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Abstract

Piezoelectric Micromachined Ultrasonic Transducers for Ultrasonic Fingerprint Sensors

by

Xiaoyue Jiang

Doctor of Philosophy in Engineering - Mechanical Engineering

University of California, Berkeley

Professor David A. Horsley, Co-chair

Professor Liwei Lin, Co-chair

A variety of physical mechanisms have been exploited to capture electronic images of a human
fingerprint, including optical, capacitive, pressure, and acoustic mechanisms. Compared to other
technologies, ultrasonic fingerprint sensors have two major advantages (1) they are insensitive to
contamination and moisture on the finger (2) they have the ability to measure images at multiple
depths hundreds of microns from the sensor surface. With the maturity of the thin film piezoelectric
materials technology and MEMS-CMOS eutectic wafer-bonding process, piezoelectric microma-
chined ultrasonic transducers (PMUTs) arrays with electrical addressing to individual pixel have
been proposed and developed for ultrasonic fingerprint sensors.

This research focuses on the modeling and characterization of the PMUT-based ultrasonic fin-
gerprint sensors. First of all, a 51.7% fill-factor, 110 × 56 rectangular PMUTs array is demon-
strated with improved pressure output, receive sensitivity, and image resolution. With a customized
CMOS design, time-gated images collected at two imaging depths was demonstrated to construct
overlaid patterns separated axially by 127 µm. Using another 65× 42 circular PMUTs array ultra-
sonic fingerprint sensor design, transmit beamforming is implemented. The measured TX pressure
output with beamforming is 25 kPa and the 3 dB beam-width is 50 µm, a 1.6 × increase in pres-
sure and 6.4 × decrease in beam-width relative to non-beamformed measurements. Beamforming
increases the receive voltage by a factor of 1.4 and the SNR by 7 dB. On the other hand, the mode
shapes of the dense rectangular PMUTs array with shared mechanical anchors are more compli-
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cated than a single-MUT dynamic model. Finite element model was used to model the mode
shapes exhibited by the entire array, while experimental measurements of the mode-shape via laser
Doppler vibrometry (LDV) was used to compute the volume velocity, which correlates to the mea-
sured far field pressure. In order to have an accurate prediction of the 2D near field pressure output
from dense transducer arrays, time domain acoustic simulation using k-wave MatLab toolbox and
vibration displacement measurements using LDV were utilized. Effects of mechanical crosstalk,
acoustic surface waves, and anchor motions were also characterized. To further improve the fin-
gerprint sensors performance, equivalent circuit model of circular PMUTs operating at the same
resonant frequency in air is formulated. PMUT displacement is proved to be inversely proportional
to the device thickness. Sub-micro thick piezoelectric layer devices were designed and fabricated
to demonstrate the thickness scaling benefits.
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Chapter 1

Introduction

Micro-electoral-mechanical systems (MEMS) devices can be loosely defined as micro-scale de-
vices and systems that operate mainly via a mechanical or electromechanical means. MEMS de-
vices’ performances, including speed, power consumption, and complexity, improve as their size
reduces. In addition, the MEMS devices take advantage of the batch fabrication process used in the
integrated circuits. This makes MEMS economical, especially for the large demands in the con-
sumer markets. In addition to providing cheap and small form factor alternative solutions, MEMS
devices also enabled new applications such as inkjet print heads and digital micro displays.

1.1 Prior Works

With the rapid development of micro-electromechanical systems (MEMS) technology, microma-
chined ultrasonic transducers (MUTs) based on capacitive (CMUT) and piezoelectric (PMUT)
transduction have been demonstrated with significantly reduced device sizes for high resolution
applications, low power consumption, and better acoustic impedance matching to the medium [1,
2]. In general, CMUTs suffer from limited vertical deformation, nonlinear drive effects, and high
DC bias voltages, but they have high electromechanical coupling factors [3]. With improvements
in thin film piezoelectric materials technology, PMUTs are beginning to pose an alternative to
CMUTs. The most widely available thin-film piezoelectric materials for PMUTs are lead zirco-
nium titanate (PZT) and aluminum nitride (AlN). PZT has better piezoelectric properties, but it is
not CMOS-compatible and may suffer from aging and other material property changes over time
[4]. By contrast, AlN is lead-free, has low-temperature (< 400◦C) deposition, and has demon-
strated its stable material properties in the mass production of AlN bulk acoustic-wave (BAW)
filters. However, AlN has lower piezoelectric coefficients than PZT.

Fingerprint sensors have become a hot topic in the last few years following the introduction of
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a fingerprint sensor in the iPhone 5s in 2013. Many applications in smart phones, such as secure
payments and personal health monitoring, lead to a pressing need for improved security without
compromised ease-of-use. Fingerprint sensors capture an electronic image of a human fingerprint
through various physical mechanisms, including optical, capacitive, pressure, and acoustic mech-
anisms. Capacitive fingerprint sensors are the standard for identity authentication in numerous
applications because of their performance and low cost; the latter is due to the fact that these
sensors can be manufactured in a standard integrated circuit manufacturing process.

Ultrasonic fingerprint sensors have many advantages over capacitive sensors, including being
insensitive to contamination and moisture on the finger. In addition, fingerprint sensor based on
pulse-echo ultrasonic imaging offers the ability to measure images at multiple depths hundreds of
microns from the sensor surface [5, 6]. This feature makes the sensor harder to spoof since images
can be collected beneath the epidermis and also poses the possibility of placing the sensor beneath
the smartphone’s glass cover. However, ultrasonic fingerprint sensors previously provided a low
resolution or were too difficult to manufacture.

Ultrasonic fingerprint sensor technology has been under investigation for more than a decade,
although early systems required mechanical scanning of a single-point ultrasonic transducer [7].
An ultrasonic fingerprint sensor based on a 1-3 piezo-composite array similar to conventional med-
ical ultrasound probes was first demonstrated in 2004 [8], but was incapable of pulse-echo mea-
surement due to the limited bandwidth of the array. Relative to piezo-composite transducers, mi-
cromachined ultrasonic transducers (MUTs) are attractive because they can have high bandwidths
and, equally important, are well-suited for integration with an application specific integrated circuit
(ASIC) for signal processing, enabling them to exceed the price-performance metric of a capacitive
sensor.

The first fingerprint sensor based on capacitive micromachined ultrasonic transducers (CMUTs)
was presented in 2010 [9]. This sensor used remote electronics to read out a 192-element one-
dimensional line-scan array, and mechanical scanning was used to collect a two-dimensional fin-
gerprint image. On the other hand, sensors based on dense 2D MUT arrays require integration
with CMOS to enable signal multiplexing to thousands of MUTs in the array. CMUTs have been
integrated with CMOS using through-silicon vias (TSVs) and solder-ball flip-chip bonding [10].
However, both TSVs and flip-chip bonding are relatively expensive processes. More importantly,
the minimum solder ball diameter is approximately 80 µm [11], making this approach unsuitable
for electrical interconnect to individual MUTs in a 500 DPI array, where the pitch between MUTs is
50 µm or less. Previously, a MEMS-CMOS eutectic wafer-bonding process used for high-volume
manufacturing of inertial sensors was adapted to produce PMUT arrays, enabling each PMUT to
be directly bonded to a dedicated CMOS receive amplifier to minimize electrical parasitics [12]. In
an earlier fingerprint sensor designed with this technology, a 17% fill-factor PMUT array achieved
14 kPa peak-to-peak pressure output, 0.6 µV/Pa sensitivity, and 200 µm image resolution [13].
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1.2 Dissertation Contributions and Organization

