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Yury Oshmyansky, and David A. Horsley, Senior Member, IEEE

Abstract—This paper presents the design, fabrication,
and characterization of piezoelectric micromachined ultra-
sound transducers (PMUTs) based on scandium aluminum
nitride (ScxAly_xN) thin films (x = 15%). ScAIN thin film was
prepared with a dual magnetron system and patterned by a
reactive ion etching system utilizing chlorine-based chemistry
with an etching rate of 160 nm/min. The film was characterized
by X-ray diffraction, which indicated a crystalline structure
expansion compared with pure AIN and a well-aligned ScAIN
film. ScAIN PMUTs were fabricated by a two-mask process
based on cavity SOI wafers. SCAIN PMUTs with 50- and 40-pm
diameter had a large dynamic displacement sensitivity measured
in air of 25 nm/V at 17 MHz and 10 nm/V at 25 MHz,
twice that of AIN PMUTSs with the same dimensions. The peak
displacement as a function of electrode coverage was charac-
terized, with maximum displacement achieved with an electrode
radius equal to 70% of the PMUT radius. Electrical impedance
measurements indicated that the ScCAIN PMUTs had 36% greater
electromechanical coupling coefficient (ktz) compared with AIN
PMUTs. The output pressure of a 7 x 7 ScAIN PMUT array
was 0.7 kPa/V at ~1.7 mm away from the array, which is
approximately three times greater that of an 8 x 8 AIN PMUT
array with the same element geometry and fill factor measured at
the same distance. Acoustic spreading loss and PMUT insertion
loss from mechanical transmit to receive were characterized with
a 15 x 15 ScAIN PMUT array via hydrophone and laser Doppler

vibrometer. [17509-2017]
Index  Terms—Piezoelectric micromachined ultrasound
transducers (PMUT), piezoelectric films, piezoelectric
transducers.

I. INTRODUCTION

ANY applications have been developed based on
micromachined ultrasonic transducers (MUTS) in
recent years, such as medical imaging [1]-[3], gesture
sensors [4], ultrasonic fingerprint sensors [5], and body-
composition sensors [6]. MUTSs have a better acoustic cou-
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compared to conventional bulk ultrasonic transducers.
Piezoelectric micromachined ultrasonic transducers (PMUT)
have been rapidly developed in recent years due to the progress
of piezoelectric thin films. Aluminum nitride (AIN) has
been widely used for piezoelectric MEMS device fabrication
because it is available from a number of MEMS foundries and
is compatible with CMOS manufacturing [7]-[9]. However,
compared to lead zirconate tianate (PZT), a piezoelectric
material which requires high annealing temperature and is
not process-compatible with CMOS, AIN has relatively low
piezoelectric coefficient (e31, y), which leads to low sensitivity
and low electromechanical coupling (k,z) [9]-[11].

Scandium (Sc) alloying has been proposed recently as a
means to increase the e3¢ of AIN, while maintaining process
compatibility with existing AIN based manufacturing [12].
Most of the previously-reported work on ScAIN focused on
bulk acoustic wave (BAW) resonators or surface acoustic
wave (SAW) devices which utilize the longitudinal piezoelec-
tric mode and require high stiffness to achieve high frequency
operation and high quality factor (Q) [12], [13]. However,
studies also found that with the increase of Sc concentrations,
the stiffness of the thin film decreased and the dielectric
constant increased [14], [15]. In this paper, we present flexural
PMUT devices which use the transverse piezoelectric mode
and where the reduced stiffness of ScAIN may provide a
benefit over conventional AIN.

II. MATERIALS AND METHODS

A cross-section schematic of a PMUT is shown in Fig. 1.
The PMUT was composed of a 1 um thick ScAIN
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Fig. 2. An optical microscope image of a 7 x 49 PMUT array. The individual
PMUTs are 50 p#m diameter and the array pitch is 70 gm.

piezoelectric layer, a 200 nm Mo layer as bottom electrode
and a 2.5 um thick silicon membrane. Devices were also
fabricated using pure AIN with identical film thicknesses and
geometries in order to provide a comparison between ScAIN
and AIN PMUTs. The fabrication process used custom cavity
SOI (CSOI) substrates wherein vacuum cavities are formed
beneath the Si device layer of the CSOI wafer [10]. This
process avoids the need for through-wafer etching or sacri-
ficial release layers and eliminates the possible squeeze-film
damping between the PMUT membrane and the Si substrate.
150 mm diameter CSOI wafers (IceMOS Technologies) were
manufactured with 2 gm deep cavities patterned with diame-
ters from 40 um to 50 #m and both individual PMUTs and 2D
arrays of PMUTs were defined on the wafer. A 7 x 49 array
composed of PMUTs with 50 gm diameter and 70 um pitch
is shown in Fig. 2.

The Mo and ScxAl;_xN (x = 15%) layers were sputtered
in an Advanced Modular Systems (AMS) cluster tool with
AIN deposition chambers and ion beam trimming module. The
system used a standard dual conical magnetron with an AC
deposition source operating at 40 kHz and power varying from
3 to 10 kW. The ScAIN deposition process was in deep poison
mode using targets composed of Al and Sc pieces. High purity
research grade argon and nitrogen process gases were used for
the deposition. The base pressure of the process is ~5 mTorr
and the process temperature is ~400 °C. Compared to
Al-Sc alloy target and multiple targets of Al and Sc, multiple
piece targets are easy to make and practical for high volume
production. Locally adjusted magnetic field for target pieces
of both Al and Sc guaranteed a constant thin film composition
over the entire target life. Substrate rotation was utilized
to compensate for the variation of the sputtering yield for
different materials and composition non-uniformity across the
substrate.

