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We investigate the inductively coupled plasma (ICP) etching characteristics of (0002) Aluminum Nitride (AIN)
and Aluminum Scandium Nitride (Alp.94Sco.06N) piezoelectric thin films as well as the implementation on
piezoelectric lamb wave resonators. A profile of 84° is obtained on AIN thin film, with an etching rate of
approximately 230 nm/min, and a selectivity of 0.77:1 relative to photoresist mask. A nearly 80° profile and over
30:1 selectivity are accomplished using Ni film as the etching mask. Al 94Sco o6N film has achieved a profile of
77° by optimizing the RF power. Finally, AIN contour mode resonators (CMRs) are fabricated and characterized,

and a CMR operating at about 400 MHz with a quality factor exceeding 1600 has been demonstrated.

1. Introduction

Due to the demand of electronic devices with lower cost, better
performance, smaller size, and enhanced sustainability, Micro-
electromechanical Systems (MEMS) transducers are one of the main next
generation technology candidates that benefit from miniaturization
[1-3]. The piezoelectric MEMS resonators, with a high quality factor
and a large electromechanical coupling, are promising products in Radio
Frequency (RF) systems [4-8]. The main materials for piezoelectric
MEMS resonators are Aluminum Nitride (AIN), piezoelectric ceramics
(PZT), Zinc Oxide (ZnO) and Lithium Niobate (LN) [9-13]. In recent
years, doped AIN films, especially Aluminum Scandium Nitride (AlScN),
has been studied due to its enhancement of d33 and d3; piezoelectric
coefficients [14]. Thanks to their monolithic integration and superior
performance, AIN and AlScN thin films based piezoelectric MEMS res-
onators have attracted more and more attention. There are many
different kinds of MEMS resonators, such as surface acoustic wave
(SAW) resonators [15,16], film bulk acoustic resonators (FBAR)
[17-19]. However, SAW devices are not compatible with the CMOS
process. The frequency of FBAR primarily depends on the thickness of
piezoelectric layer; therefore, it is very challenging to achieve multiple
operating frequencies or wide frequency tunability in one chip. On the
other hand, AIN and AlScN based contour-mode resonators (CMRs) are
compatible with CMOS process [20-24]. Meanwhile, the operating

frequencies of CMRs are determined by lithographically defined IDT
pitches, which enables monolithic multi-frequency resonators. Howev-
er, the sidewall profile is a key factor for achieving high performance
CMR devices [13,25,26].

Dry etching is a widely used process in group-III nitrides [27,28].
Pearton et al. [29] have studied the plasma etching of InN, GaN and
other alloys. The importance of ICP etching profile has been reported.
Chen et al. [30] have investigated the performance reduction of AIN
lateral-field-excited (LFE) resonators caused by imperfect etching pro-
file. Their study shows that when the profile is decreased from 90° to
60°, the electromechanical-coupling coefficient reduces from 1.9 to 1.4,
due to the spurious mode by using finite element analysis (FEA) in
COMSOL. Therefore, high performance CMRs require great ICP etching
profile control. However, the ICP dry etching is a complex etching
process with both chemical and physical reactions. How to optimize
multiple etching process parameters remains a challenging problem to
the society. A reliable ICP etching model based on Cly/BCls/Ny mixture
gases for AIN and AlScN ICP etching have not been well studied, as well
as the AIN and AlScN ICP etching reaction mechanism. Therefore, a
comprehensive analysis of multiple parameters in AIN and AlScN ICP
etching is essential for deep understanding of AIN and AlScN piezo-
electric thin film transducers.

In this paper, we have demonstrated the AIN and AlScN films ICP
etching model using Clp/BCl3/Ny mixed gas. The mechanisms of ICP
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Fig. 1. SEM top view images of (a) (0002) oriented AIN surface, (b) (0002) oriented Alj 94Sco 06N surface; AFM height images of (c) (0002) oriented AIN surface, (d)

(0002) oriented Alg 94Sc.0sN surface.

power, RF power, flow rate of Cly, BCl3 and Ny are analyzed. Then ICP
etching recipes of AIN and AlScN films have been well optimized
through an etching model to obtain the best etching profile. Finally, the
fabrication and characterization of AIN CMRs with a high quality factor
have been demonstrated using the optimized recipe.