This thesis focuses on the modeling and characterization of ultrasonic fingerprint sensors based
on piezoelectric micromachined ultrasonic transducers (PMUTs) . The research of the mechanical
aspects of PMUTs based system requires understanding of piezoelectric materials, PMUTs device
design, and acoustic performance. Chapter 2 will cover the basic knowledge of thin film piezoelec-
tric material properties, along with their characterization methods. This chapter will also present
the analytical modeling of PMUT devices, acoustic impedance, and far field pressure. Chapter 3
will detail the demonstration of a 110 × 56 rectangular PMUT based ultrasonic fingerprint sensor
with 51.7% fill factor. The model and validation of the mechanical and acoustic performance of
the individual device and array will be presented. In addition, the axial and transverse image res-
olution will be characterized. In the end, two time gated images collected at two depths will be
demonstrated. Chapter 4 will focus on a 65 × 42 circular PMUTs based fingerprint sensor with
improved performance via transmit beamforming.The improved pressure amplitude, beam width,
receive signal, and image contrast will be reviewed. As the fingerprint sensor requires densely
packed arrays, the non-idealities and their characterizations will be covered in the next two chap-
ters. Chapter 5 will cover inter-element coupling effects resulting from the sharing of the small
eutectic mechanical anchors. The complicated mechanical mode shapes and their influence on the
far field pressure will be modeled and measured. As the PMUTs in ultrasonic fingerprint sensors
operate with pulsed excitation and images in the near field, more accurate finite element methods
(FEM) models and validation methods are required for device understanding and characterization.
In chapter 6, time domain acoustic simulation using k-wave MatLab toolbox [14] and measured
vibration displacement using LDV were utilized to characterize the 2D pressure output field. Ef-
fects of mechanical crosstalk, acoustic surface waves, and anchor motions were also characterized
in the LDV measurements of the packaged PMUTs. Chapter 7 discusses further improvements of
the individual PMUT’s transmit performance. FEM simulation is used to identify that fill factor,
area size, and the transducer’s peak displacement determine the near field pressure output in pulsed
excitation. Through modeling and device fabrication, the displacement of an individual PMUT is
proved to inversely scale with the total device thickness. Sub-micro piezoelectric thickness PMUTs
were made to further improve the transmit performance of the PMUTs.In the end, the conclusion
is offered with some proposed future work.
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Chapter 2

Introduction

In this chapter, the thin film piezoelectric material properties and their characterization methods
will be introduced. Then an analytical modeling of PMUTs will be presented for an understanding
of the important device design parameters. At the end, the acoustic coupling and the classical far
field pressure field theories will be reviewed to understand the basic acoustic transducer design.

2.1 Thin Film Piezoelectric Material

2.1.1 Piezoelectric material properties

Bulk piezoelectric materials are commonly used in medical ultrasonic probes. The piezoelectric
linear constitutive relations and the bulk material properties have been studied extensively. When
measuring thin piezoelectric films on a solid wafer, the observed deformation is constrained by the
solid wafer surface. Assuming that the wafer is infinitely stiff, the concept of thin-film piezoelectric
coefficients has been developed. The effective e31,f has been introduced as [15].

e31,f =
d31

sE11 + sE12
= e31 −

cE13
cE33
e33, where |e31,f | > |e31|, (2.1)

d33,f =
e33
cE33

= d33 −
2sE13

sE11 + sE12
< d33, (2.2)

where dij[C/N ] is the piezoelectric coupling coefficients in Strain-Charge form, eij[C/m2] is the
piezoelectric coupling coefficients in Stress-Charge form, cEij[N/m

2] is the stiffness coefficient ma-
trix with constant electric field, and sEij[m

2/N ] is the compliance coefficient matrix with constant
electric field. In the application of the electric field E3, the in-plane stress σ1 and the out-of-plane
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Figure 2.1: Example Four Point Bending Setup [16]

strain ε3 are induced as
ε3 = d33,fE3, (2.3)

σ1 = −e31,fE3, (2.4)

2.1.2 Thin Film Piezoelectric Material characterizations

To obtain the full piezoelectric coupling coefficients in the bulk piezoelectric materials, different
cuts of the samples are required. As mentioned earlier, the most critical coefficient of the film
piezoelectric material for MEMS application is e31,f . There are several ways to characterize e31,f ,
including four point bending method, inverse Kanno/Muralt method, double beam laser interfer-
ometer, and using finite element methods (FEM) simulations.

The four point bending method uses a setup that includes a four-point bending sample holder
that allows precise application of an in-plane strain to the film and determine the effective trans-
verse piezoelectric coefficient e31,f by measuring the induced charges [16]. An example setup can
be found in Figure 2.1. The e31,f can be calculated as

e31,f ∼=
Ql21

4Ahu(1− υSi,f )
, (2.5)

where u is the measured displacement, l1 is the distance between the inner two supports, h is the
thickness of the test sample, υSi,f is the Poisson’s ratio of the Si substrate, Q is the measured
charge, and A is the electrode area.
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For the inverse Kanno/Muralt method, the effective transverse piezoelectric coefficient e31,f
of piezoelectric films was calculated by measuring the tip displacement δ of unimorph cantilevers
with piezoelectric thin films on Si substrates [17, 18]. The corresponding relationships are

d31 =
1− υp
1− υs

h2sEsδ

3EpL2V
, (2.6)

as e31,f =
d31

sE11 + sE12
, (2.7)

e31,f =
Es

1− υs
h2sδ

3L2V
, (2.8)

where Ep and Es are the Young’s modulus of the piezoelectric film and the substrate,υp and υs are
the Poisson’s ratio of the piezoelectric film and the substrate, hs and L are the thickness and length
of the cantilever test structure, and V is the applied voltage. Note only the Si material property
needs to be assumed in Equation 2.8.

The DBLI method is based on that the measured longitudinal effective piezoelectric coefficient,
d33,f,meas, is related to the true d33,f and the transverse effective piezoelectric coefficient e31,f
through the substrate material elastic properties and the ratio of the electrode size to the substrate
thickness, as shown in Figure 2.2 [19].By measuring the d33,f,mea with different electrode size over
substrate thickness ratio r, the e33,f and d33,f can be extracted as:

e31,f =
1

s13,s

d33,f,meas(r1)− d33,f,meas(r1)
f(r1)− f(r2)

(2.9)

d33,f =
f(r2)d33,f,meas(r1)− f(r1)d33,f,meas(r2)

f(r1)− f(r2)
(2.10)

where f(r) is the relative magnitudes of the in-plane and out-of-plane stress in the substrate ex-
tracted from FEA simulation, which only depends on the Poisson’s ratio of the substrate.

Lastly, the e31,f can be be extracted on the designed MEMS structure by comparing FEM
simulation results with the measurements assuming different material properties. In the case of
PMUTs, resonance frequency and static displacement are the two key parameters that can be used
for material property extrapolation.

2.1.3 Figure of Merit

PMUTs operate in a flexural vibration mode, where out-of-plane vibration is excited by in-plane
piezoelectric film stress. For this reason, the relevant piezoelectric coefficient is the 31 (transverse)
coefficient. The figure of merit (FOM) to compare piezoelectric thin films for different applications
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Figure 2.2: Simulated values of d33,f that would be measured by DBLI as a function of the
electrode size to substrate thickness ratio, r [19]

can be introduced. The FOMs are e31,f for actuators ,
e31,f
ε33

for sensors , and k2t ∝
e231,f
ε33

for the

electromechanical coupling coefficient [20, 21, 22]. Using the published material properties of
PZT (e31,f = −14.7 C/m2, ε33 = 1200) and AlN (e31,f = −1.08 C/m2, ε33 = 10.5) , the
electromechanical coupling coefficient of PZT is only about 50% greater than that of AlN, despite
the fact that the piezoelectric coefficient for PZT is 13 times higher than that of AlN. Based on the
value from [15], AlN, and PZT thin film can be compared in Table.2.1. Compared to AlN, PZT
has about 14× larger e31,f and 100× larger ε33, resulting in a 14× better transmit performance, 2×
better pulse echo performance, and 8× worse receive performance.

FOM AlN PZT
-e31,f 1.05 14.7
ε33 11 1200

-e31,f/ε33 0.095 0.012
e231,f/ε33 0.1 0.18

Table 2.1: Comparison of PZT and AlN based on different figure of merits (FOMs)

2.2 PMUTs Analytical Model

PMUTs are flexural piezoelectric resonators, whose modeling has been thoroughly explained in
[23]. In this chapter, the key parameters will be reviewed. Then a model to compare the circular
PMUTs’ performance at same resonant frequency in air, which leads indirectly to their resonant
frequency in acoustic medium, will be detailed.
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Figure 2.3: Schematic of the modeled circular PMUT

The equivalent circuit of PMUTs include electrical, mechanical, and acoustical domain, as
shown in Figure 2.4. The state variables are electrical voltage V and current im in the electri-
cal domain, force F and peak displacement wp in the mechanical domain, as well as pressure p
and volume velocity Vv in the acoustical domain. The electrical domain is coupled to mechani-
cal domain via electromechanical coupling constant η, and output force in mechanical domain is
converted to an output pressure by dividing by the effective area Aeff .

