak with a 0.1° full width at half maximum (FWHM) rocking
curve and a surface rms roughness of 0.26 nm for 5 um x
5 um scan indicate the high crystalline quality of the thin
epitaxial AIN films.

Fig. 2(a) shows a 3D schematic of a one-port epi-AIN
FBAR on 6H-SiC substrate. Deep SiC etching generates air
pockets below AIN and through-SiC-vias (TSVs) below the
ground pads. The air pockets suspend the AIN thin film
(membrane shown in blue) from the substrate. The TSVs under
the ground pads connect the bottom metal on backside of the
wafer with the ground pads on topside of the wafer. A series of
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Fig. 1. Benchmark of fand Qmax of lll-Nitride material BAWSs operating
with the first-order thickness extensional mode. References [5], [7], [16],
[17], [18], [19], [20], [21], [22], [23], [24], [25], [26], [27], [28] Qs (quality
factor at series resonance), instead of Qmax of the 24 GHz FBAR in [7]
is marked in the benchmark plot since Qmax is not stated in the paper.
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Fig. 2. (a) 3D and (b) 2D cross-sectional conceptual figures an one-port
epitaxial AIN FBAR on the SiC substrate. The vibrating region of the
FBAR includes an epitaxial AIN layer (blue), a top electrode (red) and a
bottom electrode (green).

TSVs also help confine the electromagnetic waves. They have
a similar function to the vias in substrate integrated waveg-
uides (SIWs). As shown in Fig. 2(b), the electromechanically
vibrating region of the FBAR comprises of a top electrode of
50 nm thick Ni, a piezoelectric film of 300 nm thick AIN,
and a bottom electrode of 20 nm thick Pt. A 500 nm thick
layer of Al was deposited on the probe pads to mitigate metal
punch-through due to over-etching of TSVs.

The epi-AIN FBARs in this work used a double-side wafer
process. AIN patterning, evaporation of the top electrode and
the probe pads are used for top surface. Deep through-SiC
etching and ALD deposition of the bottom electrode are
performed on the other side. AIN and Ni (M1) are used as the
etch stops for the air pockets under AIN and the TSVs under
ground pads respectively. In addition to the compatibility with
AIN-on-SiC HEMTsS, the fabrication of AIN-on-SiC FBARSs
is also compatible with that of SiC-based substrate integrated
waveguides (SIWs) for mm-wave (~ 140 GHz) frequencies,
which require deep through-SiC etching and careful control of
etch stop [29].

Fig. 3(a) shows a top view scanning electron microscope
(SEM) image of a fabricated one-port AIN FBAR (compare
to Fig. 2(a)). Fig. 3(b) shows the SEM image of the backside
of the one-port AIN FBAR wafer after deep SiC etching. The
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Fig. 3. (a) 45° tilted SEM figure of a fabricated one-port AIN-on-SiC
FBAR. (b) 45° tilted backside view of a one-port FBAR after deep SiC
etching. (c) 52° tilted SEM figure showing the M-I-M structure of an AIN-
on-SiC FBAR. (d) Cross-sectional SEM figure of a TSV under the ground
pads. (e) Enlarged SEM figure of (d).

exposed topside Ni (M1) is clearly observed due to the contrast
between Ni and SiC. The contrast between the exposed AIN
and SiC is not sharp, thus Raman spectroscopy was used to
confirm that AIN is exposed [23].

To examine the device cross-section, focused ion beam
(FIB) cuts were performed on the M-I-M structure on the
air pockets. Fig. 3(c) shows a 52° tilted cross section SEM
image of the M-I-M structure. The suspended AIN film is
~270 nm thick (over etched by ~ 30 nm) after processing.
A clear M-I-M structure indicates the successful SiC etch
stop and the deposition of the ultrathin bottom electrodes.
Fig. 3(d) and (e), with different magnifications, show the cross
section of a TSV under the ground pad. As shown in Fig. 3(e),
the bottom electrode Pt contacts the topside Ni, which is the
first layer of the probe pad. The TSV is electrically conductive.
It is also noted that the bottom of the TSV is tapered. The
air pocket has similar tapered shape. [23] The tapered AIN
or non-uniform thickness of the AIN layer exhibits unwanted
thickness modes close to the main mode. In order to minimize
the undesired spurious modes due to non-uniform suspended
AIN, the exposed AIN area is minimized to be as small as
10-20 pm in diameter (4-16% of the air pocket area). Ripples
in the filter impedance are minimized due to a reduced differ-
ence between the center and edge thicknesses of the suspended
AIN region. An acceptable DC resistance of 10-17 €2 for the
ultra-thin metal (20 nm ALD Pt) coated TSVs was measured
with this small contact area of metals from top and back sides.

I1l. DISCUSSION

Small-signal RF measurements of the FBAR were per-
formed using an Agilent 40 GHz 8722ES vector network
analyzer (VNA). After the FBAR measurements, the effects
of the measurement cables, and the metal routings on topside
of the wafer and the TSVs are de-embedded.