The CSOI wafers were cleaned by ion milling first in
order to achieve a good interface for the following thin film
deposition. A 30 nm thick ScAIN film was first deposited
on the CSOI as a seed layer in order to achieve a good
crystalline structure of the subsequent Mo and ScAIN layers.
Then a 200 nm thick molybdenum (Mo) layer was sputtered

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS

Fig. 3. Cross-sectional SEM image of a SCAIN PMUT. The Mo and ScAIN
show good columnar structure indicating a highly c-axis oriented film.

TABLE I
RIE PARAMETERS

Parameter Values
Cl, flow rate (sccm) 90
BCl; flow rate (sccm) 30
He flow rate (sccm) 100
TCP RF Power (W) 550
RF Bias Power (W) 150

as the bottom electrode in a different chamber in the system
without breaking vacuum. Finally, 1 um thick ScAIN was
sputtered on the Mo layer. A cross-section scanning electron
microscope (SEM) image of a PMUT, Fig. 3, shows the
dense columnar structure of the ScAIN film and Mo bottom
electrode.

Following deposition of the ScAIN layer, vias were opened
to contact the Mo bottom electrode. AIN films are often
etched using heated Microposit MF-319, a positive photoresist
developer mainly composed of tetramethylammonium hydrox-
ide (TMAH). However, experiments showed that the ScAIN
etch rate in MF-319 was ~50 nm/min at 60 °C to 70 °C,
approximately 4 times slower than that of AIN thin films at
the same etching temperature. For this reason, reactive ion
etching (RIE) in a transformer coupled plasma (TCP) etcher
was studied using a combination of Cl, and BCl3 gases with
He used as diluent to improve etch uniformity. A 6.5 um thick
g-line photoresist (OCG 825 35S, Fujifilm) was spin coated,
patterned, and hard baked for 16 hours to be used as a mask.
An etch rate of 160 nm/min was achieved with the recipe
shown in the Table I with an etching selectivity of 0.4 to the
mask. Following the via etch, a 200 nm thick aluminum (Al)
layer was evaporated and patterned by a lift-off process to
form the top electrode and contact pads for the top and bottom
electrodes.
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Fig. 4. (a) Normal coupled XRD measurement of ScAIN and AIN films in

log scale; (b) Rocking curve measurement of the SCAIN and AIN (002) peak
in linear scale.

ITI. RESULTS
A. ScAIN film characterization

The ScAIN crystalline structure was studied using X-ray
diffraction (XRD). Fig. 4(a) shows a comparison of the XRD
peaks of pure AIN and ScAIN thin films on Mo electrode
with 1 um thickness. The (002) peak and small (100) peak of
ScAIN were shifted to a slightly lower angle compared with
that of AIN, indicating an expansion of the crystalline lattice
according to Bragg’s law. The rocking curve of the ScAIN
(002) peak was also measured and is shown in Fig. 4(b). The
full-width-half-maximum (FWHM) of the (002) peak is 1.6°
for the AIN film and 1.9° for the ScAIN film, indicating that
the c-axis of the ScAIN film is well aligned and predicting
good piezoelectric properties [16].

A focused ion beam (FIB, Scios Dual Beam SEM/FIB
system) was utilized to open a trench of approximate dimen-
sion 20 um wide x 20 um long x 10 um deep on
ScAIN thin film surface. The scandium concentration was
measured on the cross section of SCAIN via energy dispersive
X-ray spectroscopy (EDX, Oxford Instrument) at 15 keV
beam energy. The EDX line-scan data is shown in Fig. 5.
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Fig. 5.  (a) left: SEM image of FIB milled trench on ScAIN surface,
right: EDX results over the line scan; (b) EDX results.
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Fig. 6. Measured resonance frequency and dynamic displacement at reso-
nance for SCAIN PMUT with 50 m diameter and 2.5 m nominal Si thickness.

The results show a consistent scandium concentration of
x = 15 at% throughout the thickness of the film. Note that the
x-axis position of the EDX intensity in Fig. 5(a) is not exact
due to the sample tilt in the SEM.

B. Dynamic characterization

The frequency response of SCAIN PMUTs and AIN PMUTs
with the same geometry were tested in air using a laser
Doppler vibrometer (LDV, OFV 512 and OFV 2700, Polytec)
in conjunction with a network analyzer (E5061B, Agilent
Technology). LDV measurements were collected on 16 ScAIN
PMUTs with 50 gm diameter selected from locations across
one wafer, resulting in a 17.5 £ 1.5 MHz natural frequency,
22 £+ 4 nm/V peak displacement sensitivity at resonance,
and an average quality factor of Q = 140 in air. The
die to die variation in resonant frequency was within 10%
and the variation in amplitude was ~20%. The results are
shown in Fig. 6. Cross-section SEM images showed that
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Fig. 7. LDV measurement results for (a) 50 xm diameter and (b) 40 xm
diameter ScAIN and AIN PMUTs.

the Si thickness of these samples varied from 2.40 um to
2.93 um. Fig. 7 compares the LDV results of SCAIN and AIN
PMUTs with 50 ym diameter and 40 um diameter. The peak
displacement of the SCAIN PMUTs are more than two times
as large as that of the AIN devices.