The modeling of a PMUT composed of a single layer of piezoelectric film, a uni-morph PMUT,
is detailed in this section. The device and elastic layers are assumed to have the same material
properties. As shown in 2.3, assume that the total thickness of the film is t, the piezoelectric
layer thickness is ta, and the elastic layer thickness is td, where the thickness ratio is defined as
β = ta/td. The electrode thickness is considered to be thin enough to be neglected here. In the
mechanical domain, PMUT is a 2nd order linear system, the key parameters for PMUT perfor-
mance are resonant frequency f , static displacement ws, and peak displacement wp. Based on the
equivalent circuit model, ws = η/k and wp = Qη/k, where k is the stiffness of the membrane and
Q is the quality factor of the system. In the electrical domain, the capacitance C0 is

C0 =
ε(γr)2

t
(2.11)

where ε is the dielectric constant of the piezoelectric material, γ is the electrode coverage, r is
the radius of the membrane, and t is the thickness of the piezoelectric material. In the mechanical
domain, the flexural rigidity of the membrane D is

D =
1

12
E

′
t3 (2.12)

where E ′ is the plate modulus defined as

E
′
=

E

1− υ2
(2.13)

where E and υ are the Young’s modulus and Poisson’s ratio of the material. The mass per unit area
of the plate µ is

µ = ρt (2.14)
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Figure 2.4: PMUT equivalent circuit model

where ρ is the density of the material. The natural frequency of a circular plate f is [23]

f =
10.327

2πr2

√
D

µ
=

10.327

2π

√
E

′

3ρ

t

r2
(2.15)

Based on this relationship, the ratio of t/r2 is fixed for a given frequency and should be accounted
for in the modeling of the PMUT’s displacements. As for PMUTs, the electromechanical coupling
constant η is determined by the distance from the middle of the piezoelectric layer to the neutral
axis zp and piezoelectric integral Ipiezo

η =
1

2
e31,fzpIpiezo, (2.16)

where Ipiezo = 8πγ2(γ2 − 1) [23] and zp = td/2 = t/(2(1 + β)). The stiffness k of the membrane
is

k = 64
πD

3r2
, (2.17)

Putting all these together for the transmit performance, the static displacement per voltage input
is

ws
Vin

=
η

k
=

9

32
√

3

10.327

π
[

√
1

ρE ′ e31,f ]
γ2(γ2 − 1)

(1 + β)t

1

f
(2.18)

Based on Equation 2.18, static displacement is related to the material properties, electrode cover-
age, thickness, thickness ratio, and frequency. Moreover, static displacement inversely scales with
device thickness and frequency.
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Defining kd2 to quantify the efficiency of the electromechanical coupling for flexural mode

resonators, as
η2

k
<< C0, we have

kd2 =

η2

k

C0 +
η2

k

≈

η2

k
C0

=
9

(2(1 + β))2
(γ2(γ2 − 1))2

γ2
e231,f
E ′ε

(2.19)

The kd2 is about 8% of k231 =
e231,f
E ′ε

for a device with optimized electrode coverage (60%) on a
equal piezoelectric and elastic thickness stack.

2.3 Acoustic Impedance

The acoustic impedance, defined as the ratio of acoustic pressure p to the volume velocity Vv, has
been introduced to model the acoustic wave propagated into the fluid from the acoustic source:

Za =
p

Vv
=

ρ0c

Aeff
[rr + jxr] (2.20)

where p is the generated pressure, ρ0 and c are the density and speed of sound of the medium, and
Aeff is the effective area based on the device’s mode shape. For a circular piston acoustic source,
the unit-less specific resistance rr and reactance xr components can be simplified as

rr(2ka) = 1− 2J1(2ka)

2ka
≈ 1

2
(ka)2 (for ka << 1) or ≈ 1 (for ka >> 1), (2.21)

xr(2ka) =
2H1(2ka)

2ka
≈ 8

3π
(ka) (for ka << 1) or ≈ 2ka/π (for ka >> 1) (2.22)

where J1(x) is the first order Bessel function and H1(x) is the first order Struve function. Using
effective area, we can convert the output pressure and volume velocity to the mechanical domain
as output force and particle velocity as shown in Figure 2.4, where

Fout
vp

= ρ0cAeff [rr + jxr] (2.23)

The reactive component xr of the acoustic impedance is an inertial term that represents an addi-
tional acoustic mass mr

mr =
Fout
v̇p

= ρ0cAeff
xr
w

(2.24)
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Meanwhile, the specific acoustic impedance that relates pressure and particle velocity can be de-
fined as [24]

za =
p

v
= Za × Aeff = ρ0c[rr + jxr] (2.25)

Most of the time, the acoustic coupling of a piston with a uniform displacement at the surface
is discussed. However, for a flexural mode acoustic device, the non-uniform displacement at the
interface of the membrane and the acoustic medium needs to be accounted for. For a circular
flexural mode MUT, the average displacement is about 1/3 of the peak displacementwp. Therefore,
the average pressure output at the transducer surface operating at frequency f can be modeled as

pav = zavp/3 = za(2πf)wp/3 (2.26)

2.4 Far Field Pressure

The classical far field pressure pax(θ, r) at a distance r from a single circular flexural mode acoustic
source with radius a is

pax(θ, r) = jpavD(θ)
R0

r
ej(2πf−kr)e−αr = jpavD(θ)

A

λr
ej(2πf−kr)e−αr (2.27)

D(θ) =
48J3(kasinθ)

(kasinθ)3
(2.28)

where A and D(θ) are the area and the directivity of the transducer, λ = c/f is the wavelength

in the medium, R0 is the Rayleigh distance (R0 =
A

λ
), k =

2π

λ
is the wavenumber, and α is the

acoustic attenuation in the medium expressed in [Nepers per cm] and is converted to dB/cm by
multiplying with 8.686, namely α[Np/cm] = α̂[dB/cm]/8.686.

This analytical model assumes continuous wave operation in the far field. As the MUTs device
size and package height become comparable to the wavelength, the pressure field cannot be cap-
tured by the classical pressure analytical model accurately. In this case, the classical model only
provides an intuitive understanding of the factors impacting the pressure output. In these cases, fi-
nite element methods are needed to accurately predict the acoustic performance. There are several
FEM simulation tools available including OnScale (previously PZFlex), COMSOL Multiphysics,
and k-Wave MATLAB Toolbox. The OnScale offers a relatively fast simulation of the device per-
formance and the generated acoustic field, where the interaction of the membrane and acoustic
field can be captured. COMSOL Multiphysics is relative slow for large array simulation, but is
capable of modeling both the device and acoustic performance. The k-Wave MATLAB Toolbox
offers a relatively fast acoustic simulation with pre-described transducer displacements, however
the device performance as well as the device/acoustic interactions cannot be captured.
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2.5 MUTs Array Mechanical Crosstalk

In this section, the major mechanical crosstalk will be reviewed to advice MUT array design. The
two major mechanical crosstalk mechanisms are at the membrane / medium interface as well as in
the substrate. At the fluid-solid interface, leaky Rayleigh and Scholte wave has been identified [25,
26]. On the other hand, Rayleigh waves below the MUT structure have also be found [27].These
mechanical crosstalk mechanisms will lead to non-ideal beam pattern and extended ringdown time
in pulse-echo operations.
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Chapter 3

Monolithic Ultrasound Fingerprint Sensor

3.1 Introduction

A monolithic ultrasonic fingerprint sensor based on an 8×24 AlN piezoelectric micromachined
ultrasonic transducer (PMUT) array with 254-DPI pitch has recently been demonstrated [28, 13].
However, the standard for fingerprint sensors in consumer electronics is 500 DPI, requiring a dra-
matic reduction in the PMUT size to < 50 µm, risking both low acoustic output and reduced
fill-factor because the active acoustic area shrinks while the area needed for anchors and intercon-
nect does not. This section presents a systematic design study of the individual AlN PMUT and
array parameters to resolve these issues. In this study, a 51.7% fill-factor, 591 × 438 DPI, 110
× 56 array of rectangular PMUTs is demonstrated, an increase of 140% pressure output per input
voltage along with over 200% in sensitivity and image resolution.

