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Abstract—In this work, 200 mm wafer-level 15 GHz bulk
acoustic wave (BAW) resonators and filters have been
demonstrated based on 90nm thin ScosAlosN film. The
fabricated resonators have achieved an effective coupling
coefficient of ~15% and a quality factor of over 200. The
fabricated filters have demonstrated an insertion loss of ~
3.5dB and fractional bandwidth of ~ 10%, which is the highest
among the reported acoustic filters at this frequency range.
Further, circuit models with area-dependent parameters and
embedded parasitics have been developed and calibrated for
filter design. The promising results indicate the possibility of
ScAIN-based BAW technology going beyond 10 GHz towards
mmWave frequency filtering.

L. INTRODUCTION

In contrast to the almost fully occupied sub-6GHz bands,
the Ku band (12-18 GHz) and mmWave range spectrum (>26
GHz) are less utilized by telecommunication and are attracting
increasing interest due to the exploding data exchange demand.
Mainstream filter technologies for this frequency range, such as
ceramic, microstrip, cavity, and waveguide filters, can hardly
address the miniaturization and on-chip integration challenges
as shown in Table.1 [1-2]. On the other hand, the acoustic filter
with superior insertion loss, footprint, and on-chip integration
compatibility, at <6GHz, the reported attempts of implementing
BAW filter at >10GHz [3-6] have yet to show competitive
performance. Scaling BAW filter into higher frequencies
requires thinner film stacks and smaller lateral dimensions,
which introduces extra process and design difficulties, such as
maintaining film quality in thin (~100nm) piezoelectric film,
high electrode resistivity, and more significant impact of the
parasitics in the filter design, as shown in Fig.1.

In this work, 15 GHz film bulk acoustic resonators (FBAR)
and filters are demonstrated based on 20% Sc doped AIN
(Sco2AlpsN) film. The thin Sco2AlosN film deposition has been
developed to ensure film quality and minimize loss. Necessary
adjustments made to device integration as compared to sub-
GHz filters are discussed in detail. Extensive characterization
of resonator and filter performance against the resonator design
and filter configuration is conducted and modeled with a
parasitics-embedded equivalent circuit. Preliminary wafer-
level uniformity data is collected to provide an early look into
potential challenges for mass production. With superior
bandwidth and insertion loss achieved, this demonstration takes
a solid step towards BAW filters for mmWave frequency.

II. DEVICE FABRICATION

Fig. 2 illustrates the fabrication process flow of the 15GHz
FBAR resonators and filters in this work. The functional FBAR

stack is 50nm Mo/90nm Sco»AlpsN/50nm Mo. As compared to
the integration of <6 GHz filter [7], the following improved
processes are performed to enhance the performance of the
device and repeatability of the results at 15 GHz.

To ensure good adhesion and continuity of the thin
piezoelectric layer growth, a more tapered etch of bottom Mo
is implemented. With the side wall profile of ~ 15°, the smooth
top surface of the ScoAlosN has been achieved without visible
boundaries or abnormal grains, as shown in Fig. 3.

During the etching of the thin Sco.AlosN layer for
constructing the via from top to bottom electrode, a highly
selective etching recipe and soft landing have been introduced
to minimize over-etching bottom Mo, which may lead to a
degradation of the via conductivity. As shown in Fig. 4, on the
200mm wafer, the Mo loss is around 10nm and 20nm in the
wafer center and edge dies, respectively.

To minimize the loss and oxidation from the subsequent
processes, a 10nm of passivation layer was deposited and
patterned together with the top electrode Mo. Fig. 5 shows the
cross-sectional TEM image with the respective layer
thicknesses of the FBAR resonator. The thickness (~48nm) of
ALO; includes both global passivation (10nm) and mass
loading for frequency tuning (35nm).

III. RESULTS AND DISCUSSION

A. Sputtering deposited thin ScoAlysN film

High-quality 90nm thin Sco2AlosN film has been achieved
by single 300 mm target sputtering with an optimized recipe on
a 200mm wafer. For the sputtering process, the starting
interfacial layer with tens of nm is expected to be less
crystallized or even amorphous, which deteriorates film quality
more significantly in a thin regime. In contrast, the high-
resolution TEM image shows that there is no obvious interfacial
layer between bottom Mo and the Sco»AlpsN in our stack, and
the (0002) pattern can be clearly identified in the corresponding
FFT transformation in Fig. 6. From the XRD shown in Fig. 7,
the full width at half maximum (FWHM) of the Sco2AlosN
(0002) peak is ~2.8° for both wafer center and edge, indicating
a high film crystallinity in wafer level. Controlling in-plane
stress in thin film deposition is another challenge. In typical
ScxAlixN film growth, the stress gradually transfers from
highly compressive to tensile during deposition [8]. Thus, the
stress of ScxAlixN film with a few hundred nm is generally
compressive and ranges from hundreds of MPa up to a few GPa.
In this work, on the deposited 90nm Sco2AlogN film, an average
stress of -90MPa has been achieved, along with ~300 MPa
variation across the wafer, as shown in Fig. 8.



Key material parameters for BAW filters were further
characterized and derived. The measured dielectric constant (€)
is ~17 and the loss factor (tand) is < 1% under 10kHz for the
deposited 90nm Sco2AlpsN film as shown in Fig. 9. The
longitudinal elasticity (c33) and piezoelectric constant (e33) were
derived to be 319 = 2 GPa and 3.15 £ 0.18 C/m?, respectively,
as shown in Fig. 10. These properties indicate a good dielectric
and electro-mechanical quality of the film.