The difference in the resonance frequency of ScAIN and
AIN PMUTs is due to the stiffness reduction from Sc alloying.
The resonant frequency of a circular PMUT can be computed
from

1.63

f==3 ey

Zpl ti
where r is the PMUT radius, D is rigidity, p and ¢ are the
density and thickness of the Si, Mo, and ScAIN layers. The
density of Scq.15Alp 85N is estimated to be 3430 kg/m3, extrap-
olated from the density of Scg4Alp¢N and AIN [15], [16]. The
rigidity D can be expressed as

" E? 23 — Z-3
D — g Z i ( i 21—1) (2)
i=1

I —o;

where E; is the Young’s modulus and v; is the Poisson’s
ratio of the material, z; is the distance of the i-th layer
top surface from the neutral axis. The Poisson’s ratio of
Sco.15Alp.g5N in this paper is assumed to be 0.23 [15], [18].
Using (1), the Young’s modulus of ScAIN was estimated to be
200 GPa £ 15 GPa, which is consistent with the reported
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values obtained from ScAIN BAW devices with similar
Sc composition [19]. This formula also confirms that the
measured variation in natural frequency across the wafer is
consistent with the measured variation of the Si device layer
thickness.

To extract an estimate of the transverse thin-film
piezoelectric coefficient (e31, ) from the frequency response
data, we normalized the peak displacement by the quality
factor, yielding an average value of dy = d,/Q = 180 pm/V.
dy is related to the transverse piezoelectric coefficient ez, s
via [20]:

r2331,f(tsi +tm + %p -
D -1

Zn) . Ip(r)

dy=— 3)
where t;; is the thickness of Si substrate, #,, is the thickness
of bottom electrode, 7, is the thickness of ScAIN film, z, is
the distance from the middle of the ScAIN film to neutral
axis, and /,(r) and I, are integrals related to the piezoelectric
bending moment and modal stiffness of the PMUT, both of
which depend on the assumed vibration mode shape of the
PMUT, u(r),

I (re) _/ (ed M(re) dl;i:e)) ~dr, (4)
/[(dzu(r) idb;(r))z
2
o )ldu(r)d u(r) Frdr 5)

dr?
where v is Poisson’s ratio. I, (r.) is a function of r, the radius
of the circular top electrode normalized to the PMUT radius.
Using u(r) = (1 — r?)? as the assumed mode shape for
the 01 vibration mode of a circular membrane, (4) yields
I, = =1 atr. = 70% and I; = 10.67. Substituting
these values along with the geometrical parameters into (3)
yields an estimate of e3;,r ~ 1.6 C/m? which is ~60%
higher than that of AIN. Our estimated value is consistent
with the value extrapolated from [12] measured via a double-
side beam interferometry (DBI) and slightly higher than the
value extrapolated from [21] measured via a cantilever energy
harvester.

Equation (3) also allows the optimum electrode radius for
peak displacement to be identified. The estimated material
properties including Young’s modulus and e3; y were used
in (3) to compute the theoretical displacement with r, varying
from 30% to 90%. The results are compared to experimental
measurements of PMUTs with varying electrode diameters
in Fig. 8, demonstrating good agreement between model and
experiment, with the maximum displacement observed with
electrode radius from 70% to 80% of the PMUT radius.
The difference between theoretical and experimental results
at 80% and 90% electrode coverage may be due to inexact
boundary conditions (the model assumes perfect clamping at
the membrane boundary while some flexing occurs in this
location in the real device) or misalignment of the electrode
to the silicon membrane (when the electrode covers nearly the
whole membrane, an off-center electrode will be partly located
on the anchor).
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Fig. 9. Impedance measurement results for 50 #m diameter (a) SCAIN PMUT
and (b) AIN PMUT.

C. Electrical characterization

Impedance measurements of ScAIN and AIN PMUTs,
Fig. 9, were performed in air using a GSG RF probe calibrated
with an impedance substrate standard (Cascade Microtech).
The electromechanical coupling factor kz2 was calculated by:

_7T_2£fa_fr

ST g ©

TABLE 11
COMPARISON OF PIEZOELECTRIC MATERIAL PROPERTIES

2
e
Materials Csis E (GPa 2 (GPa
(C/l‘l‘lz) €33 ( ) 6‘0833 ( )
PZT [17] -14.0 1200 65 18.5
AIN
(this work) -1.05 10.5 330 10.8
ScAIN
(this work) -1.6 12 200 24.1

where f, and f; are the anti-resonant and resonant frequency
respectively. The extracted k,2 was 1.9% for ScAIN PMUTs,
consistent with the value calculated using the model presented
in [20]. For AIN PMUTs, the extracted k,2 was 1.4%. This
value is higher than the value calculated from the model (mod-
eled AIN k? = 0.8%). One source of error is that we subtracted
the parasitic capacitance of the bond pads and probe setup,
and the subtracted parasitic capacitance may have been larger
than the true value. Comparing only the two extracted values,
we find that the extracted k> of the ScAIN PMUT is 36%
greater than that of AIN. The relative dielectric permittivity
(escain) of ScAIN was also estimated from the impedance
test as ~12 which is around 20% higher than that of pure
AIN. The estimated dielectric permittivity is consistent with
the value reported in [12].

We also calculated the electromechanical coupling fac-
tor using an alternative method to the impedance method
described above. The 31 electromechanical coupling coeffi-
cient is defined as k§1 o' e%l,f/833 [22], [23]. For pulse-
echo performance, this metric can be interpreted as follows
— the square of the piezocoefficient appears in the numera-
tor because both the TX and RX operations require energy
conversion between the electrical and mechanical domains,
while the dielectric constant is in the denominator because
the RX charge is converted to a voltage by dividing by the
capacitance. AIN, ScAIN, and PZT are compared in Table II
using the extracted material parameters reported here. Note
that while PZT is superior to AIN, the figure-of-merit for
ScAIN is 30% greater than that of PZT. One caveat to
this conclusion is that the presence of parasitic capacitance
(e.g. due to bond-pads or cables between the PMUT and the
receive amplifier) will greatly degrade the RX signal amplitude
of a ScAIN or AIN PMUT due to the much lower dielectric
constant of these materials. For example, a 50 um diameter
PMUT with r, = 70% and a 1 um thick ScAIN layer has
a capacitance of 0.1 pF, so the presence of a 1 pF bond-
pad capacitance will reduce the RX voltage by a factor of 11
(=0.1 pF /1.1 pF). In comparison, a PZT PMUT of the same
size has 100 times greater capacitance, so a 1 pF parasitic
capacitance would have negligible effect on the RX voltage.