2. Experiment

For the sample preparation, 1 pm (0002) polar AIN was deposited on
Si wafer at 300 °C by reactive magnetron sputtering, while 0.5 pm
(0002) polar Alg 94Sco 0N was also deposited on Si wafer at 300 °C by
EVATEC CLN200 co-sputter system. The power of 4 inch Al and Sc
targets are 1000 W and 150 W, respectively. The Sc concentration of the
AlScN films was measured by energy dispersive X-ray spectrum (EDS) of
Oxford AZtecOne system. The crystal orientation of AIN and
Alp.94Sco.06N was investigated by X-ray diffraction (XRD) from PAN-
alytical® Empyrean. The full width at half maximum (FWHM) of (0002)
polar AIN thin film is around 1.2°, while the FWHM of (0002) polar
Alg 94Sco 06N film is approximately 1.9°.

The surface morphology of AIN and Al 94Sco oeN films was measured
by scanning electron microscopy Carl Zeiss Gemini300, as shown in
Fig. 1 (a) and (b), respectively. The surface roughness of AIN and
Alp.94Sco 06N films was measured by Atomic Force Microscopy (Asylum
Research Origin+). As shown in Fig. 1 (c) and (d), the RMS value Ra is
970 pm for AIN film and 2.15 nm for Al 94Sco 6N film, respectively. The
$1818 photoresist was spin-coated at 3000 rpm for 45 s as the etching
mask. ICP dry etching of AIN and Al 94Sco oeN films was performed
using SENTECH SI-500 ICP etcher. The morphology of etching sidewall
was measured by scanning electron microscopy Carl Zeiss Gemini300.
Finally, the optimized etching recipe was implemented for AIN CMR
device fabrication.

3. Results and discussion
3.1. AIN etching model

Rammal et al. [31] have reported a OD plasma global model, in

Step 2 Step 3

N

Fig. 2. Schematic of AIN ICP etching.

which the BCl,, BCI and B will be formed at the surface of the AIN from
BCl3 gas. Winters [32] proposes that plasma etching could be divided
into five steps. According to their studies, we have adapted a similar
model to describe our five-step plasma etching system of Cly/BCl3/Ny
mixture AIN ICP etching as following (See Fig. 2.):

Step 1. Non-dissociative adsorption:

Cl,(gas) + AIN—Cl,(ads) + AIN;
BCl;(gas) + AIN—>BCl;(ads) + AIN.
Step 2. Dissociative adsorption:
Cl,(ads) + AIN—2Cl(ads) + AIN;
4BCl;(ads) + AIN—BClI;(ads) + BCl, (ads) + BCl(ads) + 6Cl(ads)
+ B(ads) + AIN.

Step 3. Formation of product molecule:
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Fig. 3. (a) ICP etching rate, selectivity and profile versus the ICP power. (b) ICP etching rate, selectivity and profile versus the RF power. (c¢) ICP etching rate,
selectivity and profile versus the pressure. (d) ICP etching rate, selectivity and profile versus the flow rate of Cl,. (e) ICP etching rate, selectivity and profile versus the
flow rate of BCls. (f) ICP etching rate, selectivity and profile versus the flow rate of Nj.

6Cl(ads) + 2AIN—2AICl;(ads) + N, (ads);

BCl;(ads) +BCl, (ads) + BCl(ads) +2AIN—2AICl; (ads) + N, (ads) + 3B (ads)

Step 4. Desorption of product molecule:

2AICI; (ads)— AL Clg (gas);

N, (ads)—N,(gas)
Step 5. Residue removal:
B(ads) + 3Cl(ads)—>BCl;(gas)

In step 1, Clo/BCl; in gas phase is non-dissociatively adsorbed at the
AIN surface being etched. In step 2, Cl and BCly, BCl, Cl, B are generated
by dissociative adsorption from Cl, and BCls, respectively. In step 3,
BCls, BCly, BCl, Cl are etchants, which will react with the AIN at the
surface being etched. AlCl3, Ny and B products are formed in these
chemical reactions. Due to the strong oxidizing property of Cl, AlCl3 will
be generated at the AIN surface, while N3~ will be oxidized by Cl to
generate No. It is known that N~ cannot be oxidized to a positive
valence like N3*, because product Ny is so stable that oxidizing property
of Cl is not enough. Due to the reducibility of N3~, some proportion of

B3+ is reduced to B2*, B* and B. In step 4, one molecule Al,Clg dimer is
formed by two molecule AlCl3, because Al;Clg is more stable. In step 5, B
residue on the surface will be desorbed into the gas phase by generating
BCls.

