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Abstract—This article presents the lamb wave contour
mode resonators (CMRs) based on 22% aluminum scandium
nitride (AIScN) thin film with A of 12-24 um, and oper-
ating in Syo mode. We report the design, fabrication, and
characterization of 500 nm-thick AIScN CMRs, which take
advantage of optimized stress control of co-sputtered AIScN
thin films and vertical inductively coupled plasma (ICP)
etching profile. The experimental results are compared to
theoretical predictions by finite element analysis (FEA).
All Alg78Scg 22N devices show excellent agreement with
simulations in piezoelectric coupling using modified AIScN
film parameters. The best Alg78Scg.2oN CMR has achieved
an electromechanical coupling coefficient (k",’) of 5.24% and
loaded quality factor (Q) of 1219 with an operating frequency
at approximately 300 MHz, which exhibits a high Figure-of-
Merit (FoM) of 63.88 in piezoelectric microelectromechanical
system (MEMS) lamb wave CMR. This article also presents
the co-sputtering characteristics of the AIScN thin films
under N5 gas to achieve low-stress and high-quality piezo-
electric materials, and the etching optimization of high
concentration Sc doping aluminum nitride (AIN) thin films
under Cl,/BCl3/Ar chemistry to obtain record profile angle
of 77°, high selectivity of 1:1 with SiO» hard mask.

Index Terms— Aluminum scandium nitride (AIScN), con-
tour mode resonator (CMR), lamb wave, microelectro-
mechanical system (MEMS).

I. INTRODUCTION

IEZOELECTRIC microelectromechanical system
(MEMS) transducers have been widely employed in
radio frequency (RF) technologies [1]-[4]. Many piezoelectric
devices have been investigated such as surface acoustic wave
(SAW) [5], thin film bulk acoustic resonators (FBAR) [6], [7],
and lamb wave contour mode resonators (CMRs) [8], [9].
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Among these, aluminum nitride (AIN)-based CMRs have
been studied as one of the most promising approaches
due to its chip-scale multiple operating frequencies and
high-performance resonators. In the past decades, different
kinds of piezoelectric thin film materials have been reported
and characterized, such as zinc oxide (ZnO) [10], [11],
AIN [12], [13], doped-AIN [14], [15], and lithium niobate
(LN) [16], [17]. Aluminum scandium nitride (AlScN)
thin films-based MEMS resonators have been proved to
achieve high k? utilizing a CMOS compatible sputtering
process [18]-[20]. With a higher Sc concentration in doping
AIN films, d33 and d3; piezoelectric coefficients both enhance
significantly. However, Park et al. [21] state that the stress of
high concentration Sc doping thin films is hard to control, and
the difficultly of AlScN dry etching adds further challenge to
achieving high-performance devices.

For piezoelectric resonators, Figure-of-Merit (FoM) (/’ct2 -0)
is a key parameter to quantify the performance of the devices.
k? is defined as the efficiency to convert energy from the
electric domain to the mechanical domain. Quality factor
Q is seen as the ratio of stored energy and lost energy in
resonance. In the part of fabrication, the relatively poor crystal
quality of AIN and AIScN thin films results in limited &7
and Q [22], [23]. Then, the boundary profile of resonating
structure plays an important role in lamb wave propagation
and piezoelectric coupling, thus the profile is essential for k?
of resonators. For the design of the device, there are several
loss mechanisms in CMRs, such as the anchor loss and the
damping loss from the resonators, while the anchor loss is
the main part of the resonator. In addition, the choice of
top electrode metal influences the k* a lot. Currently, less
work investigates the fabrication process with theoretical and
experimental results, particularly the deposition and etching of
piezoelectric thin film with Sc concentration over 20%, as well
as the design of the devices simultaneously. We believe that
our work can be seen as a useful guideline utilizing more
physics-based discussion.

In this work, the fabrication challenges and designs of
CMRs based on Alp78ScooN thin film are solved. About
22% Sc-doped AIN thin films are deposited using CMOS
compatible co-sputtering process with great crystalline quality
and stress control. Then, optimized inductively coupled plasma
(ICP) dry etching is utilized to achieve a great boundary
profile. Moreover, we provide simulation to design the opti-
mal anchor shape of resonators. Finally, high-performance
Alp78Scp20 N CMRs are fabricated, achieving a high FoM of
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SEM top view of (0002) oriented Alp78Sco.22N surface. (a) Top: under 24 sccm flow rate of Ny, bottom: under 16 sccm flow rate of Na.