3.2 Materials and Methods

A cross-section schematic of an individual PMUT is shown along with photographs of the 110×
56 sensor chip in Figure 3.1a. Each PMUT is a piezoelectric unimorph composed of 1 µm thick
AlN sandwiched between 300 nm Al and 200 nm Mo electrodes on a single crystal silicon layer
with 1.6 µm nominal thickness (Figure 3.1b). Al Ge eutectic bonds on SiO2 standoffs provide the
mechanical anchor and electrical contact to the PMUT [12]. The deformation of a PMUT with
an external electrical field applied to the AlN is shown in Figure 3.1c. The PMUTs are formed
on an SOI MEMS wafer that is bonded to a CMOS wafer that provides the signal processing
electronics, which includes the 24V charge pump, high voltage transmit amplifiers, low voltage
receive amplifiers and multiplexing circuitry. Details regarding the design of the signal processing
circuitry are provided in [29]. Following CMOS and MEMS wafer bonding, the PMUTs are
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released by a through wafer DRIE etch that removes the MEMS handle wafer in a 4.6mm by
3.2 mm region at the center of each 5.4 by 4.6 mm die. Two 110×56 element array designs,
composed of 35 µm diameter circular and 30µm × 43µm rectangular PMUTs, were fabricated.
The optical images in Figure 3.1d show the layout of the rectangular and circular PMUT arrays.
Each of the 6,160 PMUTs in the array has a dedicated receive (RX) amplifier that is connected to
the Al bottom electrode during the receive phase. The 56 PMUTs in each column share a common
Mo top electrode that is connected to a 24V transmit amplifier (TX) during the transmit phase.
To protect the RX amplifier from the high voltage signal, a TX/RX switch connects each bottom
electrode to ground (GND) during the transmit phase.

3.3 Individual PMUT Design

The electrical-mechanical-acoustic equivalent circuit model for the PMUT that takes account of
the different material properties of the thin films, shown in Figure 3.2a, is used to understand the
resonant frequency in air and in fluid, peak velocity, and peak pressure at the center of the PMUT
[2, 20]. In the mechanical domain, equivalent circuit parameters are derived to represent the mass
mm and stiffness km for a particular vibration mode. The mechanical parameters, force F and
velocity vP (measured at the center of the PMUT), can be converted to the electrical domain using
the electromechanical coupling constant η. The output force is converted to an output pressure
by dividing by the effective surface area Aeff , which is one-third of the total area for a circular
PMUT. In the acoustic domain, the acoustic impedance Za relates the acoustic pressure P to the
volume velocity Vv as F = ZaVv.

The parameters of the equivalent circuit model are derived as follows. A schematic and SEM
cross-section of the PMUT are shown in 3.2b. While the Al bottom electrode does not span the
entire PMUT surface, this layer is thin and the Young’s Modulus of Al is low relative to that of the
other (Si, Mo, AlN) layers, so we neglect it in the following derivations. For a unimorph PMUT
composed of three layers, the neutral axis for the PMUT laminate, shown in Figure 3.2b, can be
calculated as [2]

zNA =

∑3
n=1 tnznE

′
n∑3

n=1 tnE
′
n

, (3.1)

where n is the layer index (Si, Mo, AlN), E ′
n =

En
1− υ2n

is the plate modulus, En and vn are the

Young’s modulus and Poisson’s ratio of each layer, zn is the distance between the layer’s middle
plane to the bottom of the laminate, and tn is the layer thickness. The mass per unit area µ is [2]

µ =
3∑

n=1

tnρn, (3.2)
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Figure 3.1: (a) Photograph of the sensor. The 110x56 PMUT array is located in the 4.64 mm by
3.36 mm recessed region in the center of the die. (b) PMUT cross-section schematic. c) FEM sim-
ulated mode shape of a circular PMUT with an applied electric field across the AlN piezoelectric
thin film. d) Optical images of the two PMUT arrays after debonding from the CMOS wafer. In
the rectangular design (left), a single Al-Ge anchor (highlighted in yellow) mechanically isolates
PMUTs in adjacent rows, while PMUTs in adjacent columns are not mechanically isolated. The
circular design (right) sacrifices fill factor for more anchor area and increased spacing between
the Al-Ge bonding rings.
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where ρn is the density of the nth layer. Meanwhile, the flexural rigidity D of a laminate is defined
as [30]

D =
1

3

3∑
n=1

E
′

n(ĥ3n − ĥ3n−1), (3.3)

where ĥn = hn − zNA is the distance between the top the nth layer to the neutral axis.

Assuming a circular plate vibrating in the first mode, the modal stiffness, modal mass, and
electromechanical coupling constant are given by

km =
64πD

3a2
, (3.4)

mm =
πa2µ

5
, (3.5)

η = 4πγ2(γ2 − 1)e31,f ẑp, (3.6)

where a is the radius of the PMUT, γ is the ratio of the Al bottom electrode radius to the PMUT
radius, e31,f = 1.08 C/m2 is the effective thin-film piezoelectric coefficient of AlN [31], and ẑp
is the distance from the middle of the piezoelectric layer to the neutral axis. In this chapter, we
use the velocity at the center of the PMUT as the mechanical velocity variable because this value
is measurable in experiments. In other works, the average velocity v̂ = vP/3 is often chosen, a
choice that yields k̂m = 9km and m̂m = 9mm, values that are consistent with Mason’s approach
[32]. In the acoustic domain, the acoustic impedance Za for a clamped radiator can be found as
[33]

Za =
ρc

Aeff
(rr + jxr) (3.7)

where rr and xr are the resistive and inductive acoustic terms, respectively. The imaginary part of
the acoustic impedance behaves as a mass ma added to the PMUT mass in the mechanical domain.

Circular PMUTs with dimensions from 35 µm to 70 µm were modeled, fabricated, and char-
acterized. For a unimorph PMUT with total thickness t and characteristic length l (diameter or
side length), the resonant frequency of the fundamental flexural vibration mode in air is given by

f0,air =

√
km
mm

∝ t

l2
(3.8)

The resonant frequency of a PMUT immersed in fluid can be estimated from [34]

f0,f luid
f0,air

≈ mm

mm +ma

≈ 1/

√
1 + 0.344

ρ0,f luidl

µ
(3.9)
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Figure 3.2: a) Electrical-mechanical-acoustic model. Voltage V and current im, force F and
velocity at the center of the PMUT vP , and pressure P and volume velocity Vv are the variables
for the electrical, mechanical, and acoustical domains, respectively. b) Schematics (left) and
SEM image (right) of a PMUT cross-section. The Ge bond in the SEM image was broken during
sample preparation.

where ρ0,f luid is the fluid’s density. The resonant frequencies predicted by (8) and (9) agree well
with resonant frequencies from a finite element method (FEM) model of the PMUT in air and in
the non-conducting fluid Fluorinert FC 70 (COMSOL Multiphysics), as shown in Figure 3.3a. The

results show that the first resonance frequency f0,f luid of a PMUT immersed in a fluid scales as
1

l2
,

as predicted by the analytical models. Meanwhile, the displacement at the center of the PMUT dp
is given as [35]

dp = Qds ∝
e31,fznBW

Df0
∝ l2

t4
(3.10)

where Q is the quality factor, ds is the static displacement, and BW is the 3 dB bandwidth of the
PMUT. The velocity at the membrane center is

vp = 2πf0,f luiddp ∝
1

t3
(3.11)

while Equation 3.11 suggests that the velocity should be independent of diameter, and the cal-
culated velocity, shown in Figure 3.3a, shows that the velocity increases by 20% with a 200%
increase in diameter.



CHAPTER 3. MONOLITHIC ULTRASOUND FINGERPRINT SENSOR 18

Lastly, the pressure output scales with the effective area, velocity, and acoustic impedance as

Pp = ZavpAeff (3.12)

The resistive and inductive acoustic impedance terms are functions of the product of the wave
number k and radius a, shown in Figure 3.3b. For an individual PMUT with 1 µm AlN and a
1.6 µm silicon device layer, when the diameter is doubled, the output pressure and peak velocity
increase by less than 25%, while the resonant frequency in fluid decreases by 75%.