3.2. AlN etching process optimization

ICP power is used to generate the plasma and control the number of
high-energy reactive ions. According to the etching model, Cl; and BCl3
with high energy are generated by high frequency electromagnetic field
in the Clp/BCl3/Ny mixed gas etching system, and then they are accel-
erated to the surface of the AIN film being etched. In general, a larger
ICP power can obtain a higher density of plasma, increasing the etching
rate. In our experiment, as the ICP power is increased from 500 W to 550
W, the etching rate increases from 193 nm/min to 230 nm/min. This is
because the etching system is in the reactant limited region when ICP
power is set at 500 W. Increasing the ICP power will generate a higher
concentration of Cly/BCls. These high density reactants will increase the
possibility of contact with the AIN film. However, the etching rate de-
creases when ICP power is further increased to 600 W, because the
plasma density probably reaches saturation, and higher plasma density
could promote polymer redeposition on the surface of AlN films, such as
AlClg; therefore, the etching rate drops at the ICP power of 600 W, as
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shown in Fig. 3 (a). The selectivity (the etching rate of the AIN relative to
the S1818 photoresist mask) has a similar trend. The chemical reactions
are dominant in the AIN etching process, therefore a higher etching rate
could also achieve a better selectivity. However, once the ICP power
reaches saturation, like 600 W in our case, the redeposition or polymer
formation will limit the chemical reaction contribution. In the mean-
while, more Ny and BClg reach the surface and promote the physical
bombardment, which leads to a poor selectivity, as shown in Fig. 3 (a).
When the ICP power is 500 W, the etching is in reactant limited region, a
relatively low etching rate and a poor etching profile are obtained. As
the ICP power increases to the 550 W, the etching profile reaches nearly
85°, which attributes to the higher concentration of reactants Clp/BCl3
and more powerful physical bombardment of BCl3/N,. However, since
the plasma density generated at the ICP power of 600 W is much higher,
polymer redeposition would limit the chemical etching process, thereby
reducing the etching rate and volatilization rate, as well as the profile, as
indicated in Fig. 3 (a).

RF power plays another key factor for controlling the plasma
bombardment energy to the sample. As shown in Fig. 3 (b), as the RF
power increases from 75 W to 95 W, the kinetic energy of Clo/BCl3/Ny
increases. In this case, Clp/BCl3 mixture gas with higher energy would
increase the possibility of AlI—N bond breaking and Cly/BCl3
bombardment at the surface of AIN being etched, so that the etching rate
increases. On the other hand, due to the exothermic reaction and
physical bombardment, a higher RF power would increase the temper-
ature of the etched surface, which could promote the generation of
AlyClg dimers from AlCls molecule, which would desorb more easily
from the surface. Therefore, both chemical and physical processes are
enhanced. As for selectivity, when RF power is increased from 75 W to
80 W, the selectivity slightly increases to 0.76 as the possibility of
breaking Al—N bonds increases. Unfortunately, due to the strong kinetic
energy of Clo/BCl3/N», physical bombardment is much stronger under
95 W RF power. The chemical etching of AIN does not change much,
however, the etching rate for the photoresist becomes larger, leading to
a significant drop on the selectivity. As for the profile, the best sidewall
slope is obtained under 80 W RF power. Similar to the trend of selec-
tivity, the profile becomes much worse. It can be seen from the Fig. 3(b)
that rate of increase of the etching rate decreases. Through our etching
model, in step 3, more AlCl; molecules and B radicals are generated on
the surface due to a higher RF power. However, despite the enhance-
ment of physical bombardment, a large number of molecule products
cannot be desorbed in time, which leads to a much poorer etching
profile.

The influence of the reaction pressure has been studied as well, since
the chamber pressure determines the mean free path of the reactants. As
the pressure increases, the mean free path of the plasma Cly/BCl3/Ny
reduces, but the possibility of plasma collision increases, which means
the directionality of the movement is decreased, and it would be more
difficult for the chemical reactants to reach the AIN surface. On the other
hand, due to the reduction of the kinetic energy of plasma, the chemical
reactions become more difficult even if the plasma reaches the AIN
surface. Therefore, the etching rate of AIN film drops while increasing
the reaction pressure as shown in Fig. 3 (c). As for selectivity, it keeps
decreasing from 0.75 to 0.52. The AIN is hard to be etched through
chemical process, so that the chemical etching is limited, and the
physical bombardment is relatively weak. As for profile, it changes from
greater than 84° to approximately 62° from 0.5 Pa to 1.3 Pa, as shown in
Fig. 3 (c). The higher pressure will also lead to redeposition and for-
mation of polymer, because such relatively low energy BCl3/N» cannot
effectively desorb the products AlCl3 and B into the vapor phase, the ICP
etching tends to be isotropic.