AFM height image of the Aly78Scp 22N film surface under (b) 24 sccm flow rate of No and (c) 16 sccm flow rate of No. (d) XRD rocking curve of
Alp.78Sco 22N thin film, top: under 24 sccm flow rate of No, bottom: under 16 sccm flow rate of N». (e) EDS spectrum for Sc concentration measurement
of Alg.78Scp 22N thin film. (f) Measured and fitted dsz piezoelectric coefficient of Alg 78Sco.22N thin film as a function of Sc concentration.

63.88 in lamb wave CMRs. Such Al 78Sc.2>N thin film-based
lamb wave CMRs are of great significance in RF front-end and
transducer application.

Il. FABRICATION

There are two challenging processes during fabrication
steps, Aly7s8Sco.22N co-sputtering and Alg78Sco 22N ICP etch-
ing. As a metastable state, AIScN thin film requires more
stringent growth conditions than AIN thin film. For device
processing, the primary considerations are crystal quality and
film stress, which determine the film robustness and device
performance, respectively. However, these problems are more
significant in high concentration scandium doping thin films.
The AlScN film with good crystal orientation tends to use
a lower pressure growth environment and tends to grow
a thin film with compressive stress, which makes the film
very easy to bend or even break during release. In our
work, we have studied the AIScN film co-sputtering process
and optimized the sputtering gas and power to solve this
problem.

A 0.5 um (0002) polar Alj78Sco22N thin film is deposited
using the EVATEC CLN200 MSQ system. The chemical
reaction during the sputtering process can be expressed as

N, (gas) + 1.56A1 + 0.44Sc — 2Aly78Scp22N.

Compared to the AIN, the Alg78Sco 22N thin film is formed
by replacing 22% Al atoms with Sc atoms. Such reactions
involve bond breaking and making. The bond energy (BE)
of AlI-N is <365 &£ 15 kJ/mol, and that of Sc-N is

464 + 84 kJ/mol [24]. It means that about 27% more energy
is needed to make each Sc-N bond than the Al-N bond. For
Alp78Scp22N, 6% more energy is required. The efficiency and
quality of making co-sputtered highly rely on the sputtering
energy. Relatively high energy is a benefit for uniform energy
transfer and reactant flow on the substrate, and then aligning
the crystal greater [25]. Tuning the sputtering pressure is a
vital way in AlScN deposition to modulate sputtering energy.
By adjusting the sputtering gas, the deposition pressure is
varied. The Alg78Scp22N thin films are obtained at 1000 W
Al and 450 W Sc with two Al and Sc targets, respectively.
Average stress of approximately —128 MPa on a 4 in wafer
has been achieved using an 8 in carrier substrate by ade-
quately tuning the flow rate of N, gas. The surface morphol-
ogy of Alg7Sco22N films is measured by scanning electron
microscopy (SEM) Zeiss Gemini300. Under the 24 sccm
flow rate of N, many abnormal orientation grains (AOGs)
with a grain size of nearly 300 nm can be observed on the
surface, while the grain size increases and grain growth is more
disordered as indicated in the top of Fig. 1(a). More AOGs
occur at the AIScN surface when using the same deposition
conditions compared to the AIScN thin films with lower
concentrations. AOGs will attenuate the piezoelectric response
and then decrease the performance of devices. In order to
obtain high-quality Alg78Sco22N thin films, the flow rate of
N, is reduced from 24 to 16 sccm. When the flow rate
of N, decreases, the total pressure in the chamber drops
and sputtering energy increases. The experimental results are
consistent with our theory.
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A cleaner film surface is achieved when decreasing the
flow rate of N, as shown at the bottom of Fig. 1(a).
Fig. 1(b) and (c) show the surface topography of Aly75Sco22N
thin films under different flow rates of N, by Asylum Research
MFP Origin+ atomic force microscopy (AFM). AFM tech-
nique has the advantage of better characterizing the roughness
of films. A large amount of AOGs can be found at the
Aly78Scp22N thin films under a 24 sccm flow rate of Nj,
and AOGs occupy almost half of the surface of films. When
decreasing the flow rate of N, the surface roughness RMS
value of Aly78Scp22N thin films is reduced from 5.50 to
1.40 nm. Due to the higher deposition rate of AOGs than
normal AIScN crystal grains, the much lower amount of AOGs
at the surface results in better uniformity. Compared to the
Alp78Scp22N thin film under a 24 sccm flow rate of N, the
surface morphology of film under the 16 sccm flow rate of
N, shows a much cleaner and more uniform spectrum. The
crystal orientation is measured by X-ray diffraction (XRD)
from PANalytical! Empyrean. A decrease in the flow rate of
N, results in a reduction of the FWHM value of Alg78Sco 22N
thin films from 2.2° to 1.8°, as illustrated in Fig. 1(d). The
Sc concentration of the AIScN films is characterized and
extracted by the energy-dispersive X-ray spectrum (EDS) of
the Oxford AZtec system, as indicated in Fig. 1(e). The
dispersive energies of each atom in the stack are measured
and shown in the graph; since the AIScN films are deposited
on the silicon wafer, the X-ray energy can be transmitted to
the silicon. Higher dispersive energy illustrates a relatively
higher concentration. We also investigate the dependence of
ds3 piezoelectric coefficient of Al;_,Sc,N (0 < x < 22%) on
Sc concentrations. With increasing the concentration of Sc, the
value of ds3 increases linearly; the R? value is 0.999. The ds3
piezoelectric coefficient increases by 0.274 £ 0.005 for every
1% increase in Sc concentration. When the Sc concentration
is 22%, the thin film exhibits the d33 piezoelectric coefficient
of 12 pC/N, which is a 2x improvement in the piezoelectric
response with respect to pure AIN, as shown in Fig. 1(f).

