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 

Abstract— This letter presents the first demonstration of 
thin-film ferroelectric Aluminum Scandium Nitride (AlScN)-
on-silicon composite resonators, targeting high-overtone 
resonance modes in the sub-6GHz band with a high figure 
of merit (FoM). The resonators are based on sputtered 
ferroelectric AlScN films with Sc/(Al+Sc) ratio of ~30% and 
thickness of ~1𝝁m. 

Two types of AlScN thickness-extensional (TE) 
resonators are co-fabricated on the same SOI platform; with 
and without a 3.55μm-thick Si layer in the resonant stack. 
We show that although the passive Si device layer 
underneath the thin piezo-stack results in degradation of 
the electromechanical coupling coefficient (kt

2), it boosts 
the quality factor (Q), provides structural robustness, and 

improves the overall Q×kt
2 FoM. The resonant frequency 

spectrum of the high-overtone TE modes of AlScN-on-Si 
composite resonator is analyzed and the dependency of kt

2 
on the Si device layer properties is studied. A high kt

2 value 
of 11.7% at the 3rd-order TE resonant frequency of 2.4 GHz 

is reported, yielding a high kt
2×Qmax FoM of 84. The reported 

FoM shows 2× improvement compared to the co-fabricated 
AlScN-only FBARs.  

 

Index Terms— Composite FBAR (C-FBAR); Aluminum 
Scandium Nitride; ferroelectric; resonator. 

I. INTRODUCTION 

MERGING next generation wireless communication systems 

(4G LTE/5G) require extended frequency bands, larger 

bandwidths, and higher power handling capabilities while 

minimizing the complexity of filter architectures to fulfill the 

increased frequency spectrum utilization [1]–[4]. Thin-film 

bulk acoustic resonators (FBARs) have proven to be promising 

candidates for high-performance acoustic filters in 5G mid-

band [2], [3]. Adding switching and tuning capability to the 

FBARs can reduce the overall filter size, complexity, and 

fabrication cost [5]. Recently, we reported on the frequency 

tuning and intrinsic polarization switching of FBARs based on 

ferroelectric Al0.7Sc0.3N thin films [6], [7]. One of the 

challenges associated with the realization of polarization 

switching in acoustic resonators is the high voltages required 

for ferroelectric switching due to the ultra-wide bandgap of AlN 

[6]–[8]. Thus, piezo-stack thickness reduction (i.e. < few 

hundreds nm) is necessary to achieve lower coercive voltages.  
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Additionally, thinning down the film thickness is critical for 

scaling up the frequency of acoustic devices [9], [10]. However, 

the thickness reduction can pose fabrication challenges (e.g. 

high thin-film stress, low device yield), as well as increased 

self-heating, lower quality factor (Q), and unwanted 

nonlinearities. Such challenges make ultrathin acoustic 

resonators not desirable, particularly for high-power 

applications [11]–[15].  

In this work, we demonstrate composite FBARs (C-FBARs), 

based on a thin-film Al1-xScxN on Si, taking advantage of the 

enhanced electromechanical coupling coefficient (kt
2) by using 

x= %30 [16]–[20]. A box-like ferroelectric hysteresis behavior 

is observed in C-FBARs with a coercive electric field at ~3 

MV/cm and a linear frequency change is induced with bias 

voltage at -85V to 85V (Fig. 1). We demonstrate a high kt
2×Q 

FoM, as a proof of concept and pathway for further thinning of 

the ferroelectric films deposited on the high-Q substrates. 