The influence of Clp, BCls and Nj gases has been studied and
analyzed in Figs. 3 (d-f). According to the etching model, after Cl, gas is
absorbed at the AIN surface, it can react with AIN and produce AlCl3
effectively. As shown in Fig. 3 (d), as for etching rate and selectivity,
they both go up as the flow rate of Cl, gas increases from 32 sccm to 36
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Table 1
Influence of AIN ICP Etching parameters.

Parameters Etching Rate (nm/min) Selectivity
RF Power 1 _
Pressure 1 1
BCl3 l 1
Ny 1 1

1 Indicates an increase in value, | indicates a decrease in value.

sccm. However, they do not further increase as the Cly flow rate con-
tinues to increase. The product AlCl3 generated in such chemical reac-
tion will be redeposited on the AIN surface, and with a higher proportion
of Cly, the efficiency of desorbing the AICl3 into the gas phase becomes
lower, which would limit further reactions, therefore the etching rate
drops under 36 sccm Cly flow rate. As for profile, as shown in Fig. 3 (d),
when the flow rate of Cl; gas is increased to 36 sccm, the best profile can
be obtained due to an optimal chemical etching rate, while AlClg can be
generated from AlClg efficiently by physical bombardment. However,
the anisotropic etching is limited by the redeposition on the surface, so
the profile becomes much worse.

Compared to Cly gas, the reaction rate of BCl3 and AIN is slow. Ac-
cording to steps 2 and 3 in the etching model, BCl3 needs to be disso-
ciated into BCly, BCl and Cl, then they react with AIN, respectively. On
the one hand, due to the oxidizing property, the reaction rate of BCls,
BCl;, and BCl with AIN is slower than that of Cl. On the other hand, the
product B generated by the etchants BCls, BCly and BCI will be rede-
posited on the surface being etched. This multi-step chemical reaction
makes BCl3 decrease the total etching rate, because the presence of such
gas will occupy certain areas of the AIN surface, where the etching rate is
much lower than the area occupied by the Cly gas. However, the BCl;3
can etch oxide layer quickly by strong physical bombardment and AlCl3
as well, which means a certain amount of BCl3 can increase the total
etching rate, because the Cly gas can hardly etch the Al;O3, regardless of
physical or chemical processes, as shown in Fig. 3 (e). The selectivity has
the same tendency as the etching rate, because the chemical reaction is
limited, as shown in Fig. 3 (e). As for the profile, it can be seen from
Fig. 3 (e) that because flow rate of 6 sccm BCls is better to efficiently
desorb the product, the profile reaches greater than 84°. With a higher
flow rate, the proportion of BCl; is too large, which reduces the profile to
about 75°.

N, gas acts as the physical bombard gas. The increase in flow rate of
Ny will enhance the physical etching process. On one hand, more Ny
results in a better dissociation of BCl; to generate BCly, BCl and Cl,
which means it can increase the density of etchant. On the other hand,
the strong physical bombardment of Ny could promote the product
desorption into gas phase and reduce the effects of redeposition and

Fig. 4. SEM cross-section view of AIN etching results with photoresist mask.
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Table 2
ICP etching characteristics of etching AIN.
Work Mask ICP (W) RF Power/Voltage Pressure Etching Gas Etching Rate (nm/min) Profile (°)
[25] Ni 500 =310V 2 mTorr Cl,/BCls/Ar 176 80.1
[33] Si0, 700 80 W 0.5 Pa Cl,/BCls/Ar 77.5 83
[30] Photoresist NA NA NA Cl, based NA 60
[26] SiNy 500 100 W 0.5 Pa Cly/BCl3/Ar 750 NA
[28] NA 500 83V 10 mTorr Cl,/BCl3/0, 90 NA
Ours Photoresist 550 80 W 0.5 Pa Cl,/BCl3/N, 230 > 84

Fig. 5. SEM cross-section view of AIN etching results with Ni mask.

polymer formation. These two aspects show that Ny can not only
enhance chemical reactions, but also strengthen physical bombardment,
as shown in Fig. 3 (f). Although the heavier molecular is a better choice
for achieving a higher etching rate, selectivity is also a significant factor
in ICP etching, especially for fabricating the AIN CMR. Since the physical
bombardment efficiency of nitrogen is lower than that of argon, the
selectivity of the etching with nitrogen is better compare to argon,
however, it is undeniable that nitrogen would slightly reduce the etching
rate. As shown in Fig. 3 (f), the profile decreases from 84° to 70°, since it
is difficult to control the directionality under higher etching rates with a
high ratio of Na.