B. Resonator measurement and simulation results

An acoustic ladder filter is composed of several series and
parallel resonators, with slightly separated resonant
frequencies. The measured impedance curves of the fabricated
FBAR with various device areas (4) are shown in Fig. 11 (a),
and the comparison between the series and parallel FBAR is
shown in Fig. 11 (b). It is difficult to accurately identify the
resonant frequency (fy) from the direct measurement results due
to the low Q factor at f; (Qs), which is induced by the parasitic
inductance (L) and resistance (Rp). It should be noted that the
anti-resonant frequency (fy) and Q factor at f, (Qp) are
dependent on the device area, which has been calculated and
plotted in Fig. 12 (a) & (b), respectively. The highest Qp is over
200, which is outstanding among reported acoustic resonators
at this frequency range. Both Q) and fj are found to be linear to
log(A), which indicates that for small FBAR, the diameter-to-
area (D-to-A) ratio starts to be dominating for Qp and f, in terms
of the lateral wave leak and the clamping effect.

An accurate circuit model is critical for the filter design.
Thus, the mBVD model is modified to fit the over 10GHz
frequency case by taking the parasitics and the area dependency
into consideration. As shown in Fig. 13 (a), the motional
components (Lm, Cm, Rm) and intrinsic capacitance (Cy) are set
as area-dependent variables, and the L,, Cp, and R, from the
routing connecting FBAR and GSG pads are embedded in the
model. With this model, the measurement and simulation
results are highly matched, as shown in Fig. 13 (b). Fig 13 (¢)
shows the intrinsic performance of the FBAR after de-
embedding. The area-dependent effective coupling coefficient
(K2 calculated from de-embedded results is plotted in Fig. 13
(d), showing an intrinsic k% of ~15%. To further verify the
circuit model, the motional components and parasitics in FBAR
with various areas are extracted and the dependencies are
plotted in Fig. 14. The L, and R are correlated to the geometric
parameters of the routing instead of the device area. The trends
of Cum, Rp, and L, align well with theoretical speculation,
meanwhile series and parallel FBAR with the same layout share
almost identical parasitic values. All these observations indicate
the accuracy of the developed circuit model.

C. Demonstration of 15GHz FBAR filters

Fig. 15 (a) & (b) show the optical image and the equivalent
circuit of the fabricated 4-stage filters, respectively. The
measured and simulated insertion loss plots of the filter are
compared in Fig. 15 (c). The lowest insertion loss within the
pass band is -3.47 dB, the center frequency (f) of the pass band
is around 15 GHz, and the 3dB bandwidth (BW) is 1.35 GHz,
corresponds to a fractional bandwidth (BWy = BW/f:) of ~ 9%.
In the simulation, the resonators in the filter model are replaced

by the parasitics-embedded resonator model mentioned above.
The simulated curve matches well with the measurement,
indicating the feasibility of utilizing the developed resonator
model for filter design. For filters with different FBAR shape
designs at the same wafer location, the only obvious difference
is the rejection at the left pole, as shown in Fig. 16 (a). For filters
with identical design but at different locations, the filter at the
wafer center die has a slightly smaller bandwidth but less ripple
in the pass band, as shown in Fig. 16 (b). To avoid using small
FBAR with a large D-to-A ratio, in some filters the parallel
branches are replaced by two FBAR with doubled area and
connected in series, as shown in Fig. 17 (a). The comparison of
these two parallel branch configurations is shown in Fig. 17 (b).
Although intuitively the filters with “two FBAR in series”
should have better roll-off benefiting from higher Q of larger
FBAR, the result is the opposite. For most cases, the roll-off
suffers a slight degradation, and a ripple at the left skirt is
induced, indicating a shift of f, in parallel FBAR. This result
can probably be attributed to the extra parasitics from the
routing between the two series FBARs. Another approach to
enhance the bandwidth and out-of-band rejection is to add an
inductor (Lg) in each shunt branch of the filter, as shown in the
inset of Fig. 18. This approach is examined at 1 5GHz frequency
by simulations with our resonator model. The results in Fig. 18
show that the trend is similar, but the optimal value of Lg is
around 0.1 nH, which is comparable to the L, extracted in Fig.
14. This means the mmWave filters can benefit from the routing
parasitics, which requires a careful layout design and modeling.
Device uniformity across the 200mm wafer is characterized,
with results shown in Fig. 19. The relative variation
(deviation/mean) of the f; of resonators is <1.7% and the BWy
of filters ranges from 6% to 12% with an 11.9% variation.
Table. 2 shows an overall benchmark with other reported
acoustic filters. Among these demonstrations, our work
possesses the highest bandwidth and figure of merit.

IV. CONCLUSIONS

This work demonstrates the 15 GHz FBAR resonators and
filters fabricated at 200 mm wafer level. With optimized
process and deposition recipes, high-quality 90nm Sco2AlosN
thin film, resonators with high @, (>200), and filters with a high
bandwidth (~10%) have been achieved with excellent
performance uniformity. The results indicate a good potential
for progressing BAW filters into mmWave range applications.
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Fig. 11. Measured frequency responses of the FBAR resonators. (a) Impedance
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Fig. 12. Measured area-dependent device performance. (a) Derived @, versus device
area (A) and the linear fitting of O, with log(A). The Q is calculated by Bode Q
formula, and the inset is a typical frequency spectrum of Bode Q. (b) Measured f,
versus device area, and the linear fitting of f, with log(A).
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Fig. 15. (a) Optical image of the fabricated FBAR filter. (b)
Equivalent circuit model of the filter by implementing FBAR
model with parasitics. Cp is only placed at the input/output ports
since the major source of C, is the capacitance between ground
and signal pads. (c) Comparison of measured and simulated
insertion loss of the FBAR filter.
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Table 2. Benchmark of reported acoustic
filters for ~ 15GHz frequency passband. The
filter demonstrated in this work possesses the
largest bandwidth and highest FOM.