Adding a high-Q device layer underneath the sandwiched 

piezoelectric structure enables 1) high-frequency operation 

while maintaining the Q [21]–[23], 2) multi-mode resonance 

with mechanical robustness, avoiding thin-film stress issues 

found in conventional FBARs [24], and 3) higher power 

handling capability and lower self-heating due to including the 

substrate layer in the resonant stack [22], [25], [26].   
The influence of the substrate in composite resonators is 

discussed in [21], [24], [27], [28]. Here, we demonstrate that C-

FBARs show improved kt
2×Q FoM, with a higher Q and lower 

kt
2 compared to the co-fabricated FBARs. Furthermore, we 

provide design guidelines to optimize the passive substrate 

layer material and thickness, targeting the highest achievable 
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Fig. 1. (a) The hysteresis P-E loop of the Al0.7Sc0.3N on Si C-FBAR 

with an area of 2.69 × 10−4cm2 and taken at an input frequency of 
1kHz.(b) Frequency vs. DC voltage plot of f3 mode C-FBAR with 
bias -85-85V. 
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kt
2. We analyze the dependency of kt

2, the multi-mode resonant 

frequencies (fr), and the spacing between two adjacent 

resonance modes (Δf) on the acoustic impedance ratio of the 

substrates to the piezo-film (Zsb/Zp) [27], [29]. We report on 

high-overtone ferroelectric AlScN-on-Si C-FBAR with Qmax of 

720 and kt
2×Qmax FoM of 84, which is 2 times larger than the 

FoM of the co-fabricated AlScN-only FBAR.  

II. FABRICATION PROCESS 

The sequential fabrication process steps are demonstrated in 

Fig. 2. The 8-inch wafer consists of Mo/Al0.7Sc0.3N/Mo/Si/SiO2 

with the respective thicknesses of 0.1/0.9/0.1/3.55/0.1𝜇m (Fig.  

2(a)). The piezo-stack is sputter-deposited on an SOI substrate 

using Von Ardenne CS 730S cluster at VTT Technical 

Research Center of Finland. The top/bottom Mo electrodes are 

etched using RIE with SF4-based etchants. The Al0.7Sc0.3N layer 

is etched using ICP with Cl2-based etchants (Fig. 2(b)). A 

150nm-thick SiO2 passivation layer is deposited between 

top/bottom Mo layers for isolation (Fig. 2(c)). Ti/Au 

(15/300nm) layer is deposited as the contact pads (Fig. 2(d)). 

Finally, C-FBAR devices are released by DRIE from the wafer 

backside, leaving the 3.55𝜇m-thick Si device layer in a resonant 

stack (Fig. 2(e)). Mo/AlScN/Mo FBARs are released from the 

front side using trenches with XeF2-based isotropic Si etching 

(Fig. 2(f)). Fig. 2(g), (h) show the scanning electron microscope 

(SEM) images of fabricated 2-port C-FBAR and FBAR.  

III. DEVICE CHARACTERISTICS 

The acoustic device performance is simulated using 

COMSOL finite element analysis (FEA). Fig. 3(a) illustrates 

the schematics of the four-layered C-FBAR. Fig. 3 (b) shows 

the simulated frequency response (FR) of the C-FBAR and 

FBAR. The wideband FR of the FBAR shows a fundamental 

TE mode at the series/parallel resonant frequency (fs/fp) of 

2.57/2.77GHz. The C-FBAR exhibits equidistant nth-order 

resonance (fr(n)) modes with frequency spacing (Δ f3-4) of 

0.74GHz between the fr(3) and fr(4). 

The characteristics of the multiple resonance modes of C-

FBARs are determined by the acoustic material properties and 

thicknesses of each layer. We analyze the distribution of Δfn-

(n+1) and kt
2(n) to target the resonance mode with the highest 

FoM, beginning with the electrical input impedance (Zin) of a 

four-layered C-FBAR [27], [29], [30]. The nth-order fp(n)/fs(n), 

can be extracted by setting |𝑍𝑖𝑛|  = ∞/0. The distribution of 

kt
2(n) and Δ fn-(n+1) (i.e. Δf(n) between the adjacent fp(n)/fs(n) 

modes) can be calculated by [27], [29]: 

𝑘𝑡
2(𝑛) =

𝜋2

4
∙
𝑓𝑠(𝑛)

𝑓𝑝(𝑛)
∙ [1 −

𝑓𝑠(𝑛)

𝑓𝑝(𝑛)
]. (1) 