3.4 Array Design

On an individual basis, there is little difference between the circular and rectangular PMUTs when
designing for output pressure. However, when individual PMUTs are arranged into an array, scal-
ing the PMUT causes the active acoustic area to shrink while the area needed for anchors and
interconnects does not. Defining the fill factor F to quantify the active acoustic area and compar-
ing designs that can achieve a 50 µm pitch, a 35 µm circular PMUT results in a 17.6% fill-factor,
while a 30 µm× 43 µm rectangular PMUT results in a 51.7% fill-factor, a factor of three better. A
simple model for the ideal surface pressure generated by a surface oscillating with amplitude dp at
frequency f0 is given as [13]

P = (2πf0dp)ZaAeff
√
F (3.13)

where F is the fill factor of the array. Figure 3.3c shows the best possible fill factor calculated for
PMUTs with different sizes and the computed surface pressure based on simulated peak displace-
ment. The calculated pressure output suggests that the rectangular PMUT array design can achieve
twice the pressure output of the circular PMUT array.

For pulse echo based ultrasound imaging, lateral resolution depends on the beam width, while
the axial resolution is determined by the product of the wavelength and number of cycles in the
transmitted pulse [36]. The total pressure output at a point of interest is the superposition of the
pressure output from all the PMUTs [37],

Ptot =
∑ P av

ri

ka2

2
Di(θi)e

−jkriφ(t) (3.14)

Di(θi) =
48J3(kasinθi)

(kasinθi)3
(3.15)

where P av is the average output pressure, Di(θi) is the directivity, φ(t) is the normalized pulse sig-
nal, and θi and ri are the angle and radial distance between the PMUT and the point of interest. The
schematic of the superposition of the pressure outputs from the PMUT array is shown in Figure
3.4a. In experiments, the PMUTs are covered by a 250 µm thick layer of poly-dimethylsiloxane
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Figure 3.3: a) (Top) Frequency response in air and fluid from the simulation and analytical
solution (Bottom) Peak velocity from the analytical solution. b) The resistive rr and inductive
xr terms in the acoustic radiation impedance plotted versus ka. c) Fill-factor (top) and computed
pressure output (bottom) versus PMUT size.

(PDMS) (Sylgard 184 Dow Corning, Midland, MI, USA), and the speed of sound of PDMS
(c = 1000 m/s) is used to calculate the wave number in the model, k = 2πf/c ≈ 105m−1 at
16 MHz. The PMUTs in each column of the array share a common top electrode, which is excited
with the transmit voltage. Because the column length in the vertical (y) axis is much greater than
its width in the horizontal (x) axis (3.2 mm vs. 70 microns/column), the x-axis beam width is of
most significance. Therefore, the expected beam width in x-direction at the imaging plane (which
is the surface of the PDMS layer), 250 µm above the transducer array, is calculated for a column
of PMUTs operating in PDMS with the expected frequencies for seven PMUT diameters ranging
from 25 to 70 µm , as shown in Figure 3.4a. As the frequency increases, the beam width decreases
dramatically, leading to better lateral resolution. Beam-width calculations were performed for sin-
gle column excitation, as well as for cases where three columns and five columns are transmitting
together. As shown in Figure 3.4b, the increased aperture when transmitting with three columns
and five columns without beamforming results in greater resolution. The calculated beam width
for this design at 16 MHz is 104 µm with three columns transmitting and 84 µm with five columns
transmitting.
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Figure 3.4: a) Schematic of the superposition of the pulsed pressure outputs from the excited
PMUTs in the array. b) Beam width (top) and axial resolution (bottom) versus the operating
frequency of PMUT in fluid. Beam width calculations were performed when a single column is
used to transmit, as well as when three columns and five columns are used.
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3.5 Results

Circular PMUTs with five different diameters ranging from 35 to 70 µm were fabricated and
measured in air and fluid (Fluorinert FC-70, 3M) using a Laser Doppler Vibrometer (LDV, OFV-
5000, Polytec, Inc., Campbell CA, USA). The measured frequencies in air and fluid are in good
agreement with the predictions from models, where f0,air scales as 1/l2, as shown in Figure 3.5a.
The measured displacement at resonance in air, when divided by the measured quality factor, yields
a normalized displacement that can be compared with the static displacement ds calculated from
the analytical solution in Figure 3.5a. However, the static displacement ds for a 35 µm PMUT
is two times higher than the predicted value. As shown in 3.5b, the measured peak displacement
dp for circular PMUTs with five different diameters is well predicted by the product of the static
displacement ds and the estimated quality factor. The measured displacement dp scales as l2, in
good agreement with the model in Equation 3.10.

To quantify the die to die variability, five chips selected from locations across a 200 mm wafer
were characterized, and the frequency and peak displacement response in air were recorded. The
die-to-die variation in resonant frequency was small, varying by approximately 4%. However, the
displacement variation was much greater, with an approximately 20% die-to-die difference in the
peak amplitude observed for 50 µm PMUTs. Some of the amplitude variation may be measurement
error due to imperfect placement of the LDV laser spot. Cross-section SEM images revealed the
Si elastic layer of the PMUT varied by approximately 10% from die to die. Based on Equation
3.8 and Equation 3.10 where f0 ∝ t and dp ∝ 1/t4, the maximum frequency difference due to Si
thickness variation is calculated to be 5%, while the amplitude variation is 30%. As a result, the
frequency and peak displacement variations can be mostly attributed to Si layer thickness variation.

Acoustic tests were conducted with the PMUT array immersed in fluid with a 40 µm diameter
needle hydrophone (Precision Acoustics, Inc.) used to measure the pressure output. As shown
in Figure 3.1d., the 30µm × 40µm rectangular PMUTs were on a 43µm × 58µm grid, while
the 35 µm diameter circular PMUTs were on a 70µm × 80µm grid. Driving a single column of
PMUTs with two 24 V cycles at 14 MHz resulted in 9.4 kPa for the rectangular design measured
with the hydrophone 220 µm away from the PMUT chip and 1.62 kPa for the circular design
measured with the hydrophone at a 400 µm distance, as shown in Figure 3.5c. These pressure
measurements correspond to acoustic surface pressures of 70.8 kPa and 41.9 kPa for the rectangular
and circular designs, respectively. This 1.7 factor of difference in the surface pressure agrees with
the calculation from Equation 3.13, as the two PMUT designs have similar amplitude responses but
differ primarily in that the rectangular design has a 3 × higher fill factor. The measured pressures
are also in good agreement with the modeled pressure calculated from the measured displacement
and frequency. The pressure variation due to die-to-die differences is estimated to be less than
50%, while the pressure was measured to vary by only 20% when the hydrophone distance was
changed by 200 µm, both of which are relatively small compared to the measured difference in
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output pressure of the two designs.

The beam width was measured by laterally translating the hydrophone at a distance of 500 µm
away from the PMUT chip. The measured pressure profile, shown in Figure 3.5d, shows that the
3dB beam-width is 200 µm and 150 µm when transmitting with one column and three columns,
respectively. The measured beam-width is in reasonable agreement with the analytical calculation
from Equation 3.14, with differences resulting from the physical size of the hydrophone needle
and errors in the tilt and positioning of the array.

The rectangular PMUT array demonstrated to have the best performance was further charac-
terized to understand its sensitivity, electromechanical coupling coefficient k2t , and insertion loss.
Based on the equivalent circuit model in Figure 3.6a, the receiving sensitivity SRX is

SRX =
VRX
PRX

=
GAeff
η

η2Zele
η2Zele + Ztot

(3.16)

where VRX and PRX are the received voltage and pressure on the PMUT surface, G is the gain of
the front-end amplifier, Zele is the electrical impedance of the PMUT, and Ztot is the sum of the
mechanical and acoustic impedance of the PMUT. Pulse echo experiments were conducted with
the chip packaged with a 250 µm thick layer of PDMS and an imaging phantom placed on top
of the PDMS layer. Using the acoustic pressure output measured with the hydrophone together
with the received signal amplitude from pulse-echo measurements, the pressure sensitivity was
determined to be 2 mV/kPa, which agrees with the sensitivity computed from Equation 3.16. The
electromechanical coupling coefficient k2t is estimated to be 0.3% from [34]:

k2t
∼=

π2η2

8kmC0

(3.17)

where η = kds is the electromechanical coupling, while km and C0 are the mechanical stiffness
and electrical capacitance of the PMUT, respectively. Considering the partial electrode coverage
of the AlN thin film and that the AlN thickness is only 40% of the entire device thickness, the
calculated k2t is consistent with the value calculated from [20, 38] for an AlN piezoelectric thin film
( k2t =1.49%). The array insertion loss was measured by exciting a column of PMUTs with a 2 cycle
24 Vpp 14 MHz pulse and measuring the voltage from the reflected echo. The measured insertion
loss is 90 dB from the transmit voltage and receive voltage, which includes approximately 8 dB of
the spreading and absorption loss over the 500 µm round-trip path. The absorption coefficient of
PDMS is 16 dB/cm or 0.8 dB for the 500 µm round-trip, much less than the spreading loss.