Overall, under the 16 sccm flow rate of N,, there are no
obvious AOGs, the roughness of the film surface is 1.40 nm,
and XRD FWHM is 1.8°, as illustrated in the bottom of
Fig. 1(a), (c), and (d). While, under a 24 sccm flow rate of
N, AlScN thin films show massive AOGs with much rougher
surface and worse c-axis orientation, as seen in the bottom of
Fig. 1(a), (b), and (d). Compared to the films under 24 sccm
N3, the grains of Aly 78Sco2>N thin films under 16 sccm N, are
better aligned in the c-axis. The polarity of Aly73Sco22N thin
films is improved by increasing sputtering energy. Meanwhile,
the denseness of grain is directly affected by the sputtering
energy. In order to deposit high concentration, Sc doping thin
films with high quality and higher sputtering energy is needed
to make the grains aligned denser.

Alp78Sco 2N ICP etching is another challenge in order to
achieve high-performance AIScN lamb wave resonators. ICP
etching is an anisotropic etching process. Such a process is
essential for lamb wave resonators to define device dimen-
sions and release windows. AIN ICP etching process with
CL/BCl3/N,; mixed gas has been studied in our previous
work [26]. Unfortunately, the previous experience on AIN is

not suitable for the etching of AlScN thin film, especially
for the high concentration of scandium doping. Etch rate,
selectivity, and profile are the three key parameters we should
be concerned about. After scandium doped in the AIN thin
film, such three parameters all declined to the unacceptable
values. The dimensions and release windows of resonators can
hardly be defined using similar recipes. The Aly78ScooN ICP
etching mechanism with Cl,/BCl3/Ar can be expressed by the
following etching model.

1) Step 1 (Non-Dissociative Adsorption):

Cly(gas)+Alg.78Sco 0N — Cly(ads)+Alg 78Sco22N;
BCl; (gas) + Alg 78Sco.2oN—BClj (ads) + Al 78Sco.2oN.

2) Step 2 (Dissociative Adsorption):

Cl, (ads) 4+ Aly.78Sco 220N — 2Cl(ads) + Aly.78Scp. 22 N;
4BC13 (ads) +A10'7gSCO'22N — BClg (ads) +BC12 (ads)
+BCl(ads) + 6Cl(ads) + B(ads) + Aly7gScp22N.

3) Step 3 (Formation of Product Molecule):

6Cl(ads) + 2Alp78Sco22N — 0.44ScCl;3(ads)
+1.56AlCl;(ads) + N (ads);

BCl;(ads) + BCl;(ads) + BCl(ads) + 2Aly78Sco.22N
— 0.44ScCls(ads) + 1.56Al1CI;(ads) + N (ads)
+3B(ads).

4) Step 4 (Desorption of Product Molecule):

2AICl;(ads) — Al,Clg(gas);
N, (ads) — Nj(gas).