∆𝑓𝑠,𝑝(𝑛) = 𝑓𝑠,𝑝(𝑛 + 1) − 𝑓𝑠,𝑝(𝑛). (2) 

It has been shown that the acoustic impedance ratio of the 

substrate to the piezoelectric film (Zsb/Zp) is critical in 

determining kt
2(n), where two characteristic regions of Δf(n) 

exist: (i) normal (ΔfN, at γ≈nπ ) and (ii) transition (ΔfT, at 

γ≈(n+1/2)π) regions [27], [29]. When Zsb/Zp<1 (i.e. soft 

substrate), maximum(max) kt
2(n) is located at the first normal 

region (γ≈π), which is close to f=v/2tp. In other words, kt
2(n) is 

max at the half-wavelength fr of the piezoelectric film while 

Δf(n) carries the first minimum(min) value. Whereas when 

Zsb/Zp>1 (i.e. hard substrate), max kt
2 occurs at the first 

transition region (γ≈(1/2)π), which is close to f=v/4tp. In other 

words, kt
2(n) is max at the quarter wavelength fr of the 

piezoelectric film as Δf(n) has the first min value [27], [29].  

 

 
Fig. 2.  The fabrication process of the AlScN C-FBARs and FBARs: (a) 
starting wafer cross-section schematic; (b) top electrode patterning and 
Al0.7Sc0.3N etching; (c) bottom electrode patterning and SiO2 isolation 
layer deposition; (d) Ti/Au deposition; (e) backside DRIE of Si handle 
layer to release C-FBARs; (f) front side release of the FBARs from Si 
device layer. The SEM images of (g) C-FBAR and (h) FBAR. 
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Fig. 3. (a) The schematic of the 4-layered C-FBAR. The FEA simulated 
results are analyzed; (b) The FR of Mo/AlScN/Mo FBAR and C-FBAR 

on Si substrate with Δf. The (c) Δf and (d) kt
2 distributions of C-FBAR 

fr(n) mode with varied tSi. (e) The FR of C-FBAR with varied tSi along 

with the FBAR. (f) The Δf3-4 and offset Δfn-(n+1) vs tSi; the Δfn-(n+1)  is 

evaluated using a pure Si with the same thickness of C-FBAR stack.  
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Here, the impact of the Si thickness on kt
2(n) and Δf(n) is 

studied and illustrated in Fig. 3(c-d). The highest kt
2 can be 

achieved from the fr(3) mode of C-FBAR with 3.2𝜇m Si 

thickness when fr of the C-FBAR matches the fundamental TE 

mode fr of the FBAR (Fig.3(e)). In this work, since ZSi/ZAlScN 

<1, max kt
2 is achieved when the fr(3) of C-FBAR matches fM 

which is the half-wavelength fr of the piezoelectric film (Fig. 

3(d)). 

Moreover, it is found that there is a strong correlation 

between the distribution of kt
2 and Δf versus Si device layer 

thickness. Δf can be calculated based on the substrate acoustic 

phase velocity (vsb) and thickness (tsb) [25], [32], showing the 

adjustability of Δf by varying tsb (Fig. 3(f)). Δf n-(n+1) with varied 

tsb is plotted in Fig.3(c), presenting a periodic distribution vs. 

frequency. The observed ripples are caused by an acoustic 

impedance mismatch between Zt and Zsb from the multi-layer 

heterostructure [31]. It is observed that the fr corresponding to 

the first min of Δf(n) matches the fundamental TE fr of FBAR. 

The max kt
2 of C-FBAR can be obtained at the first normal 

region(ΔfN), which is close to the fundamental TE fr of FBAR. 

Such characteristics offer design guidance to optimize the 

resonant stack critical to maximizing kt
2.  

