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Abstract—Recent literature has focused on improving 
piezoelectric coupling coefficients by alloying aluminum nitride 
(AlN) with scandium (Sc).  Akiyama et al. showed the highest 
piezoelectric coefficient increase of nearly four times for a 41% Sc 
substitution for Al.  Thus far, studies mainly focus on material 
measurements such as x-ray diffraction or piezoelectric constants 
to assess the material quality.  Although these measurements are 
useful to assess the improvement in the piezoelectric performance 
of the material, they do not address changes in the coupling 
coefficient and quality factor.  Resonator structures are needed to 
directly extract these key performance parameters for film 
assessment.  Fabrication integration, however, must be minimized 
to avoid obscuring film performance by extrinsic device effects.  In 
this work, we assess a film evaluation tool using contour mode 
resonators (CMRs) to directly extract resonator performance for 
film comparison.  Resonators formed from AlN, Sc0.06Al0.94N, and 
Sc0.125Al0.875N films are compared to demonstrate the method. 

Keywords—scandium aluminum nitride, contour mode 
resonator, coupling coefficient, quality factor 

I. INTRODUCTION 

Aluminum nitride (AlN) piezoelectric resonators, 
specifically film bulk acoustic resonators (FBARs), dominate 
the current market for wireless radio frequency (RF) filters for 
cellular applications [1].  FBAR’s success in comparison to 
other RF MEMS resonators is due to superior combination of 
bandwidth, out-of-band rejection, insertion loss, and 
complementary metal oxide semiconductor (CMOS) fabrication 
compatibility.  A suspended piezoelectric film, along with top 
and bottom electrodes, as shown in Figure 1, forms an FBAR.  
When an alternating electric potential is applied across the 
piezoelectric film, it expands and contracts in the thickness 
direction.  A resonance is formed through the thickness of the 
piezoelectric film when the thickness equals half a wavelength.  
Thus, film thickness sets an FBAR filter’s center frequency.  As 
a result, achieving even small frequency variations within a 
wafer requires the addition of multiple mask steps to manipulate 
film thickness over portions of the wafer. 

Contour mode resonators (CMRs) overcome this limitation 
by achieving resonance in the plane of the film, where 
lithography establishes frequency rather than film thickness.  
Sandia’s microresonator program has demonstrated this 
advantage with 32 kHz to 10 GHz resonators built in a single 

fabrication process [2].  A CMR example is shown in Figure 2, 
where a set of interdigitated fingers drive a resonance in the 
plane of the device.  Because the frequency is set by the width 
of the resonating structure, frequencies are established by 
lithography rather than film thickness.  This allows for a 
multitude of frequencies to be achieved in a single fabrication 
process and on a single chip.   

Although AlN CMRs have tremendous potential, they 
cannot meet the bandwidth requirements for many current RF 
needs because of the AlN’s lower lateral coupling coefficient 
(݇ଷଵ

ଶ ~2%	).  The figure of merit (FOM) for resonators is the 
electromechanical coupling coefficient times the quality factor 
(݇ଶ ∙ ܳ).  The FOM sets the lowest potential insertion loss of the 
resonator and has implications on filter bandwidth (BW).  The 
minimum achievable bandwidth is set by the ܳ  and the 
maximum ܹܤ by approximately half the coupling coefficient 

ቀ~ܹܤ)
ଵ

ଶ
ቁ ݇ଶ) [3].  The electromechanical coupling coefficient 

is a material dependent parameter which is a function of the 
piezoelectric film’s permittivity, stiffness, and piezoelectric 
constants.  Using material constants found in Table 1 and the 
stiffness matrix in [4], maximum material ܹܤ for AlN FBAR 
is approximately ݇ଷଷ

ଶ 2⁄ ൌ 3.1%.   

 
Figure 1  FBAR Resonator. 

 
Figure 2  Contour mode resonator. 
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Broader application of multi-frequency, CMR filters is 
constrained by the maximum bandwidth of the AlN lateral 
coupling coefficient.  Using the material properties given in 
Table 1, the maximum CMR BW is approximately 
݇ଷଵ
ଶ 2⁄ ~1.0%.  To widen potential application space for CMR 

resonators, innovation in nitride based piezoelectric films is 
needed to improve the lateral coupling coefficient.   

Table 1 contains the material parameters extracted for a 41% 
Sc-alloying percentage.  From these results, the lateral material 
coupling coefficient increases to 29%.  A coupling coefficient 
of just 6% would allow revolutionary RF filter designs.  Studies 
such as [5] mainly focus on material measurements such as x-
ray diffraction or piezoelectric constants to assess the material 
quality.  Although these measurements can be used to assess the 
improvement in the piezoelectric performance of the material, 
they do not address improvements in coupling coefficient and 
quality factor of resonators.  The coupling coefficient is 
extracted via calculations combining multiple measurements.  
The quality factor cannot be measured from direct film 
measurements.  Resonator structures are required to directly 
extract the key performance parameters for resonators. 