5) Step 5 (Residue Removal):
B(ads) + 3Cl(ads) — BCls(gas).

The first two steps of the Aly73Sco 22N etching model are
similar to that of AIN. First, Cl, and BCl3 in the gas phase
are non-dissociatively absorbed on the surface. Then, Cl, and
BCl; in the gas phase are dissociated into Cl, and BCl,,
BCl, Cl, B, respectively, and are absorbed on the surface of
Alg78Sco2oN. In step 3 of formation of product molecule,
absorbed BCls, BCl,, BCI, Cl, and B react with Alg758Sc.22N.
The chemical reaction products absorbed AlCI; and ScCl; with
by-products of absorbed B and N;. In step 4 of desorption,
the AICls product is desorbed and sublimated, and then the
Al,Clg dimer in the gas phase is generated. In step 5 of residue
removal, the by-product of B is reacted with Cl and converts
BCl; into gas. In the whole etching process we discussed
earlier, the ScCls product always exists at the surface being
etched once in generation. Unlike AICl3, ScCl; product cannot
be desorbed and sublimated. The sublimation temperature of
absorbed ScClj; is higher than 900 °C, while it is only 100 °C
for absorbed AICI;. Since the high sublimation temperature of
ScCl3, it can rarely be removed from the etching surface.

Existing ScCls enormously affects the AIScN film etching,
especially for high Sc doping concentration films. Using a
similar Cl-based gas recipe, the etch rate and selectivity of
Alg78Scp22N thin films drop by almost 70%, the profile angle
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Fig. 2. ICP etch rate, selectivity, and profile versus (a) and (b) flow rate of Cl, and (c) and (d) RF power. SEM cross-section view of AIScN etching

results with RF power of (e) 250 W, 300 W; and (f) 350 W, 400 W. Red dashed lines are guided for the eye.

drops by 40% compared to pure AIN thin films. Due to limited
etch rate and poor profile angle, the quality factor Q and
electromechanical coupling k2 of AlScN lamb wave resonators
would drop significantly [27]. Moreover, due to the much
lower etch selectivity, the design of devices may be restricted
by the etching process. For AIScN piezoelectric thin film, the
thicker film usually shows better piezoelectricity. In this work,
several etching parameters, such as flow rate of Cl, and RF
power, have been studied to better understand the ICP etching
mechanism on Al 78Scy N film, and then a good vertical
profile over 75° has been achieved.

The flow rate of Cl, and the value of RF power are the
two essential etching parameters. The former decides the
amount of etchant, and the latter determines the plasma energy.
Fig. 2(a) and (b) show the etch rate, selectivity, and profile
as a function of the flow rate of Cl, under 550 W ICP
power, 200 W RF power, 5 Pa pressure, and BCI3/Ar
30/20 sccm, respectively. Cl, is the main etching gas, thus
it is necessary to discuss the influence of Cl,. According to
the etching model, absorbed Cl, reacts with Al 73Scg 2N and
generates AlCls, ScCls. As the proportion of Cl, continues
to increase, the etching rate and selectivity are fluctuated and
cannot be further improved because of the deposition of ScCls,
which is much less volatile than AICl; and limits the chemical
reaction between Cl, and Alg73Sco22N. The etch profile
slightly increases from about 71° to 73°. This is because the
increasing Cl, gas flow can improve the anisotropy of etching.
Fig. 2(c) and (d) illustrate the etch rate, selectivity, and profile
as a function of RF power under 550 W ICP power, 5 Pa
pressure, and Cl,/BCl3/Ar = 25/30/20 sccm. RF power is a
critical parameter in controlling plasma bombardment energy.
As we have discussed earlier about CI, flow rate, the etching
process is mainly restricted by the redeposition of ScCls.