Axial and transverse image resolution experiments were conducted using two different phan-
toms. In each experiment, pulse-echo measurements are collected from each of the 110 columns
in sequence, with a complete image formed in 2.6 ms. In each column’s TX cycle, five adjacent
columns (N-2, N-1, N, N+1, N+2) of 56 PMUTs are excited without beamforming, and the center
column (N) is used as receivers. Figure 3.6b shows a 2D pulse-echo ultrasonic image of a finger-
print sensor resolution test pattern fabricated by the National Institute of Standards and Technology
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Figure 3.5: a) Modeled and measured resonance frequency in air and fluid (top). Modeled and
measured static displacement (bottom). b) Modeled and measured peak displacement in fluid
(top) and in air (bottom) c) Pressure output of the rectangular (top) and circular (bottom) PMUT
arrays measured with a hydrophone 220 µm and 400 µm from the PMUT array. Black: time-
domain; Red: FFT. d) The normalized pressure field at a 500 µm distance from the PMUT array
measured by translating the hydrophone along the y-axis when transmitting with one column
(top) and three columns (bottom).
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(NIST), (Figure 3.6b), demonstrating a 5:1 contrast ratio over the 4.6 mm × 3.2 mm ultrasound
image. A separate test, not shown here, characterized the lateral resolution to be 80 µm, consistent
with the 80 µm beam width computed using the acoustic model. The discontinuous image pattern
is due to a non-flat PDMS surface. To demonstrate the axial resolution, a phantom was constructed
consisting of two overlaid patterns separated axially by 127 µm. Time-gated images collected at
these two imaging depths clearly show the two patterns, (Figure 3.6b). Similarly, human skin is
composed of several layers, and ultrasonic images can be collected at the finger surface and at the
dermal layer beneath the finger surface. Two time-gated fingerprint images collected at two depths
are shown in Figure 3.6c. The sub-surface image matches the negative of the surface image. The
two collected fingerprint images match the anatomy from [39]. The characteristics of the 110 ×
56 rectangular PMUT array are summarized in Table 3.1.

Center Frequency f0 14 MHz
Pressure at the Imaging Plane (5 Column TX Drive) 15 kPa

Receive Sensitivity 2 mV/kPa
Electromechanical coupling coefficient k2t 0.3%

Insertion Loss 90 dB
Number of Pixels 110× 56

Pixel Size 43× 58µm
Lateral/Axial Image Resolution 75/150 µm

Contrast Ratio 5:1

Table 3.1: Ultrasonic fingerprint sensor characteristics

3.6 Conclusions

This chapter presented a single-chip ultrasonic fingerprint sensor that meets the resolution require-
ments for consumer electronics applications. A high fill-factor array of rectangular PMUTs was
shown to achieve the best acoustic performance. The array produces an output pressure of 15 kPa
at 24V input to five columns of 56 PMUTs. The fractional bandwidth is 37%, sufficient to resolve
images separated by an axial distance of 127 µm. Further optimization of the PMUT design may
improve the fractional bandwidth to enable higher axial resolution.



CHAPTER 3. MONOLITHIC ULTRASOUND FINGERPRINT SENSOR 25

Figure 3.6: a) Equivalent circuit model for receiving. b) Pulse-echo images. Top: NIST finger-
print resolution test composed of converging parallel lines. Bottom: axial resolution demonstra-
tion using two overlaid patterns separated by 127 µm in depth. c) Ultrasound fingerprint image
collected at the epidermis and sub-epidermis layer (top). Good agreement is observed between
the ultrasonic images and the optical fingerprint image.
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Chapter 4

Ultrasonic Fingerprint Sensor With
Transmit Beamforming Based on a PMUT
Array Bonded to CMOS Circuitry

4.1 Introduction

In this chapter, a single-chip 65 × 42 elements ultrasonic pulse-echo fingerprint sensor with trans-
mit beamforming based on PMUTs directly bonded to a CMOS readout ASIC is presented. The
earlier implementation of a smaller 8 × 24 element array is described in [13, 29], while the basic
performance of a larger 110 × 56 array is described in Chapter 3 [22]. This latter array had a high
fill factor (52%), which resulted in relatively high crosstalk between neighboring PMUTs in the
array. In the array studied here, the PMUTs have greater spacing and therefore lower cross-talk,
enabling us to demonstrate an increase in signal-to-noise ratio (SNR) and lateral image resolution
using transmit (TX) beamforming. TX beamforming has been demonstrated at 8 MHz using AlN
PMUTs without integrated electronics [40] and in a 256 element 2D CMUT array flip-chip bonded
to an integrated circuit [41]. Here we use a column based TX beamforming scheme where the
ultrasound image is collected by scanning across the 65 columns of the array. Using 5 adjacent
columns to beamform, the measured TX pressure output is 25 kPa and the 3 dB beam-width is
50 µm, a 1.6× increase in pressure and 6.4× decrease in beam-width relative to non-beamformed
measurements. Beamforming increases the receive voltage by a factor of 1.4 and the SNR by 7
dB. Because beamforming reduces the beam-width, the image resolution is improved compared to
non-beamformed case, demonstrated through improved contrast in images of 2D grating phantoms
and real fingerprint images.
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Figure 4.1: Photograph of the fingerprint sensor die, composed of a MEMS die bonded on top
of a CMOS die. The Si handle wafer in a 4.6×3.2 mm2 region in the middle of the MEMS die
is etched via DRIE, exposing the thin-film PMUT array and leaving a 250 µm thick Si frame at
the boundary of the die.

4.2 Sensor Architecture and Design

An image of the fingerprint sensor die is shown in Figure 4.1. The sensor was fabricated on a multi-
project wafer using a commercial foundry manufacturing process where a standard CMOS wafer
is bonded to a MEMS wafer using Al-Ge eutectic bonding [12]. The MEMS wafer containing the
PMUT array is fabricated from an engineered silicon-on-insulator (SOI) substrate with a 1.7 µm
thick Si device layer bonded to a 650 µm thick handle wafer. After the PMUT layers (described
below) are deposited and patterned, the MEMS wafer is bonded to the CMOS wafer. Bonding is
accomplished through Ge pads on 2.35 µm thick SiO2 standoffs on the MEMS wafer that contact
exposed Al pads on the CMOS wafer. After bonding, the MEMS handle wafer is thinned to 250
µm by grinding, after which deep reactive ion etching (DRIE) is used to remove the handle Si from
a 4.6 mm × 3.2 mm region in the middle of the MEMS wafer, exposing the PMUT array.

4.2.1 PMUT Design

A detailed design study was conducted to compare PMUT designs of various diameters and ge-
ometries [5]. A rectangular 30 × 43 µm2 PMUT design having high fill-factor was studied in
[22, 6]. Here, we focus on a 35 µm diameter circular PMUT design that has greater mechanical
isolation between neighboring PMUTs, shown in Figure 4.2. Each PMUT is anchored by a 13 µm
wide annular Al-Ge eutectic bond and has a 24 µm diameter circular Al top electrode, designed
to have the maximum electromechanical transduction [20]. The Al-Ge bonding is performed in
vacuum and hermetically seals the gap between the two dice. The hexagonal layout of the array
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Figure 4.2: SEM image of the PMUT array, viewed from the top electrode side after debonding
from the CMOS die. The 35 µm diameter circular PMUTs are arranged on a 70 × 80 µm
grid and have a 24 µm diameter circular top electrode. Al-Ge eutectic bonds on 2.35 µm thick
SiO2 standoffs provide the mechanical anchor and electrical contact to the PMUT. The spacing
between neighboring PMUTs, d, is equal to 25 µm. The lines between the PMUT columns show
where the AlN and Mo bottom electrode layers are etched to electrically isolate each column.

enables close packing of the circular PMUTs, which are spaced on a 70 × 80 µm grid, resulting in
a resolution of 376 × 318 dpi.