D. Acoustic characterization

An array of ScAIN PMUTs was immersed in non-
conductive fluid (Fluorinert FC-70, 3M) and the output
acoustic pressure was measured with a 70 xm diameter needle
hydrophone (Precision Acoustic, Inc.). The results are shown
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Fig. 10. Pressure measurement results for 7 x 7 ScAIN PMUT array.

TABLE III
COMPARISON OF ACOUSTIC TRANSMISSION PERFORMANCE

. . Normalized
Operation Drive
. Pressure  Array output
Material ~ Frequency  Voltage .
(MHz) V) (kPa) size pressure
(kPa/V/mm?)
PZT
[10] 10 25 58 9x9 2.52
AIN
(this 9 25 6 8x8 0.34
work)
ScAIN
(this 9 11 8 7x7 1.40
work)
“vVr——t
bl @® Measured pressure |
= 12k — Fitting curve i
@ |
ke b il ¢ g
-
5 L
2 10F E
o L
D— 9 - -
8 L 1 " i 1 1 i 1 i
2.0 25 3.0 3.5 4.0
Distance from PMUT array (mm)
Fig. 11. Acoustic pressure measured from a 15 x 15 PMUT array.

in Fig. 10. A 7 x 7 ScAIN PMUT array was driven by
four 9 MHz 11 Vpp pulses from a function generator (Rigol,
DG-4102). The measured pressure generated by the ScAIN
PMUT array was detected at ~2.5 us after the pulse genera-
tion, which corresponds to ~1.7 mm from the PMUT surface
to the hydrophone. The peak-to-peak pressure detected was
~8 kPa, which was 30% larger than ~6 kPa pressure generated
from a 8 x 8 AIN PMUT array driven at 25 Vpp, suggesting
3x greater transmit efficiency from the ScAIN array. The
acoustic transmitting performance of ScAIN, AIN and PZT
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Fig. 12. LDV measurement of pulse-echo from a SCAIN PMUT in the center

of 15 x 15 array with different Fluorinert heights of 4 mm, 3 mm, 2 mm
and 1.2 mm.

PMUT arrays were compared as shown in Table III. The
normalized output pressure represents the acoustic pressure
output from a 1 mm? PMUT array area at a distance ~1.5 mm
away from PMUT surface under 1 V driving voltage. The
normalized pressure output of the SCAIN PMUTarray presented
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here is ~55% of the PZT array presented in [10]. Considering
the much smaller capacitance of ScAIN, we expect that the
pulse-echo performance of the PZT and ScAIN arrays should
be comparable, because the ScAIN array should have higher
receive sensitivity.

The output acoustic pressure of a 15 x 15 ScAIN PMUT
array was measured via hydrophone at different distances to
PMUT surface. The measured peak-to-peak pressure versus
distance is shown in Fig. 11. The result shows that the pressure
decays inversely with the radial distance from the array [24]:

P (r) = PoRox™" (7

where Ry is the Rayleigh distance and P is the theoretical
surface pressure. A fit of (7) to the experimental data gives
Rp = 2.9 mm and Py = 20.6 kPa. Given that the peak-to-
peak displacement is 5 nm, the value of Py gives a transmit
sensitivity of Stx = 4 kPa/nm.

The dynamic displacement of a 15 x 15 ScAIN PMUT array
driven with 11 Vpp and immersed in fluid was measured via
LDV, Fig. 12. An ~5 nm displacement of the center ScAIN
PMUT was measured during the transmit (TX) excitation.
PMUT vibration due to received (RX) echoes returning from
the fluid-air surface were also visible in these experiments. The
Fluorinert-air surface was varied from 4 mm to 1.2 mm, and
the plots in Fig. 12 show the echoes return 11 us, 8 us, 5 us
and 3 us after the TX pulse is sent. The corresponding round-
trip distances calculated from these pulse echo measurements
are consistent with the Fluorinert height using ¢ = 750 m/s
as the speed of sound in Fluorinert. In Fig. 12(c) and (d),
a second echo can be observed due to the short liquid distance
and large output pressure. The vibration amplitude of the first
received echo relative to the transmit vibration amplitude fits
the acoustic spreading model from (7),

drx(x)/drx = Rox™! 8)

This model is plotted along with the experimental data in dB
units in Fig. 13. Comparing the experimental pressure mea-
surements from Fig. 11 with the RX vibration amplitudes
shown in Fig. 12, the receive sensitivity of the array is

estimated to be Sgx = 0.25 nm/kPa. Since the PMUT is a
reciprocal transducer, Stx = SS(, as expected.