Authorized licensed use limited to: ShanghaiTech University. Downloaded

Due to the high sublimation temperature of ScCls, increasing
physical bombardment energy may be the most straightforward
approach to remove the absorbed ScCl; molecular. The energy
of the physical bombardment to the sample increases when
increasing the RF power. The increase in RF power not
only removes the ScCl;, but also etches the film by pure
physical bombardment, so that both the chemical and physical
processes are enhanced. The etching results are consistent with
our theory. As the RF power increases from 200 to 350 W,
the etching rate increases from 70 to 130 nm/min dramatically,
thanks to the enhanced chemical and physical process. Then
it slightly reaches 133 nm/min under RF power of 400 W.
The selectivity also sharply increases to nearly 1:1 at 350
W RF power. The enhanced physical and chemical processes
both act at the etch rate of Alp73Sco 22N, but for SiO,, only
the physical bombardment promotes etch rate. In other words,
the etch rate of Alp73Sco 22N increases faster than the mask,
so the selectivity increases. However, when we further increase
the RF power, the selectivity decreases significantly to 0.7:1.
Such phenomenon can be explained by the too strong physical
bombardment by the heavy atoms or molecules. Due to the
higher hardness of the AlIScN thin film, the SiO, hard mask is
more likely to be consumed. Thus, the selectivity is dropped.
As for the profile, the values are fluctuated and remained as
the great anisotropy of etching. The profile of the SiO, hard
mask is also a restriction for achieving a further improved
profile. Fig. 2(e) and (f) show the SEM cross-section view of
etching results of Alg78Scp 22N thin film by using LICP-200
(Leuven Instrument). They are both captured under the same
etching conditions, except for RF power. The higher RF power
results in a higher etch rate, which can be seen from the
thickness of remained films. Only 70° of the profile is obtained
under 250 W RF power. The profile achieves a 77° under
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Fig. 3.
the Alg.78Scp.22oN CMR.

350 W RF power, while the etching surface has no residues.
Fig. 2(f) clearly shows the reduction in selectivity under
400 W RF power by consuming more hard mask. With the
higher RF power, the slope of the hard mask and Alg 73Scg 22N
film both achieved much smoother morphologies, which is
constant with our theory.

According to these findings, the recipe of 550 W ICP power,
350 W RF power, 5 Pa pressure, and Cl,/BCl3/N, = 25/30/20
sccm is used in the fabrication of Aly78Sco.oN CMRs.

[1l. SIMULATIONS AND EXPERIMENTS

Material constants of Alg73Sco2oN used in finite element
analysis (FEA) simulations are calculated by the equation
demonstrated by Caro et al. [28]

e;s = —0.367(1 —x) — 0.435x +0.417x(1 —x) (1)
e3; = —0.424(1 —x) — 0.286x — 0.615x(1 —x) (2)
es3 = 1.449(1 — x) 4+ 8.182x — 5.912x(1 — x) 3)
Cip = 378.8(1 —x) +263.9x — 210.3x(1 — x) 4)
Cip = 128.9(1 — x) + 185.1x — 61.9x(1 — x) 5)
Ci3 =96.1(1 —x) 4+ 121.5x 4+ 78.9x(1 — x) (6)
Cs3 = 357.5(1 —x) —51.3x — 101.4x(1 — x) 7
Cyy = 112.4(1 — x) + 159.0x — 137.3x(1 — x) ®)
where e;; is the piezoelectric coefficient, C;; is the elastic
constant. For x = 0.22, the e;s = —0.3104 C/m?, e3 =

—0.4992 C/m?, e33 = 1.9158 C/m?, C;; = 317 GPa, C»
131 GPa, C13 =115 GPa, C33 = 250 GPa, C44 = 99 GPa,
calculated by (1)—(8).

As shown in Fig. 3(a), an Alp78Scp22N CMR consists of
a bottom electrode, Aly7sSco2oN thin film, and interdigi-
tal (IDT) electrodes, which are connected to the pad by
anchors. Fig. 3(b) shows the Sy mode shape of Alg78Sco2»N
lamb wave CMR, illustrating the symmetric deformation shape
in the Alp78Sco22N layer. The floating metal is utilized to
improve the deposition of Alp73Sco 22N thin film, and offer
better confinement of the electric field in the resonant region
of CMRs. When AC signal is applied to the input port,
the electric field through the whole Al 78Scp2N thin film
in the direction of thickness causes an in-plane deformation
of the structure, and excites the CMRs in a vibration pattern

(c)