IV. EXPERIMENTAL RESULTS 

Fig. 4 illustrates the measured and FEA-simulated wide-band 

FR of the FBAR and C-FBAR. Table I summarizes the 

characteristic of the measured nth-order resonance modes. The 

highest kt
2 is achieved from 3rd-order TE mode with a resonance 

frequency closest to the fundamental TE fr of AlScN-only 

FBAR. Fig. 5(a) demonstrates the corresponding zoomed-in 

peaks of the de-embedded Y11 magnitude and S11 phase of the 

fr(3) TE mode along with the Modified Butterworth Van Dyke 

(MBVD) model (Fig. 5(b)). The kt
2 is extracted using fs and fp 

from the measured Y11 parameter (Fig. 5(c)) [10]. The unloaded 

quality factor (Qm) of the resonator is estimated both from the 

Bode Q (QBode) with S11 group delay, as well as the phase slope 

from the impedance Z11 parameter, where ∅ is the phase [33]: 

𝑄𝐵𝑜𝑑𝑒 = 𝜔 ×
|𝑆11|𝑔𝑟𝑜𝑢𝑝_𝑑𝑒𝑙𝑎𝑦(𝑆11)

1−|𝑆11|
2 ,                  (3) 

𝑄𝑠,𝑝 =
𝑓𝑠,𝑝

2
|
𝑑∅

𝑑𝑓
|.                             (4) 

Fig. 5(c) illustrates the measured S11 parameter fitted with the 

MBVD model of the continuous Q circle. The Q circle is placed 

at the center of the Smith chart by using source impedance 

matching. The QBode versus frequency (3) and Qs,p versus 

frequency (4) are plotted in Fig. 5(d). The computed Qp of 689 

and Qmax of 720 are obtained from the MBVD-fitted model. The 

relatively low Qs are attributed to the large ohmic losses in Rs. 

Future work will focus on improving Qs with bordering to 

suppress spurious modes and optimizing metal electrodes to 

reduce ohmic losses [34], [35]. 

V. CONCLUSION 

We reported on ferroelectric AlScN FBARs and AlScN-on-

Si high-overtone composite FBARs, fabricated on the same SOI 

platform. The measurement results of Al0.7Sc0.3N FBAR and C-

FBAR are compared in Table II. By including a 3.55𝜇m-thick 

Si substrate underneath the piezo-stack, an FoM (Qp×kt
2) of 80 

was achieved, which is 2 times larger than AlScN FBAR FoM 

[6], [7]. This work provides a single-chip multi-frequency 

solution for RF filters in the sub-6GHz band with a high FoM. 

 
Fig. 4. Wideband Y11 FR of the measured (blue solid line) and simulated 
(black dotted line) C-FBAR, along with the simulated FBAR (red dotted 
line). 2D cross-section displacements of nth-order TE mode are shown.  
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Fig. 5.  Measured and MBVD-fitted results of AlScN-on-Si C-FBAR. (a) 
–(b) Zoomed-in C-FBAR admittance and S11 phase plot along with 
Modified Butterworth-Van Dyke (MBVD) fitted model, (c)-(d): Smith 

chart demonstration of S11 and computed C-FBAR Bode Q. 
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TABLE II 
AL1-XSCXN BASED TE MODE ACOUSTIC RESONATOR FOM COMPARISON  

 
On 

Sub* 

Scx 

(%) 

fp 

(GHz) 
Qp kt

2(%) Qp×kt
2 

SMR[19] Y 20 2.4 650 12.3 79.95 

XBAW[20] N 28 3.4 831 14.82 123.1 

FBAR[14] N 9 2.23 513 9.5 48.73 

FBAR [6] N 28 3.17 210 18.1 38 

C-FBAR[28] Y 0 3.26 2507** 2.12 53.1 

This Work Y 28 2.47 689 11.7 80.54 

*: Piezo-on-substrate; **:Qmax from MBVD 

 

 

TABLE I 
CHARACTERISTICS OF MEASURED NTH-ORDER TE MODES IN C-FBAR 

Mode fs (GHz) fs (GHz) kt
2(%) Q,max Q,max×kt

2 

1 0.755 0.758 1.1 1038 11.42 

2 1.619 1.644 3.69 369 13.62 

3 2.348 2.471 11.69 720 84.16 

4 3.023 3.117 7.2 550 39.65 

5 3.859 3.959 6.06 533 32.34 
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