IV. CONCLUSION

The results presented here demonstrate that SCAIN PMUTs
have better performance than PMUTs made with AIN. Using
15% Sc, the transmit amplitude was increased by a factor
of two relative to PMUTs made with pure AIN, consistent
with a 60% increase in the transverse piezoelectric coefficient,
e31,f. The PMUT fabrication process is nearly unchanged by
introducing ScAIN. While wet etching of Scg 15Alpg5N in
TMAH proceeds at a much slower etch rate than pure AIN, a
Cl,/BCl3plasma etch was demonstrated to achieve an etch rate
of 120 nm/min for Scg.15Alp.g5N. We expect that increasing the
Sc concentration would further improve PMUT performance,
since other work has shown that the piezoelectric coefficients
of ScAIN increase as the Sc concentration is increased up to
40%. While RF devices, such as BAW filters, may suffer due
to the reduced stiffness (and therefore lower acoustic velocity)
that occurs as the Sc concentration is increased, this reduced
stiffness does not degrade the performance of PMUTs.
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Piezoelectric Micromachined
Ultrasonic Transducers
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Abstract—This paper presents the design, fabrication,
and characterization of piezoelectric micromachined ultra-
sound transducers (PMUTs) based on scandium aluminum
nitride (ScxAl;_xN) thin films (x = 15%). ScAIN thin film was
prepared with a dual magnetron system and patterned by a
reactive ion etching system utilizing chlorine-based chemistry
with an etching rate of 160 nm/min. The film was characterized
by X-ray diffraction, which indicated a crystalline structure
expansion compared with pure AIN and a well-aligned ScAIN
film. ScAIN PMUTs were fabricated by a two-mask process
based on cavity SOI wafers. SCAIN PMUTs with 50- and 40-um
diameter had a large dynamic displacement sensitivity measured
in air of 25 nm/V at 17 MHz and 10 nm/V at 25 MHz,
twice that of AIN PMUTs with the same dimensions. The peak
displacement as a function of electrode coverage was charac-
terized, with maximum displacement achieved with an electrode
radius equal to 70% of the PMUT radius. Electrical impedance
measurements indicated that the ScCAIN PMUTs had 36% greater
electromechanical coupling coefficient (kf) compared with AIN
PMUTs. The output pressure of a 7 x 7 ScAIN PMUT array
was 0.7 kPa/V at ~1.7 mm away from the array, which is
approximately three times greater that of an 8 x 8 AIN PMUT
array with the same element geometry and fill factor measured at
the same distance. Acoustic spreading loss and PMUT insertion
loss from mechanical transmit to receive were characterized with
a 15 x 15 ScAIN PMUT array via hydrophone and laser Doppler

vibrometer. [17509-2017]
Index  Terms—Piezoelectric micromachined ultrasound
transducers (PMUT), piezoelectric films, piezoelectric
transducers.

I. INTRODUCTION

ANY applications have been developed based on
micromachined ultrasonic transducers (MUTSs) in
recent years, such as medical imaging [1]-[3], gesture
sensors [4], ultrasonic fingerprint sensors [5], and body-
composition sensors [6]. MUTs have a better acoustic cou-
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Schematic cross-section of PMUT.

compared to conventional bulk wultrasonic transducers.
Piezoelectric micromachined ultrasonic transducers (PMUT)
have been rapidly developed in recent years due to the progress
of piezoelectric thin films. Aluminum nitride (AIN) has
been widely used for piezoelectric MEMS device fabrication
because it is available from a number of MEMS foundries and
is compatible with CMOS manufacturing [7]-[9]. However,
compared to lead zirconate tianate (PZT), a piezoelectric
material which requires high annealing temperature and is
not process-compatible with CMOS, AIN has relatively low
piezoelectric coefficient (e31, r), which leads to low sensitivity
and low electromechanical coupling (kt2) [9]-[11].

Scandium (Sc) alloying has been proposed recently as a
means to increase the e3; s of AIN, while maintaining process
compatibility with existing AIN based manufacturing [12].
Most of the previously-reported work on ScAIN focused on
bulk acoustic wave (BAW) resonators or surface acoustic
wave (SAW) devices which utilize the longitudinal piezoelec-
tric mode and require high stiffness to achieve high frequency
operation and high quality factor (Q) [12], [13]. However,
studies also found that with the increase of Sc concentrations,
the stiffness of the thin film decreased and the dielectric
constant increased [14], [15]. In this paper, we present flexural
PMUT devices which use the transverse piezoelectric mode
and where the reduced stiffness of ScAIN may provide a
benefit over conventional AIN.

II. MATERIALS AND METHODS

A cross-section schematic of a PMUT is shown in Fig. 1.
The PMUT was composed of a 1 um thick ScAIN

1057-7157 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 2. An optical microscope image of a 7 x 49 PMUT array. The individual
PMUTs are 50 #m diameter and the array pitch is 70 xum.

piezoelectric layer, a 200 nm Mo layer as bottom electrode
and a 2.5 um thick silicon membrane. Devices were also
fabricated using pure AIN with identical film thicknesses and
geometries in order to provide a comparison between ScAIN
and AIN PMUTs. The fabrication process used custom cavity
SOI (CSOI) substrates wherein vacuum cavities are formed
beneath the Si device layer of the CSOI wafer [10]. This
process avoids the need for through-wafer etching or sacri-
ficial release layers and eliminates the possible squeeze-film
damping between the PMUT membrane and the Si substrate.
150 mm diameter CSOI wafers (IceMOS Technologies) were
manufactured with 2 gm deep cavities patterned with diame-
ters from 40 xm to 50 xm and both individual PMUTSs and 2D
arrays of PMUTs were defined on the wafer. A 7 x 49 array
composed of PMUTs with 50 ym diameter and 70 gm pitch
is shown in Fig. 2.

The Mo and ScxAl;_xN (x = 15%) layers were sputtered
in an Advanced Modular Systems (AMS) cluster tool with
AIN deposition chambers and ion beam trimming module. The
system used a standard dual conical magnetron with an AC
deposition source operating at 40 kHz and power varying from
3 to 10 kW. The ScAIN deposition process was in deep poison
mode using targets composed of Al and Sc pieces. High purity
research grade argon and nitrogen process gases were used for
the deposition. The base pressure of the process is ~5 mTorr
and the process temperature is ~400 °C. Compared to
Al-Sc alloy target and multiple targets of Al and Sc, multiple
piece targets are easy to make and practical for high volume
production. Locally adjusted magnetic field for target pieces
of both Al and Sc guaranteed a constant thin film composition
over the entire target life. Substrate rotation was utilized
to compensate for the variation of the sputtering yield for
different materials and composition non-uniformity across the
substrate.