Each PMUT is a piezoelectric unimorph composed of 1 µm thick AlN sandwiched between
top and bottom metal electrodes on a single-crystal silicon layer with 1.7 µm nominal thickness,
shown in cross-section in Figure 4.3. The Mo bottom electrode layer is patterned to electrically
isolate each column of PMUTs. This enables the PMUTs to be used as 2-port devices, with the
bottom electrode connected to high-voltage TX circuitry and the top electrode connected to low-
voltage RX circuitry. Al-Ge eutectic bonds on SiO2 standoffs provide the mechanical anchor and
electrical contact to the PMUT. Since there are no anchors between the columns, the unsupported
AlN/Si membrane between the anchors of neighboring columns is the main origin of mechanical
crosstalk. For comparison, the vibration amplitude of this unsupported region is -2.7 dB relative
to the transmitting PMUT’s amplitude in the 110×56 array described in [42] and is -17dB in the
65×42 array described here.
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Figure 4.3: Cross-section of a single PMUT. Top: schematic layout. AlGe bonds connect the Al
top electrode to a TX/RX switch and the Mo bottom electrode to the TX amplifier on the ASIC.
Bottom: cross-section SEM image. The AlGe bond at the base of the SiO2 standoff broke during
cross-sectioning.

4.2.2 Circuit Architecture

A schematic of the array and associated circuitry is shown in Figure 4.4. Pulse-echo measurements
are performed sequentially, column-by-column, beginning with the TX phase, during which an
ultrasound pulse is transmitted from a selected column, followed by the RX phase, where the
returning echoes are received by the same column. The measurement is complete after 65 pulse-
echo cycles, when all columns have been read out. Each single-column pulse-echo measurement
takes 24 µs, and readout of the entire 65 column array takes 1.56 ms.

A 0.18 µm CMOS wafer with 24V high-voltage transistors provides signal-processing elec-
tronics, described in detail in [6]. The 42 PMUTs in each column share a common Mo bottom
electrode that is connected to a high-voltage (24V) TX amplifier, and have individual top elec-
trodes that are bonded to low-voltage (1.8V) receive circuitry. The TX waveform is a unipolar
24V, 2-cycle, 20 MHz pulse. To protect the low-voltage RX amplifiers from the high voltage TX
signal, switches connect the top electrodes to ground (GND) during the transmit phase. During
the RX phase, these switches connect the 42 PMUTs in the selected column to individual RX am-
plifiers. A column-select multiplexer (not shown in Figure 4.4) connects the outputs of the RX
amplifiers to the envelope detectors and sample-and-hold amplifiers used to demodulate and sam-
ple the RX signal from the selected column. The sample-and-hold time can be varied to record
echoes returning at different times, thereby recording images at different depths. A second mul-
tiplexer connects the outputs of the 42 on-chip sample-and-hold amplifiers to an off-chip 8-bit
analog-to-digital converter (ADC).

When TX beamforming is used, the measurement cycle is the same as described above, except
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Figure 4.4: Cross-section of a single PMUT. Top: schematic layout. AlGe bonds connect the Al
top electrode to a TX/RX switch and the Mo bottom electrode to the TX amplifier on the ASIC.
Bottom: cross-section SEM image. The AlGe bond at the base of the SiO2 standoff broke during
cross-sectioning.

that the TX signal is applied to five adjacent columns, with the center column used to receive the
returning echo. The TX signal is delayed symmetrically about the center column with a delay pat-
tern (0,∆t1,∆t2,∆t1, 0) , where ∆t1 and ∆t2 are time delays programmable in 10 ns increments
and selected to give a desired focal distance.

4.2.3 Sensing Mechanism

The fingerprint image is measured based on the reflection of ultrasound from the surface of the
finger. To achieve high contrast ratio, the sensor surface was first coated with a 220 µm thick layer
of poly-dimethylsiloxane (PDMS) (Sylgard 184, Dow Corning) to provide an acoustic coupling
layer with similar acoustic impedance to human tissue, as illustrated in Figure 4.5. The acoustic

reflectance at the finger-PDMS interface is given by R =
(ZT − ZC)

(ZT + ZC)
, where ZT = ρT × cT is

the acoustic impedance of the target (fingerprint) and ZC = ρC × cC is the impedance of the
coupling layer (PDMS, 1.04 MRayls). Where the fingerprint has a ridge, the target impedance is
that of human tissue (ZT = 1.63 MRayls [42]) and the reflectance is low (R = 22 %); where the
fingerprint has a valley, the target impedance is that of air (ZT = 0.43 kRayls) and the reflectance
is high (R = 99%). Because the sensing mechanism is based on the acoustic impedance mismatch
between the coupling layer and the finger, the sensor is significantly less sensitive to oil or moisture
on the finger than either capacitive or optical fingerprint sensors, as demonstrated in [6].
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Figure 4.5: Image of the packaged fingerprint sensor (top) and illustration of fingerprint imaging
(bottom). A 215 µm thick PDMS coupling layer coats the PMUT array. A pressure pulse arriving
at the surface of the coupling layer is partially reflected (pr), resulting in an echo that is received
by the PMUT array. The image contrast is determined by the relative intensities of the returning
echoes from regions of the target fingerprint where there are ridges and valleys, illustrated as dark
and light sections of the target.

4.3 Results

This section describes the model and experimental results for the peak pressure and beam-width
when transmitting with one column and five columns both with and without transmit beamforming.
The signal to noise ratio (SNR) is calculated based on the RX voltage amplitude for beamformed
and non-beamformed cases.

4.3.1 Pressure Output

Following [5], we model the pressure output from the PMUT using a two-port electromechanical
model in which the PMUT dynamics are modeled as a 2nd order system with 19.2 MHz resonance
frequency and quality factor Q=1.5. The vibration amplitude of the model was adjusted so that
it agreed with experimental measurements of the PMUT’s pulse response, measured using a laser
Doppler vibrometer (LDV, UHF-120, Polytec, Inc.). Figure 4.6 shows that the model accurately
matches the experimentally-measured pulse response.
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Figure 4.6: Measured time-response of a single PMUT to a 24V two-cycle 20 MHz pulse input
along with the response predicted by the 2nd order

The measured pulse response was used to develop a model for the array’s acoustic pressure
field. A simplified schematic for the array geometry used to calculate the pressure field is shown
in Figure 4.7. The theoretical surface pressure pavi of a circular PMUT with peak velocity up in
PDMS (density ρ= 1040 kg/m3 and speed of sound c0= 1000 m/s) is calculated as

pavi =
1

3
(ρ0c0up), (4.1)

Using ϕ(t −∆ti) to denote the PMUT’s normalized time-response to a pulse delayed by ∆ti, the
total peak pressure at the focal point is calculated based on superposition [16]

ptot = max|
∑ R0p

av
i

ri
D(θi)e

−jkriϕ(t−∆ti)|, (4.2)

where ri and θi are the distance and angle of the ith PMUT to the focal point, k is the wavenumber,

R0 =
ka2

2
is the Rayleigh distance for a circular PMUT with radius a, and D(θi) is the directivity

of a single PMUT,

D(θi) =
48J3(kasinθi)

(kasinθi)3
, (4.3)

where J3 is a third-order Bessel function.

The time delays for transmit beamforming are calculated as ∆ti = ∆ri/c0, where ∆ri is the
difference in the pathlength of the ith column relative to the pathlength of the outermost column
used in beamforming. To focus at the surface of the 215 µm thick PDMS layer, the time delays
are (0 ns, 30 ns, 40 ns, 30 ns, 0 ns) for the (N-2, N-1, N, N+1, N+2) columns. In Equation 4.2,
we neglect the absorption loss from the PDMS layer, which is calculated as L = afβ , where a =
0.4 dB/cm/MHz, β=1.4 , and f is the frequency in MHz [43]. At 20 MHz, this model yields an
absorption coefficient of 26.5 dB/cm, or 0.5 dB for a 215 µm thick layer of PDMS, much less than
the acoustic spreading loss.
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Figure 4.7: Array geometry used for pressure superposition calculations. The distance ri and
angle θi between an individual PMUT (black dot) to the focal point (blue dot) are labeled.

