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Abstract: Film bulk acoustic resonators (FBAR) are promising candidates to replace surface acoustic
wave devices as filters or delay lines, but also offer exciting opportunities as biological or gas
sensors. In this work, solidly mounted FBARs were manufactured by substituting commonly used
pure aluminium nitride (AIN) by scandium doped aluminium nitride (ScAIN) thin films as the
piezoelectric layer. The ScAlN-based resonators feature a significant improvement of the
electromechanical coupling factor from ~3% to ~12% compared to the pure AIN, while the decreased
stiffness of ScAIN results in a decrease of the quality factor from ~300 to ~100 due to increased
damping losses in the piezoelectric material.
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1. Introduction

In the last decade, bulk acoustic wave (BAW) devices have almost completely replaced surface
acoustic wave (SAW) devices for highly demanding filtering applications such as duplexers in
modern electronics [1,2]. In addition, significant research efforts are targeted towards BAW based
mass sensors for biological, chemical or physical sensing applications [3-7]. Most commercially
available BAW devices are based on aluminium nitride (AIN) thin films due to its high stiffness and
CMOS compatibility [1]. The major drawbacks of AIN are the relatively low piezoelectric coefficients

(ds3r =3.9pm/V) and the relatively low intrinsic electromechanical coupling factor (d§3,f-

E
ij

recent years, there has been an ongoing effort to replace AIN by scandium doped AIN (ScAIN) in
micro electromechanical systems (MEMS) as well as in SAWs and BAWs for enhanced performance
[9-11]. In this work, we demonstrate superior properties of ScCAIN-based solidly mounted resonators
(SMR) compared to AIN-based devices.

c33/€0€33 = 6.5% with the stiffness tensor c; and the thin film permittivity tensor g¢;;) [8]. In

2. Materials and Methods

The devices are fabricated on (100) silicon wafer substrates covered with an acoustic Bragg
reflector of 5 alternating layers of silicon dioxide (SiO2) and molybdenum (Mo), starting with SiOs.
The thickness of the SiO2 and Mo layers are 521 and 629 nm, respectively, which is optimized for a
maximum reflectivity of the longitudinal acoustic wave at 2.5 GHz. The fabrication of the reflector is
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discussed in more detail in [12]. The reflector is then consecutively covered by sputter-deposited
chromium and iridium thin films with thickness of 15 and 150 nm, respectively. Chromium serves to
improve iridium adhesion. Subsequently, aluminium nitride or scandium doped AIN is sputter-
deposited on the metallic bottom electrode with a thickness of 1250 nm under nominally unheated
substrate conditions. Pure AIN is deposited from a 6 “aluminium target with a plasma power of 800 W,
a chamber pressure of 2 pubar and in pure nitrogen atmosphere with a constant flow of 50 sccm. ScAIN
is deposited from a 4” pre-alloyed ScAl target (27.:%:734:%) with a plasma power of 400 W, a chamber
pressure of 2.5 ubar and in a mixed argon/nitrogen atmosphere with flow rates of 30 and 20 sccm
respectively. The target to substrate distance was fixed at 65 mm in both cases. More details on the
deposition of AIN and ScAIN can be found in [11,13]. A 150 nm molybdenum layer is deposited and
patterned by wet chemical etching to create the top electrical contacts. The device is contacted in a
ground-signal-ground (GSG) configuration with a capacitive coupling of the ground contacts to the
iridium layer, which serves as the bottom electrode. This is illustrated in Figure 1. All manufactured
devices were characterized by measuring the S;; parameter using a signal network analyser (SNA)
E5062A from Agilent Technologies.
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Figure 1. Schematic cross-sectional view on the SMR device investigated in this work.

3. Results and Discussion

Figure 2a shows a comparison between the absolute impedance (Z) spectrum of multiple AIN
and ScAlIN-based SMR devices. The series resonance frequency f; is lower for the ScAIN-based
device, which can be directly attributed to the ~30% lower stiffness constant c3; of SCAIN compared
to AIN [14]. This results in a ~17% lower longitudinal acoustic velocity v; because v; « ,/c33.
Therefore, there is a similar decrease in the series resonance frequency according to f; = v3/1 with
the wavelength 1 being determined by the thickness of the piezoelectric thin film. This decrease of
the stiffness constant of SCAIN also results in increased damping losses, which can be seen be the
reduced Q-factor of the ScAIN-based devices, as shown in Table 1. The electromechanical coupling
factor k7 is calculated according to:

) fs fs
k2, =100 - {g : E}/{tan (gﬁ} (1)

where f, is the parallel resonance frequency [1,15]. The ScAIN-based SMR features an increase in
k¢ by a factor of 4 up to kZ;; = 12.18%, which is a remarkably high value compared to the AIN-
based device with a maximum of kZ;; = 3.14%. This increase is also clearly visible in the increased
separation of f; and f,, for ScAIN-based SMRs in Figure 2a, as kgff can alternatively (but less

accurately) be calculated as kZ;; = {r?(f, — f.)}/4f, and thus kZ;; « (f, — f5).
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Table 1. SMR device parameters of both ScAIN and AIN-based resonators.

Device fs fo Qs Q, k2
ScAIN, a6 2.123 2231 101.1 1581 11.37
ScAIN, a7 2109 2225 963 1788 12.18
ScAIN, a9 2.098 2206 109.2 1734 11.49

AlN, al 2.5 2.528 300.6 559.6 2.71

AlN, a6 2509 2542 261.6 346 3.14

Figure 2b shows the impact of different resonator surface areas on the performance of ScAIN-

based SMRs and the corresponding device parameters are given in Table 2. The shifts in the both the
series and parallel resonance frequency can be attributed to inhomogeneity in the film thickness of
the ScAIN layer due to the small target size. The baseline increases with the surface area due to the
increase in the capacitance of the device.
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Figure 2. (a) Absolute impedance of SMR devices based on ScAIN and on pure AIN. The sample
number ax denotes samples with the same geometry at different positions on the die; (b) Absolute

impedance spectrum of SMR devices with varying surface area A.

Table 2. SMR device parameters of ScCAIN-based devices with varying resonator area.

Area [um?]  f, fp Qs Qp kfzeff
15,200 2123 2231 101.1 158.1 11.37
25,200 2.141 2245 879 1625 10.99
37,700 2.183 2281 128.6 280 10.2
55,200 2156 2263 924 2132 11.06

4. Conclusions

In this work, we demonstrated the fabrication of ScCAIN-based SMRs and provided a comparison
to AIN-based SMRs of identical device geometry. The characteristics of both types of resonators show
a significantly increased value of up to kZr; = 12.18% for ScAIN-based devices compared to only
ks = 3.14% for AIN-based SMRs. This enhanced efficiency comes at the cost of a reduced quality
factor and resonance frequency, which can be attributed to the increased damping and reduced
stiffness in the softer ScAIN film. Future efforts will focus on how to improve the quality factor while
maintaining a high electromechanical coupling.
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