The CSOI wafers were cleaned by ion milling first in
order to achieve a good interface for the following thin film
deposition. A 30 nm thick ScAIN film was first deposited
on the CSOI as a seed layer in order to achieve a good
crystalline structure of the subsequent Mo and ScAIN layers.
Then a 200 nm thick molybdenum (Mo) layer was sputtered

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS

Fig. 3. Cross-sectional SEM image of a SCAIN PMUT. The Mo and ScAIN
show good columnar structure indicating a highly c-axis oriented film.

TABLE I
RIE PARAMETERS

Parameter Values
Cl, flow rate (sccm) 90
BCl; flow rate (sccm) 30
He flow rate (sccm) 100
TCP RF Power (W) 550
RF Bias Power (W) 150

as the bottom electrode in a different chamber in the system
without breaking vacuum. Finally, 1 gum thick ScAIN was
sputtered on the Mo layer. A cross-section scanning electron
microscope (SEM) image of a PMUT, Fig. 3, shows the
dense columnar structure of the ScAIN film and Mo bottom
electrode.

Following deposition of the ScAIN layer, vias were opened
to contact the Mo bottom electrode. AIN films are often
etched using heated Microposit MF-319, a positive photoresist
developer mainly composed of tetramethylammonium hydrox-
ide (TMAH). However, experiments showed that the ScAIN
etch rate in MF-319 was ~50 nm/min at 60 °C to 70 °C,
approximately 4 times slower than that of AIN thin films at
the same etching temperature. For this reason, reactive ion
etching (RIE) in a transformer coupled plasma (TCP) etcher
was studied using a combination of Cl, and BCl3 gases with
He used as diluent to improve etch uniformity. A 6.5 um thick
g-line photoresist (OCG 825 35S, Fujifilm) was spin coated,
patterned, and hard baked for 16 hours to be used as a mask.
An etch rate of 160 nm/min was achieved with the recipe
shown in the Table I with an etching selectivity of 0.4 to the
mask. Following the via etch, a 200 nm thick aluminum (Al)
layer was evaporated and patterned by a lift-off process to
form the top electrode and contact pads for the top and bottom
electrodes.
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Fig. 4. (a) Normal coupled XRD measurement of ScAIN and AIN films in

log scale; (b) Rocking curve measurement of the SCAIN and AIN (002) peak
in linear scale.

III. RESULTS
A. ScAIN film characterization

The ScAIN crystalline structure was studied using X-ray
diffraction (XRD). Fig. 4(a) shows a comparison of the XRD
peaks of pure AIN and ScAIN thin films on Mo electrode
with 1 gm thickness. The (002) peak and small (100) peak of
ScAIN were shifted to a slightly lower angle compared with
that of AIN, indicating an expansion of the crystalline lattice
according to Bragg’s law. The rocking curve of the ScAIN
(002) peak was also measured and is shown in Fig. 4(b). The
full-width-half-maximum (FWHM) of the (002) peak is 1.6°
for the AIN film and 1.9° for the ScAIN film, indicating that
the c-axis of the ScAIN film is well aligned and predicting
good piezoelectric properties [16].

A focused ion beam (FIB, Scios Dual Beam SEM/FIB
system) was utilized to open a trench of approximate dimen-
sion 20 um wide x 20 um long x 10 um deep on
ScAIN thin film surface. The scandium concentration was
measured on the cross section of SCAIN via energy dispersive
X-ray spectroscopy (EDX, Oxford Instrument) at 15 keV
beam energy. The EDX line-scan data is shown in Fig. 5.
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Fig. 5. ~ (a) left: SEM image of FIB milled trench on ScAIN surface,
right: EDX results over the line scan; (b) EDX results.
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Fig. 6. Measured resonance frequency and dynamic displacement at reso-
nance for SCAIN PMUT with 50 m diameter and 2.5 m nominal Si thickness.

The results show a consistent scandium concentration of
x = 15 at% throughout the thickness of the film. Note that the
x-axis position of the EDX intensity in Fig. 5(a) is not exact
due to the sample tilt in the SEM.

B. Dynamic characterization

The frequency response of SCAIN PMUTs and AIN PMUTs
with the same geometry were tested in air using a laser
Doppler vibrometer (LDV, OFV 512 and OFV 2700, Polytec)
in conjunction with a network analyzer (E5S061B, Agilent
Technology). LDV measurements were collected on 16 ScAIN
PMUTs with 50 gm diameter selected from locations across
one wafer, resulting in a 17.5 £+ 1.5 MHz natural frequency,
22 + 4 nm/V peak displacement sensitivity at resonance,
and an average quality factor of Q = 140 in air. The
die to die variation in resonant frequency was within 10%
and the variation in amplitude was ~20%. The results are
shown in Fig. 6. Cross-section SEM images showed that
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the Si thickness of these samples varied from 2.40 um to
2.93 um. Fig. 7 compares the LDV results of SCAIN and AIN
PMUTs with 50 g#m diameter and 40 gm diameter. The peak
displacement of the SCAIN PMUTs are more than two times
as large as that of the AIN devices.