Fabrication integration, however, can obscure film 
performance.  For example, in [6], a CMR at 2.6 GHz with a 
coupling coefficient from 5.6% to 8.3% was developed, but the 
ܳ of 120 was limited by the electrode resistance.  In addition, 
there was no AlN control film for direct comparison. 

In this work, we assess a film evaluation tool using CMRs to 
directly extract resonator performance for film comparison.  The 
top electrode only CMRs are formed using a two mask process 
to minimize integration effects.  Arrays of resonator devices are 
formed to extract coupling coefficients as a function of 
frequency.  An auto-prober is used to measure device arrays.  
This method allows direct comparisons between AlN and ScAlN 
films to compare coupling coefficients and quality factors to 
assess new films based off not only improvements in 
piezoelectric performance, but quality factor performance. 

II. CMR DESIGN 

 The CMR consists of two interlocking comb-shaped arrays 
of metallic electrodes integrated with a free-standing 
piezoelectric film membrane to form an interdigital transducer 
(IDT).  Figure 3a show an example of a top view of an IDT 
CMR.  Note that the finger spacing and aperture are controlled 
as a function of the designed wavelength.  Figure 3b shows an 
example of a cross section perpendicular to the electrode fingers 
of an IDT CMR with electric field lines.  The vertical component 
of the electric field formed between the input and output 
electrodes couples into lateral strain via the film’s ݀ଷଵ 
piezoelectric coefficient.  A standing symmetric Lamb wave is 
formed between the boundaries of the plate when the plate width 
is equal to an integer number of half-wavelengths.  The 
electrodes are spaced center-to-center at half-wavelengths such 

that they are centered on the points of maximum strain in the 
standing wave.  The end electrodes are centered a quarter-
wavelength from the end of the suspended membrane.  The 
electrode widths are maintained at quarter-wavelength. 

III. RESONATOR FABRICATION 

The resonator fabrication is kept as simple as possible to 
prevent integration affects from obscuring film comparisons.  
Figure 4 shows the fabrication steps used to form the IDT-type 
resonator.  (a) First the piezoelectric film is deposited on a high 
resistivity (10	݇Ω ∙ cm) silicon (Si) substrate.  Three films were 
assessed in this work:  AlN, Sc0.06Al0.94N, and Sc0.125Al0.875N.  
The AlN and Sc0.06Al0.94N films were deposited by pulsed direct 
current magnetron sputtering of metallic Al and Al0.94Sc0.06 
targets in Ar + N2 atmosphere at Evatec using a 
CLUSTERLINE® 200 II single wafer production tool.  The 
Sc0.125Al0.875N film was deposited by co-sputtering from Al and 
Sc targets in a multi-source MSQ200 module.  All films were 
0.75 µm thick.  (b) Next, a 200 nm aluminum top electrode is 

Table 1  Material properties of AlN and Sc0.41Al0.59N. 
 ݀ଷଷ 

(pm/V) 
݀ଷଵ 

(pm/V) 
ܿଷଷ
ா  

(GPa) 
1
ଵଵݏ
ாൗ  

(GPa) 

,ଷଷߝ ଷଷ݇ ݎ
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AlN [4] 5.5 -2.6 395 283 11 6.3 2.0 
Sc0.41Al0.59N 
[5] 
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Figure 3   Freestanding IDT type CMR used for comparing 
FOM between films (a) Top down view of a 3 finger CMR 
showing the electrode and the release pit that defines the 
boundaries of the resonator.  (b) Cross-section perpendicular 
to the electrodes of a 2-finger CMR of showing the electric field 
lines. 

 
Figure 4  IDT CMR fabrication process showing (a) starting 
with piezoelectric film on silicon substrate (b) deposition and 
patterning of top electrode to form (c) piezoelectric film etch 
to the substrate (d) release via isotropic XeF2 etch. 



deposited and patterned.  The top electrode material selection is 
subject to choice as long as the sheet resistance is low enough to 
not load the quality factor, the electrode is compatible with 
release chemistry, and the electrode is consistent between the 
films under comparison.  The thickness should be chosen to 
appropriately lower the sheet resistance without significantly 
altering the resonant mode.  (c) The piezoelectric film is etched 
to define the resonator boundaries.  This etch defines the 
wavelength of the resonator.  A chlorine based etch is applied to 
etch both piezoelectric films.  Due to the addition of Sc, the 
Sc0.06Al0.94N and Sc0.125Al0.875N films are noticeably more 
difficult to etch [7].  The scanning electron microscopy (SEM) 
image in Figure 5 shows a reasonably vertical sidewall profile 
for Sc0.06Al0.94N.  (d)  Finally, the CMR is suspended by 
isotropic etch of the Si using xenon difluoride (XeF2).  A 
microscope image of a completed CMR is shown in Figure 6. 