€3, =0.4992 C/m?
e;3=1.9158 C/m?
C,;=250 GPa

Displacement
MAX

Anchor
Length

Electric Field
MIN

(a) lllustrations of the Aly78Scp22oN CMR. (b) Displacement FEA simulation of the Alg 78Sco.22N CMR. (c) Simulated displacement fields of

of contour extensional mode in the direction of width. Due
to the direct piezoelectric effect, the charge is generated and
absorbed by the adjacent sensing electrodes. The thickness
to wavelength ratio #/4 of the CMR equals 0.0119-0.4167,
where £ is the thickness of piezoelectric Alg78Sco 22N thin film
of 0.5 um, and wavelength A varies from 12 to 24 xm in these
designs. The etched boundary profile of CMRs, approximately
77°, has been taken into consideration and the insert shows
the simulation parameters used in FEA. Besides the influence
of the ICP etching profile on the value of k?, the design
of the anchor is also essential for the Q factor of devices.
We have studied the anchor dimension to minimize the loss of
Aly78Scp 22N CMRs in COMSOL Multiphysicsl. FEA based
on the perfectly matched layer (PML) is used to simulate the
displacement fields of resonators [29], [30]. Fig. 3(c) shows
the displacement fields of 24 um wavelength Alg78Sco22N
CMR utilizing PML-based FEA. The displacement fields in
the piezoelectric plate are much less than those in the vibration
region. In other words, when using a designed anchor with
23 um length, there are few energies leaked in the piezoelec-
tric plate via anchor.

Fig. 4(a) illustrates the admittance response and Q factor
of Alg78Sco22N CMRs with different anchor lengths. The
theoretical admittance response of devices is simulated by
3-D frequency domain analysis. The best performance in the
Alp78Scp22N CMRs is found for an anchor length of 23 um.
The Q value is up to 3496.1, which is 54% higher compared
to the device with an anchor length of 28 xm. In order to
characterize the energy transduction efficiency between the
electrical and mechanical domains of Aly78Sco22N CMRs, the
intrinsic coupling coefficient k> of it is simulated in Fig. 4(b).
The k2 can be estimated by the Adler’s approach

2 2
Uy — Uy

o2 ©)

kK=

where the vy is the phase velocity for a free surface, and v,,
is the phase velocity for a metalized surface by IDT. These
two parameters are extracted from the nulls and poles of the
effective permittivity [31]. As can be seen in Fig. 4(b), the Sg
mode has much higher k? than that of Ay mode, due to the
much larger phase velocities difference dv. For the Sy mode
we are interested in, thinner normalized thickness / /4 achieves
higher k2, especially when /// is less than 0.2. Unlike k2, the
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Fig. 5.

flow of Alg.78Scp.2oN CMRs.

effective electromechanical coupling coefficient k,2 is extracted
from the resonant and anti-resonant frequencies of resonators.
The k? of CMRs is defined as
’ (f 112 B f r2)

= X — "7
8 12
where f, is resonant frequency and f, is anti-resonant fre-
quency. The intrinsic coupling coefficient k> and the effective
electromechanical coupling coefficient kt2 can both indicate the
efficiency of energy transduction. According to the acoustic
loss in metallization, the choice of metal used in IDT is
essential for device performance. Accordingly, the influences
of different metals on k2 are characterized using FEA simu-
lations. As shown in Fig. 4(c), when the thickness of metal
is 200 nm, the IDT electrodes of Al achieves the highest k2,
especially for i/ lower than 0.06.

The operating principle of AIN-based lamb-wave resonators
has been investigated by many researchers [8], [9], [12],
[13], [31]-[34]. As illustrated in Fig. 5, the resonating struc-
ture can be treated as a suspended rectangular thin plate
with an air boundary on two sides. The piezoelectric layer
is sandwiched between top and bottom metal layers, in which
either side could be IDT or floating metal. The design pre-
sented in this article is lateral field excitation (LFE) lamb
wave CMRs with a floating bottom metal, which simplifies the
fabrication process without etching via for top-bottom metal

(10)

o Se—

(a) Schematic drawing of Al 78Scg.2oN CMRs and its electrical connection to the top interdigitated electrodes made of Al. (b)—(g) Process