The difference in the resonance frequency of ScAIN and
AIN PMUTs is due to the stiffness reduction from Sc alloying.
The resonant frequency of a circular PMUT can be computed
from

163

f= 1)

sz ti
where r is the PMUT radius, D is rigidity, p and ¢ are the
density and thickness of the Si, Mo, and ScAIN layers. The
density of Scg.15Alp.g5N is estimated to be 3430 kg/m3, extrap-
olated from the density of Sco4AlgeN and AIN [15], [16]. The
rigidity D can be expressed as

1 EX D -2 )
D= [ i—1
3; l—vi2

(@)

where E; is the Young’s modulus and v; is the Poisson’s
ratio of the material, z; is the distance of the i-th layer
top surface from the neutral axis. The Poisson’s ratio of
Sco.15Alp.85N in this paper is assumed to be 0.23 [15], [18].
Using (1), the Young’s modulus of ScAIN was estimated to be
200 GPa £ 15 GPa, which is consistent with the reported
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values obtained from ScAIN BAW devices with similar
Sc composition [19]. This formula also confirms that the
measured variation in natural frequency across the wafer is
consistent with the measured variation of the Si device layer
thickness.

To extract an estimate of the transverse thin-film
piezoelectric coefficient (e31,r) from the frequency response
data, we normalized the peak displacement by the quality
factor, yielding an average value of dy = dp,/Q = 130 pm/V.
dy is related to the transverse piezoelectric coefficient ez, r
via [20]:

Zn) - I[,(r)

2 eat, f(tsi +tm + 2 —
D -1

where tg; is the thickness of Si substrate, #,, is the thickness
of bottom electrode, ¢, is the thickness of ScAIN film, z, is
the distance from the middle of the ScAIN film to neutral
axis, and /,(r) and /; are integrals related to the piezoelectric
bending moment and modal stiffness of the PMUT, both of
which depend on the assumed vibration mode shape of the
PMUT, u(r),

ds = — 3)

o = [Ty ), @
Te
dzu(r) Ldu(r) ,
la _/ I« dr? r dr )
1 du(r) d*u(r)
—2(-» ); dr  dr? Irdr G

where v is Poisson’s ratio. I, (r.) is a function of r,, the radius
of the circular top electrode normalized to the PMUT radius.
Using u(r) = (1 — r?)? as the assumed mode shape for
the Ol vibration mode of a circular membrane, (4) yields
—1 at ro = 70% and I; = 10.67. Substituting
these values along with the geometrical parameters into (3)
yields an estimate of ez, ~ 1.6 C/m? which is ~60%
higher than that of AIN. Our estimated value is consistent
with the value extrapolated from [12] measured via a double-
side beam interferometry (DBI) and slightly higher than the
value extrapolated from [21] measured via a cantilever energy
harvester.

Equation (3) also allows the optimum electrode radius for
peak displacement to be identified. The estimated material
properties including Young’s modulus and e3; r were used
in (3) to compute the theoretical displacement with r, varying
from 30% to 90%. The results are compared to experimental
measurements of PMUTs with varying electrode diameters
in Fig. 8, demonstrating good agreement between model and
experiment, with the maximum displacement observed with
electrode radius from 70% to 80% of the PMUT radius.
The difference between theoretical and experimental results
at 80% and 90% electrode coverage may be due to inexact
boundary conditions (the model assumes perfect clamping at
the membrane boundary while some flexing occurs in this
location in the real device) or misalignment of the electrode
to the silicon membrane (when the electrode covers nearly the
whole membrane, an off-center electrode will be partly located
on the anchor).

I, =
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Fig. 9. Impedance measurement results for 50 xm diameter (a) SCAIN PMUT
and (b) AIN PMUT.

C. Electrical characterization

Impedance measurements of ScAIN and AIN PMUTs,
Fig. 9, were performed in air using a GSG RF probe calibrated
with an impedance substrate standard (Cascade Microtech).
The electromechanical coupling factor kt2 was calculated by:

oLl f

ST ©

TABLE 11
COMPARISON OF PIEZOELECTRIC MATERIAL PROPERTIES

&

Materials €3l e E (GPa 2 (GPa
(C/mZ) 33 ( ) B 833 ( )

PZT [17] 2140 1200 65 185

AIN
(this work) -1.05 10.5 330 10.8
ScAIN
(this work) -1.6 12 200 24.1

where f, and f, are the anti-resonant and resonant frequency
respectively. The extracted kt2 was 1.9% for ScAIN PMUTs,
consistent with the value calculated using the model presented
in [20]. For AIN PMUTs, the extracted k,2 was 1.4%. This
value is higher than the value calculated from the model (mod-
eled AIN k2 = 0.8%). One source of error is that we subtracted
the parasitic capacitance of the bond pads and probe setup,
and the subtracted parasitic capacitance may have been larger
than the true value. Comparing only the two extracted values,
we find that the extracted k2 of the ScAIN PMUT is 36%
greater than that of AIN. The relative dielectric permittivity
(escain) of ScAIN was also estimated from the impedance
test as ~12 which is around 20% higher than that of pure
AIN. The estimated dielectric permittivity is consistent with
the value reported in [12].

We also calculated the electromechanical coupling fac-
tor using an alternative method to the impedance method
described above. The 31 electromechanical coupling coeffi-
cient is defined as k%l x e%l,f/a” [22], [23]. For pulse-
echo performance, this metric can be interpreted as follows
— the square of the piezocoefficient appears in the numera-
tor because both the TX and RX operations require energy
conversion between the electrical and mechanical domains,
while the dielectric constant is in the denominator because
the RX charge is converted to a voltage by dividing by the
capacitance. AIN, ScAIN, and PZT are compared in Table II
using the extracted material parameters reported here. Note
that while PZT is superior to AIN, the figure-of-merit for
ScAIN is 30% greater than that of PZT. One caveat to
this conclusion is that the presence of parasitic capacitance
(e.g. due to bond-pads or cables between the PMUT and the
receive amplifier) will greatly degrade the RX signal amplitude
of a ScAIN or AIN PMUT due to the much lower dielectric
constant of these materials. For example, a 50 xm diameter
PMUT with r, = 70% and a 1 um thick ScAIN layer has
a capacitance of 0.1 pF, so the presence of a 1 pF bond-
pad capacitance will reduce the RX voltage by a factor of 11
(=0.1 pF /1.1 pF). In comparison, a PZT PMUT of the same
size has 100 times greater capacitance, so a 1 pF parasitic
capacitance would have negligible effect on the RX voltage.