Table 1 gives the influence of different etching parameters. It has
shown that etching rate has the same relationship with RF power.
Etching rate and selectivity have a positive correlation with flow rate of
Ny, while they have opposite relationships with flow rate of BCl3 and
pressure.

Fig. 4 illustrates an AIN etching profile with over 84° sidewall using
the optimized etching recipe at 550 W ICP power, 80 W RF power, the
Cly/BCl3/N; flow rate of 36/6/5 sccm, respectively. Table 2 shows the
comparison of etching rate and profile of AIN ICP etching with other
works. In most AlN-based piezoelectric thin film transducers, the
thickness of piezoelectric layer would not be too thin or too thick,
generally between 0.2 pm to 2 pm. In this situation, the etch rate of 230
nm/min is a reasonable number. J. Yang et al. [33] have reported an AIN
ICP etching recipe of 77.5 nm/min and 83° etching profile. Although it
has similar profile, the etching rate might be slow for applications
requiring thicker film. A. P. Shah et al. [26] reported a high etching rate
recipe of 750 nm/min in (11—22) semi polar AIN. However, they did not
show the etching profile, and such semi polar AIN cannot be used as
piezoelectric transducers due to low dss. Our optimized AIN ICP etching
recipe can achieve the best etching profile with a reasonable etching rate
for a variety of applications.

3.3. Ni mask sample etching

In order to verify the good compatibility of the recipe demonstrated
in the previous section. A 150 nm Ni layer deposited by electron beam
evaporation system is used as the etching mask. It can be seen from Fig. 5
that the profile is nearly 80°, while the selectivity is greater than 30 (the
etching rate of the AIN relative to the etching rate of Ni mask). Such a

good profile and selectivity indicate that it is a promising method for
device manufacturing using Ni as both the etching mask and top
electrode.

3.4. AlScN etching model

AlScN dry etching is a critical problem in fabrication of AlScN film
based transducers. In order to analyze the AlScN ICP etching reaction
mechanism, the Cly/BCl3/Ny mixed gas etching can be described by the
following five-step plasma etching model:

Step 1. Non-dissociative adsorption:

Cly(gas) + Al;_xScxN—Cl, (ads) + Al; _,ScxN;

BCl;(gas) + Al;_xSc,N—BCl;(ads) + Al;_,ScxN.
Step 2. Dissociative adsorption:

Cl,(ads) 4+ Alj_xScxN—2Cl(ads) + Al;_ScxN;

4BCl;(ads)+Al;_Sc,N—BCl; (ads)+BCl, (ads)+BCl(ads)+6Cl(ads)
+B(ads)+Al;_,ScyN.

Step 3. Formation of product molecule:

6Cl(ads) + 2Al,_,Sc,N—2xScCl; (ads) + 2(1 — x) AlCl;(ads) + N, (ads);

BCl;(ads)+BCl, (ads)+BCl(ads)+2Al; _xSc,N—2xScCl; (ads)
+2(1—x)AICl;(ads)+N, (ads)+3B(ads)

Step 4. Desorption of product molecule:

2AICI; (ads)— Al Clg(gas);

N, (ads)—N;(gas)
Step 5. Residue removal:
B(ads) + 3Cl(ads)—BCl;(gas)

Similar to the first two steps of the AIN etching model, Cl5/BCl3 in
gas phase is non-dissociatively adsorbed at the surface of AlScN films.
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Fig. 6. ICP etching rate, selectivity and profile versus RF Power.

Then Cl; is dissociatively adsorbed into Cl, while BCl3 is adsorbed into
BCly, BCl, Cl, B respectively. In step 3, BCls, BCly, BCl, Cl will react with
Alj 4xScxN at the surface being etched. The products of the chemical re-
action are ScClz and AlCl3. ScCls is an ionic compound, which is less
volatile than AICls. The sublimation temperature of ScCls is about 900
degree Celsius, but only 100 degree Celsius for AlCl3. Moreover, AlCls,
ScCls, N3 and B by-products are generated due to the oxidizing property
of CL. In step 4, gas phase AlyClg dimers are generated. Since the subli-
mation temperature of ScCls is very high, covalent ScCls is difficult to be
desorbed into the gas phase, which will remain at the surface being
etched. Only the high energy physical bombardment can make ScCls
leave the surface. In step 5, residue B will be desorbed into the gas by
generating BCls.