interconnection and minimizes the abnormal oriented grains
(AOGs) during the AIN or AlScN film deposition. The electric
field excited in the piezoelectric layer is primarily aligned
along the film c-axis direction. The lamb wave is excited by
top IDT electrodes with a wavelength 4 in the lateral wave
propagation direction. The piezoelectric thin film thickness
h is designed as twice of wavelength A, in the vertical
direction. CMRs mainly rely on ds3; and d3; piezoelectric
coefficients of AlScN layer, since 4 and 4, are not comparable,
more specifically, A is much larger than A,. The vibration
mode of the CMRs is along the in-plane direction of the
piezoelectric plate. As the thickness of AIScN thin films is
fixed, resonant frequencies of CMRs can be defined by varying
A, as shown in Fig. 5(a). The fabrication procedure of demon-
strated Alg78Sco22N CMRs is based on a process similar to
previous work [4], [35], in which 200 nm Al interdigital elec-
trodes (IDT) serves as top electrodes on the 500 nm suspended
Alg78Sco2oN thin films and 10 nm Ti/100 nm Pt floating
metal serves as bottom electrodes. Devices A/ (thickness of
piezoelectric thin films versus length of the acoustic wave) are
designed to range from 0.012 to 0.042. The same CMR devices
based on 0.5 um AIN thin film are also fabricated in order to
compare the device performance. A high-quality Aly78Sco22N
co-sputtering deposition and etching process using SiO, hard
mask has been developed to fabricate the devices. Fig. 5
summarizes the fabrication steps. 10 nm Ti/100 nm Pt was

Authorized licensed use limited to: ShanghaiTech University. Downloaded on June 01,2023 at 08:48:10 UTC from IEEE Xplore. Restrictions apply.



3114

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 69, NO. 11, NOVEMBER 2022

AR R SRR

Fig. 6. SEM images of Aly78Scp22oN CMRs with wavelength of (a) 12 um and (b) 24 um.

c) Top view of the zoom-in of Fig. 6(b) illustrates the

boundary profile obtained by optimized Aly 78Sco.22N ICP etching recipe using SiO, hard mask
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Fig. 7. Measured admittance response and MBVD fitting of (a) AIN CMR with wavelength of 24 um, Alg78Sco 22N CMRs with wavelength of

(b) 24 um, and (c) 12 um.

first patterned on the high-resistive silicon wafer, followed
by 0.5 um Alg78Sco2N film deposition [see Fig. 5(b)—(g)].
A 2 pum SiO, hard mask was deposited and patterned as the
AlScN etching mask, and then the AIScN film was etched to
define the CMRs structure using ICP etching [see Fig. 5(d)
and (e)]. A 200 nm Al layer was deposited and patterned as
the top electrodes; finally, resonator devices were released by
XeF,, as shown in Fig. 5(f) and (g).

Fig. 6(a) and (b) shows the SEM images of the fabricated
Alp78Scp2N CMRs. Fig. 6(a) illustrates the Algy78Sco2nN
CMR with eight aluminum IDT electrodes operating at
about 570 MHz. Fig. 6(b) is an Alp78Scp2N CMR with
six aluminum IDT electrodes working at about 290 MHz.
Fig. 6(c) is the zoomed-in view of the etched boundary of the
290 MHz CMR. The steep profile is defined by Alg78Sco2»N
ICP etching using a SiO, hard mask. Although the etching
rate of Alp78Scp2oN is about 3x lower than that of AIN
using a similar recipe, it allows successfully etching 500 nm
Alp78Scp22N piezoelectric layer with a profile of 77°.

According to the above-mentioned simulations, we fabricate
our Alp78Scp2N lamb wave CMRs with anchor length equal
to 23 um. Fig. 7(a)—(c) present the admittance response for
the AIN CMR with a wavelength of 24 ym and Alp78Sco22N
CMRs with a wavelength of 12 and 24 um measured by
Keysight' PNA-L N5234B network analyzer. The resonator
equivalent electric parameters are extracted by fitting into the
modified Butterworth-Van Dyke (mBVD) model [36] and are
listed in the figures, where C,,, L,,, R,, are the motional capac-
itance, motional inductance, motional resistance of resonators,