D. Acoustic characterization

An array of ScAIN PMUTs was immersed in non-
conductive fluid (Fluorinert FC-70, 3M) and the output
acoustic pressure was measured with a 70 xm diameter needle
hydrophone (Precision Acoustic, Inc.). The results are shown
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TABLE III
COMPARISON OF ACOUSTIC TRANSMISSION PERFORMANCE
Operation Drive Normalized
. Pressure  Array output
Material ~ Frequency  Voltage .
(MHz) V) (kPa) size pressure
(kPa/V/mm?)
PZT
[10] 10 25 58 9x9 2.52
AIN
(this 9 25 6 8x8 0.34
work)
ScAIN
(this 9 11 8 7x7 1.40
work)
14— ——— —————
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o 11E e -
—
5 L
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Distance from PMUT array (mm)
Fig. 11. Acoustic pressure measured from a 15 x 15 PMUT array.

in Fig. 10. A 7 x 7 ScAIN PMUT array was driven by
four 9 MHz 11 Vpp pulses from a function generator (Rigol,
DG-4102). The measured pressure generated by the ScAIN
PMUT array was detected at ~2.5 us after the pulse genera-
tion, which corresponds to ~1.7 mm from the PMUT surface
to the hydrophone. The peak-to-peak pressure detected was
~8 kPa, which was 30% larger than ~6 kPa pressure generated
from a 8 x 8 AIN PMUT array driven at 25 Vpp, suggesting
3x greater transmit efficiency from the ScAIN array. The
acoustic transmitting performance of ScAIN, AIN and PZT
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Fig. 12. LDV measurement of pulse-echo from a SCAIN PMUT in the center

of 15 x 15 array with different Fluorinert heights of 4 mm, 3 mm, 2 mm
and 1.2 mm.

PMUT arrays were compared as shown in Table III. The
normalized output pressure represents the acoustic pressure
output from a 1 mm? PMUT array area at a distance ~1.5 mm
away from PMUT surface under 1 V driving voltage. The
normalized pressure output of the SCAIN PMUTarray presented
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Fig. 13. Measured insertion loss from TX to RX vibration amplitudes as a

function of round-trip pulse-echo distance.

here is ~55% of the PZT array presented in [10]. Considering
the much smaller capacitance of ScAIN, we expect that the
pulse-echo performance of the PZT and ScAIN arrays should
be comparable, because the ScAIN array should have higher
receive sensitivity.

The output acoustic pressure of a 15 x 15 ScAIN PMUT
array was measured via hydrophone at different distances to
PMUT surface. The measured peak-to-peak pressure versus
distance is shown in Fig. 11. The result shows that the pressure
decays inversely with the radial distance from the array [24]:

P (r) = PyRox ™" (7

where Ry is the Rayleigh distance and P is the theoretical
surface pressure. A fit of (7) to the experimental data gives
Ry = 2.9 mm and Py = 20.6 kPa. Given that the peak-to-
peak displacement is 5 nm, the value of Py gives a transmit
sensitivity of Stx = 4 kPa/nm.

The dynamic displacement of a 15 x 15 ScAIN PMUT array
driven with 11 Vpp and immersed in fluid was measured via
LDV, Fig. 12. An ~5 nm displacement of the center ScAIN
PMUT was measured during the transmit (TX) excitation.
PMUT vibration due to received (RX) echoes returning from
the fluid-air surface were also visible in these experiments. The
Fluorinert-air surface was varied from 4 mm to 1.2 mm, and
the plots in Fig. 12 show the echoes return 11 us, 8 us, 5 us
and 3 us after the TX pulse is sent. The corresponding round-
trip distances calculated from these pulse echo measurements
are consistent with the Fluorinert height using ¢ = 750 m/s
as the speed of sound in Fluorinert. In Fig. 12(c) and (d),
a second echo can be observed due to the short liquid distance
and large output pressure. The vibration amplitude of the first
received echo relative to the transmit vibration amplitude fits
the acoustic spreading model from (7),

drx(x)/drx = Rox™! (8)

This model is plotted along with the experimental data in dB
units in Fig. 13. Comparing the experimental pressure mea-
surements from Fig. 11 with the RX vibration amplitudes
shown in Fig. 12, the receive sensitivity of the array is

estimated to be Sgx = 0.25 nm/kPa. Since the PMUT is a
reciprocal transducer, Stx = Sl&, as expected.

IV. CONCLUSION

The results presented here demonstrate that SCAIN PMUTSs
have better performance than PMUTs made with AIN. Using
15% Sc, the transmit amplitude was increased by a factor
of two relative to PMUTs made with pure AIN, consistent
with a 60% increase in the transverse piezoelectric coefficient,
e31,r. The PMUT fabrication process is nearly unchanged by
introducing ScAIN. While wet etching of Scg 15Algg5N in
TMAH proceeds at a much slower etch rate than pure AIN, a
Clo/BClzplasma etch was demonstrated to achieve an etch rate
of 120 nm/min for Scg.15Alp.g5N. We expect that increasing the
Sc concentration would further improve PMUT performance,
since other work has shown that the piezoelectric coefficients
of ScAIN increase as the Sc concentration is increased up to
40%. While RF devices, such as BAW filters, may suffer due
to the reduced stiffness (and therefore lower acoustic velocity)
that occurs as the Sc concentration is increased, this reduced
stiffness does not degrade the performance of PMUTs.
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