3.5. AIScN etching process optimization

RF power can control the energy of the plasma bombarding to the
sample. With increasing the RF power from 80 W to 100 W, the energy of
Cly/BCl3/N; plasma bombarding to the Algg4ScogsN sample increases.
Such higher energy can increase the possibility of AI—N and Sc—N bond

Microelectronic Engineering 242-243 (2021) 111530

breaking by chemical reactions. According to the AlScN etching model, the
generating rate of ScClz and AICl; will increase in step 3. At the same time,
the BCl3/N» will reach the Alg 94Scg 06N surface easier, which can enhance
the physical bombardment, so that the products ScCls will be removed from
surface faster and then the etching rate will increase. However, the increase
of RF power will significantly enhance the kinetic energy of heavy plasma,
like BCl3 and Ny, the selectivity will be decreased, as shown in Fig. 6. As for
the profile, its tendency is similar to the selectivity. The sidewall angle is
above 70° at RF power 80 W, and then decreases to 67.5°, due to the too
strong physical bombardment by BCl3/Ny.

It can be seen from Fig. 7 that the optimized profile is higher than
77°, while the etching surface is very smooth and clean. Our optimized
etching recipe is 550 W ICP power, 80 W RF power and the flow rate of
Cly/BCl3/N; are 15/30/5 sccm, respectively.

3.6. AIN CMR device fabrication

AIN lateral field excitation (LFE) contour-mode resonators (CMRs)
were fabricated using a traditional 4-mask process.

The fabrication process flow is shown in Fig. 8. Starting from a high-
resistive (100) silicon wafer, the bottom electrode of 10 nm Ti/100 nm
Pt was patterned by physical vapor deposition (PVD) through a lift-off
process. Then, 1 pm piezoelectric layer was deposited using EVATEC
CLN200 magnetron sputtering system. After that, 200 nm Al was
deposited and patterned as the top electrode via a lift-off process. Then,
the optimized ICP etching step was used to define the shape of the CMRs,
using S1818 photoresist as the etching mask. The last step was to release
the resonator via. The device was released by XeF; etching and char-
acterized using Keysight® N5234B network analyzer.

As shown in Fig. 9, a 4-finger lateral-field-excited (LFE) AIN contour-
mode resonator (CMR) with A = 20 pm and L = 170 pm is fabricated with
a resonance of approximately 400 MHz and a quality factor of over
1600.

4. Conclusion

In this paper, we have investigated the ICP etching characteristics of
AIN and Alg 94Sco.06N piezoelectric thin films. By optimizing the pa-
rameters of Cly, BCl3 and N flow rates, pressure, RF power and ICP
power, a nearly vertical profile angle of 84° is obtained at AIN thin films,
with a desirable etching rate of approximately 230 nm/min, and a
selectivity of 0.77:1 relative to S1818 photoresist. Meanwhile, the same
AIN thin film with Ni mask is also investigated to analyze the compat-
ibility. A profile of nearly 80° and a selectivity over 30 are achieved. The
etching performance is analyzed through a 5-step model and optimized
etching profile is evaluated with AIN piezoelectric resonator device
fabrication. A 4-finger AIN LFE CMR is fabricated and characterized with
operating resonance at 400 MHz and a high Q exceeding 1600.

Fig. 7. SEM cross-section view of Al 94Sco o¢N etching results with photoresist mask.
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Fig. 8. (a) Stating with a high-resistive Si wafer. (b) Lift-off the Ti/Pt layer as the bottom electrode on 4-in. silicon wafer. (c) Deposit AIN piezoelectric layer. (d) Lift-
off the Al layer as top electrode. (e) ICP dry etching. (f) Release the CMRs through XeF,.

_404|C0=229.69 fF Measurement
C,,=2.44 fF — Fit
. L,,=64.80 uH
@ S01R,=131210
~ R,=131.77 Q
3
2 -60-
© -
£ 70
< f,=400.34 MHz
f,=402.43 MHz
80 k2=0.96 % q )
Q,,=1605
-90 . r
360 380 400 420 440
Frequency (MHz)

Fig. 9. The admittance response of AIN CMR. Measured admittance data is in black line, and the fitted admittance is in red line; the inset is an optical microscopy top

view of the fabricated AIN CMR.
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