respectively, and R; is the loaded resistance in series; Cy and
Ry are the static capacitance and resistance of the resonator,
respectively. As seen in Fig. 7(a), the AIN CMR with a
similar device structure shows an electromechanical coupling
coefficient of 1.19% and a quality factor of 1482 with an
FoM of only 17.6. As shown in Fig. 7(b) and (c), the res-
onant frequencies are 292.6 and 567.1 MHz, respectively. For
Alg78Sco2oN CMR with a wavelength of 12 um, the k? of
5.92% and quality factor Q of 654.38 are achieved, with an
FoM value of 38.74. Thanks to the optimized Alg78Sco22N
sputtering and etching process, as well as the optimal design of
the devices, the best Alg7sSco20N CMR achieves k2 of 5.24%
and loaded Q of 1219, yielding a high FoM of 63.88 for
24 um CMR. The measured quality factor of Alg78Sco2nN
CMR fits greatly with the theoretical result. The experimental
kf of 5.24% shows perfect agreement with the predicted value
obtained from the 2-D simulation. It is known that AIN-based
FBAR and CLMR devices could achieve a higher FoM [37].
Therefore, utilizing our high quality and well stress-control
AIScN thin film would generate even better performance.
Fig. 8(a) shows the electromechanical coupling coefficient
k?comparisons between measurement and FEA simulation of
both A10.78SC()_22N and AIN CMRs. The A10_78SC()_22N CMRs
experimental results agree with the simulation analysis greatly,
with the best k,2 of approximately 6.2%, and the average
value of 5.5%. The measured kt2 of Alp78Scp22N CMRs is
about 3.2x higher than AIN CMRs. Fig. 8(b) shows the
measured Qjoaded Of Aly78Sco 220N CMRs with a wavelength of
12 and 24 pMm. The Qloaded Values of Aly73Scy22N CMRs with
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(a) Comparison of electromechanical coupling coefficients in measured CMRs and FEA simulation based on AIN and Al 78Scg 22N thin

films. (b) Measured Qioaded Of Alp.78Sco.22N CMRs with wavelength of 12 and 24 um. (c) Measured phase velocities of AIN and Alp 78Scg 22N CMRs.

TABLE |
COMPARISON OF PREVIOUS WORKS

Designs Sc/% Device fi/GHz k%  Qioadea FoM
[19] 12 LCAT 2.0 10.2 855 87.00
[38] 15 CMR 1.4 2.45 156 3.82

[15] 20 CMR 0.2 4.50 1240 55.80
[39] 20 CMR 2.7 5.64 540 30.46
[20] 30 CMR 0.3 7.74 1119 86.60
[40] 30 FBAR 2.9 18.1 210 38.00
[41] 40 CMR 2.6 7.39 117 7.71

This work 22 CMR 0.3 5.24 1219 63.88

24 um are from 376.3 to 1219, while The Qjoudeq Values with
12 um Aly78Sco 22N CMRs are from 200 to 889. Due to more
spurious modes in higher frequency, the Qjopdeq values have
a decreasing trend with increasing frequency. Fig. 7(c) shows
the phase velocities of CMRs based on AIN and Alj 78Sco2»N
films extracted by RF measurement. The phase velocity of
AIN CMR operating at Sp mode with a wavelength of 24 um
is about 9600 m/s, while that of Alg78Scy.oN CMRs is about
7000 m/s. The reduction in phase velocity from pure AIN
to Alg78ScooN is because of the softening in the stiffness
coefficient. The drop in phase velocity of Sy mode decreases
the operating frequency of devices.

The AIScN resonators are summarized and compared in
Table I. Due to the high ds;, FBAR can achieve high k2.
However, it is challenging to achieve multi-resonance in one
chip. Laterally coupled alternating thickness (LCAT) mode
resonators usually obtained high k> by utilizing d3; and ds3,
simultaneously. However, the fabrication process of LCAT
resonators is much harder than CMRs, especially for working
at high frequency (>1 GHz).

IV. CONCLUSION

In summary, the optimization of the deposition and etching
process of Alp78Scp2,N is demonstrated. About 22% Sc-
doped co-sputtered AIScN thin films have been achieved
with XRD FWHM of 1.8° and roughness RMS value of
1.40 nm. The Alj78Sco2N etching model is proposed and
discussed. Using improved ICP dry etching method in fabri-
cation, a vertical profile of 77° is obtained at Alp78Sco22N
thin film, with a desirable etch rate of 130 nm/min, and

selectivity of 1:1 relative to SiO, hard mask. In order to show
that the optimized design of CMRs can improve the electro-
mechanical coupling coefficient (k?) and quality factor Q of
resonators, several simulation results of Aly78Scg22N CMRs
are discussed. The experimental results are constant with
theoretical results. The CMRs based on AIN and Al 73Scp22N
with varying wavelengths are fabricated and characterized.
An Alp78Sco22N CMR operating at about 293 MHz with
5.24% k? and 1219 loaded Q, yielding a high FoM of 63.88,
has been demonstrated. This result shows the improvement in
the k? of more than 3.2x with respect to identical CMRs in
pure AIN, operating with the same wavelength. Such a result
encourages us to carry out further experiments to achieve the
next generation of filters in RF applications.
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