Fig. 4(a) and (b) show the magnitude and phase charac-
teristics of Zj; for a one-port 15 GHz AIN FBAR driven
by a 50 © source. Fig. 4(c) and (d) show the Bode quality
factor and the Smith charts of the FBAR in Fig. 4(a) and (b).
The Bode quality factor is calculated by Q(w) = 2xf -
(—d¢/dw) - |S11]/(1 — |S11]%). Reference [30] ¢ is the phase
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Fig. 4. (a) Magnitude plot of Zy1 of an one-port AIN FBAR driven by

a 50 Q source. (b) Phase plot of Z;4, (c) Bode quality factor, (d) Smith
charts, (e) parameter sheet and (f) the modified Butterworth-Van-Dyke
(mBVD) model of the AIN FBAR in (a).

of S11 at a certain frequency f. As shown in Fig. 4(e), the
FBAR exhibits a fundamental thickness mode with a series
resonance frequency f of 14.73 GHz, a parallel resonance fre-
quency f, of 14.88 GHz, and an electromechanical coupling
coefficient kg- ~ 2.3%. The resistance at series resonance
R and the resistance at parallel resonance R, are 30 €2 and
1000 €2 respectively. A clean and strong resonance with a
maximum quality factor Qax &~ 443, Qs ~ 155, and O, ~
412 around 15 GHz was observed. These promising numbers
demonstrate the potential of epitaxial AIN-on-SiC FBARs for
high frequency RF filters. A modified Butterworth-Van-Dyke
(mBVD) model (as shown in Fig. 4(f)) was extracted based on
the measured resonance frequency, quality factor and an esti-
mate of the static capacitance of the FBAR. The mBVD model
includes the intrinsic resonator part (Ro, Co, Ry, L1, C1) and
the electrode effects (Rx, Lx).

By further etching the AIN layer to 200-250 nm thickness,
higher primary resonance mode of 16-17 GHz were realized.
Fig. 5(a) and (b) show the magnitude of Sj; and Smith
chart (de-embedded) of additional one-port FBARSs operating
at 16 GHz (Quax =~ 139) and 17 GHz (Quax =~ 260).
Clear and strong acoustic resonances are observed in Fig. 5(a).
These figures indicate successful scaling of epi-AIN FBAR
to higher frequencies though more ripples appear around the
primary mode and the impedance circle in the Smith chart
(Fig. 5(b)) shrinks (the quality factor is lower) compared to
the 15 GHz FBARs. The bottom of the TSVs and air pockets
is tapered (not perfectly flat) after processing, as indicated in
Fig.3 (d) and (e). In this case, the thinnest part of AIN is at
the center and the thickest part (possibly with SiC residue) at
the edge of the air pocket. The tapered AIN layer generates
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Fig. 5. (a) Magnitude plots of S11 and (b) Smith charts for a 16 GHz
and a 17 GHz one-port AIN FBAR driven by a 50 2 source.

thickness modes (ripples.) around the primary mode, as shown
in [23]. Another possible explanation for the ripples is the
lateral standing waves. Framed electrodes or border rings are
widely used to suppress the lateral spurious modes [31].

Over-etching the AIN enlarges the area of exposed AIN
which likely induces more ripples due to the non-uniformity
of the AIN thickness. At the resonance frequency of the pri-
mary mode, the ideal half-wavelength resonance only appears
in the region where AIN thickness satisfies the condition
for the resonance. The rest of the signal is not injected
into the primary mode. Thus a degraded Q of the primary
mode is expected. The over-etching of AIN also induces
higher resonance frequency. The intrinsic mechanical loss of
AIN is represented by Qpecn = vsz,o/(a)n), where vy is the
longitudinal acoustic phase velocity in AIN, p is the mass
density of AIN, w is the angular frequency and 7 is the acoustic
viscosity in AIN. [32] The intrinsic Quecn is expected to
degrade with higher resonance frequency from the experiment
of over-etching.

In order to realize a clean resonance mode at higher fre-
quencies, thinner as-grown epi-AlN (e.g. <300 nm) rather than
AIN over-etching is needed. However, when the piezoelectric
thickness is less than 100 nm (ideally the electrode thick-
ness is roughly 5-10 nm), the electrical loss from electrodes
dominates. Epitaxial superconducting electrodes such as NbN,
TiN can reduce this load at low temperature and extend the
frequency performance of FBARs.

V. CONCLUSION

In conclusion, this work has demonstrated epitaxial AIN
FBARSs on SiC substrates operating at the first order thickness
extensional mode of 15-17 GHz with a quality factor over
400, the highest resonance frequencies for epitaxial material
based FBARSs to date. The figure of merit f- Q of the 15 GHz
FBARs is 26.65 THz, comparable to single crystalline FBARs
operating in 1-6 GHz. The high speed epitaxial AIN FBARs
shown here are precursors of monolithic integration of passive
acoustic filters and active amplifiers on the SiC substrate.
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