FILM CHARACTERIZATION 

Rocking curve measurements demonstrated a full-width-
half-maximum (FWHM) of 1.4° for both AlN and Sc0.06Al0.94N.  
The FWHM of the co-sputtered Sc0.125Al0.875N film was 1.8°. 

RESONATOR CHARACTERIZATION 

An array of device wavelengths was designed to perform the 
material characterization.  Wavelengths from 6-19 µm were 
fabricated.  The device designs scaled with wavelength as shown 
in Figure 3a.  Designs with three, four, and five finger pairs 
(defined as N in Figure 3a) were fabricated.  An autoprober was 
used to probe devices across all wafers.  An Agilent E5071C 

network analyzer collected s-parameters for each device.  An 
example of 21S   for four finger devices across the wafer is 
shown in Figure 7.  

From the S-parameters, quality factor and coupling 
coefficient are calculated.  The quality factor (Q) is found by 
fitting the -3 dB bandwidth around the series resonance.  The 
effective coupling coefficient is found using the series and 
parallel resonant frequencies, sf  and pf , respectively, as 
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Figure 8 shows a comparison of S21 measurements for 
resonators of a fixed wavelength for the three wafer types.  As 
can be seen in the figure, the increasing Sc content lowers the 
resonant frequency of the device, indicating a lowering of the 

 
Figure 5  Cross sectional scanning electron micrograph of a 
Sc0.06Al0.94N film on Si after etching. 

 
Figure 6  Top view of a four-finger fabricated CMR. 

Figure 7  S21 for array of designs collected across wafer (AlN: 
blue, Sc0.06Al0.94N: red, Sc0.125Al0.875N: green). 

Figure 8  Comparison of S21 for a four-finger resonator with 
the same wavelength between AlN, Sc0.06Al0.94N, and 
Sc0.125Al0.875N as a function of frequency. 



speed of sound likely due to material softening due to the 
addition of Sc. 

Figure 9 shows the coupling coefficient comparison between 
AlN, Sc0.06Al0.94N, and Sc0.125Al0.875N.  Outliers were removed 
and considered a yield loss.  Error bars represent two standard 
deviations.  As expected, the Sc0.06Al0.94N shows an increase in 
coupling coefficient in comparison to the AlN.  The co-sputtered 
Sc0.125Al0.875N also shows improvement over the Sc0.06Al0.94N.  
Future work will compare films of same Sc content via different 
deposition methods. 

Figure 10 shows the quality factor comparison between AlN, 
Sc0.06Al0.94N, and Sc0.125Al0.875N.  The quality factor varies over 
the wafer for a given wavelength likely due to process variability 
due to small lot volumes.  Although the quality factor degrades 
for Sc0.06Al0.94N in comparison to the AlN, it is recaptured for 
Sc0.125Al0.875N.  Other works have also noted dependence of 
quality factor on Sc content [8].  Future work will investigate 
quality factor sensitivity to fabrication. 

CONCLUSION 

In this work, we presented a method to characterize 
piezoelectric thin films beyond x-ray diffraction and material 
characterization.  Resonator coupling coefficient and quality 
factor were extracted via resonator fabrication and 
characterization.  The resonator characterization showed a clear 
increase in coupling coefficient as expected with the addition of 
Sc to the AlN.  However, a corresponding quality factor 
dependence on Sc content was also noted that would have been 
missed via conventional thin film characterization. 

Demonstrating the value of this technique for film 
assessment, it required less than 48 hours from receipt of the 
films to perform the two-mask fabrication process, release the 
resonators, characterize them on an autoprober, and analyze the 
data.  It is expected that a high volume, production facility could 
further optimize the turnaround time. 
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Figure 9  Comparison of the coupling coefficient between AlN 
(blue circles), Sc0.06Al0.94N (red diamonds), and Sc0.125Al0.875N 
(green triangles) as a function of frequency for four finger 
resonators. 

 
Figure 10  Comparison of the quality factor between AlN (blue 
circles), Sc0.06Al0.94N (red diamonds), and Sc0.125Al0.875N 
(green triangles) as a function of frequency. 