This model was first used to study how the peak pressure and beam-width vary as a function of
the PMDS thickness to determine how the fingerprint imaging resolution degrades as the distance
to the imaging plane is increased from 100 µm to 800 µm. The results of these simulations are
shown in Figure 4.8. With a 100 µm PDMS layer, the minimum 3 dB beam-width was approx-
imately 50 µm and the maximum pressure was nearly 50 kPa. With an 800 µm PDMS layer,
the beam-width increases to 240 µm, approximately 5 times greater than the desired λ = 50µm
needed to achieve 500 DPI image resolution. With a 70 µm pitch, the aperture of the 5 columns is
only 350 µm. To achieve the minimum (50 µm) beam-width at long distances, the aperture must
be increased proportionally, e.g. to 25 columns (1750 µm aperture) for imaging at an 800 µm
distance.

To validate the model, the two-dimensional pressure field at the PDMS surface was imaged by
measuring the ultrasonic deformation of the PDMS surface using a scanning LDV. The pressure
field is computed from the measured deformation image by multiplying the measured velocity by
the acoustic impedance of PDMS,

p(x, y) = ρ0c0u(x, y)/2, (4.4)

where the factor of two in the denominator corrects for the free boundary at the PDMS surface.
The measured and modeled pressure fields for single-column TX with 2 cycle 20 MHz input are
shown to have excellent agreement in Figure 4.9. The measured and modeled pressure fields for
5-column TX both with and without beam-forming are shown in Figure 4.9. The measured peak
pressure with beamforming is 25 kPa and the 3dB beam-width is 50 µm, a 1.6× increase in peak
pressure and 6.4× decrease in beam-width compared with non-beamformed results. The measured
pressure field agrees with the field predicted by the model except that the measured pressure is
approximately half the predicted value. We attribute this difference to cross-talk between the
columns of the array, which results in unpredicted variations in the phase and amplitude of the
vibration of the 5 columns. Cross-talk arises both from Rayleigh-Bloch waves traveling at the
PDMS-silicon interface [43] and due to mechanical coupling in the thin AlN-Si layer between
neighboring PMUTs [42].
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Figure 4.8: Simulated pressure field for 5-column TX beamforming when focused on the surface
of a PDMS layer with thickness varying from 100 µm to 800 µm. Absorption loss in PDMS is
neglected. Top: simulated pressure field along the beam-formed axis. Bottom: peak pressure and
beam-width as a function of PDMS thickness. The lines are drawn to guide the eye.

4.3.2 Receive Signal

Described in detail in [6], during the receive phase, the received piezoelectric charge is amplified
by a charge amplifier followed by a gain stage. The total effective voltage gain of the RX signal-
chain is 22 dB. The echo returned from the sensor’s PDMS-to-air interface was used to characterize
the RX signal when the TX signal was generated with 1 column, 5 columns, and 5 beamformed
columns. The measured time domain RX signals for these three cases are shown in Figure 4.10.
The peak RX voltage from 5 column beamformed TX is 1.4 times greater than the result with 1
column TX, consistent with the measured increase in peak TX pressure. Secondary echoes can be
seen in the RX signal because the PDMS surface is close relative to the column length (2.94 mm).
As a result, the PDMS surface is not in the far-field and the TX signals from the PMUTs in the
column do not arrive simultaneously. This effect can be reduced by 2D beamforming.

The signal to noise ratio was calculated as

SNR = 20log10(Vair/VN), (4.5)

where Vair is the RMS RX amplitude (before any amplification) from the PDMS-to-air interface,
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Figure 4.9: Modeled and measured pressure output on top a 215 µm thick PDMS when 1 column
(top) and 5 columns (bottom) of 42 PMUTs were exited with 2 cycle 20 MHz electrical pulse
input.

and VN = 46µV is the RMS input-referred noise. Shown in Figure 4.10, the SNR for beamformed
TX is 7 dB higher than the non-beamformed case.

4.3.3 Imaging

A PDMS phantom was molded using a Si wafer etched with a pattern of 150 µm wide lines and
spaces. The pattern was imaged using 5 column TX with and without beamforming, and the
resulting images are shown in Figure 4.11. In each experiment, pulse-echo measurements were
collected from each of the 65 columns in sequence, with a complete image formed in 2.6 ms. In
each column’s measurement cycle, five adjacent columns (N-2, N-1, N, N+1, N+2) of 56 PMUTs
were excited during the TX phase and the center column (N) was used as receiver. The average
contrast in the beamformed image is 2.2 mV, a 1.5 times increase over the non-beamformed result.
In addition, the 150 µm wide line pattern is better resolved as a result of the beamformed 50 µm 3
dB beam-width.

Real fingerprint images were collected by pressing the author’s finger on the PDMS-coated
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Figure 4.10: Measured RX voltage for: (a) 1 column TX; (b) 5 column non-beamformed TX;
and (c) 5 column beamformed TX. (d) The SNR calculated for the three cases, showing that
beamforming increases the SNR by 7 dB.
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Figure 4.11: Ultrasonic images and x-axis line-scans measured from 150 µm line and space
PDMS grating phantom. Top: non-beamformed results. Bottom: beamformed results. Beam-
forming increases the contrast by a factor of 1.5 and improves the resolution of the grating pattern.
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Figure 4.12: Optical, enhanced optical, and ultrasonic fingerprint images. The average ridge
width is 400 µm. Dark spots in the ridges are sweat pores. A dark vertical stripe in the image
corresponds to a failed column in the sensor.

surface of the sensor. A 4.6 mm × 3.2 mm ultrasonic image of a real fingerprint is shown next to
an optical image of the same fingerprint in Figure 4.12. The dark vertical line on the right of the
image is due to a failed column in the sensor. The average ridge width is about 400 µm and ridges
and valleys are clearly resolved in this image. The figure pattern, a right loop, is captured. Some
sweat pores and minutia points are visible in the ultrasonic image.
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4.4 Conclusion

This chapter demonstrated a 65×42 element ultrasonic fingerprint sensor based on PMUTs bonded
to CMOS. The sensor’s TX acoustic pressure field was modeled starting from the measured pulse
response of a single PMUT. The pressure field predicted using the model agrees well with measure-
ments of the pressure field collected using a scanning LDV. The sensor is capable of multi-channel
TX beamforming to improve the SNR and resolution of the fingerprint image. Using 5-column
TX beam-forming, the peak pressure, receive voltage, and image contrast all increase by a factor
of 1.5. In addition, the beam-width decreases by a factor of 6.4, and the SNR increases by 7 dB.
The measured pressure using TX beamforming was approximately half the value predicted by the
model, a difference we believe is due to mechanical and acoustic cross-talk in the array. Modeling
and experiments are currently underway to better understand and mitigate the sources of cross-talk
so that the sensor’s imaging characteristics can be further improved.
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Chapter 5

Inter-element Coupling Effect In Pulse-echo
Ultrasonic Fingerprint Sensors

Ultrasonic fingerprint sensors based on micromachined ultrasound transducers require very fine
pitch to achieve high resolution imaging. We consider again the 110 × 56 PMUT array based
on monolithic eutectic bonding to CMOS, which was descussed in Chapter 3. To achieve high
fill-factor, the PMUTs are anchored through small eutectic pillars, resulting in a high degree of
mutual coupling between neighboring PMUTs. As a result, the mode shape is more complicated
than a single-MUT dynamic model. We created a finite element model that better models the
mode shapes exhibited by the entire array. Experimental measurement of the mode-shape via laser
Doppler vibrometry allows us to compute the volume velocity, which correlates to the measured
far field pressure.

5.1 Introduction

To meet the 500 DPI resolution standard for fingerprint sensors in consumer electronics, ultrasonic
fingerprint sensors based on micromachined ultrasound transducers (MUTs) require a dramatic
reduction in the PMUT size to < 50µm. However, when the spacing between MUTs is small,
cross-talk from mechanical and acoustical coupling is greatly increased [44, 45]. Consequently,
the sensor’s pulse-echo performance is not accurately modeled using single-MUT dynamic mod-
els. Instead the array dynamics must be understood. Here, we investigate a 110× 56 piezoelectric
MUT (PMUT) array based on monolithic AlGe eutectic bonding of a PMUT wafer to a CMOS
wafer [5]. To achieve high (> 50%) fill-factor, the PMUTs are anchored through small AlGe pil-
lars, resulting in a high degree of mutual coupling between neighboring PMUT cells as well as
displacement outside the designed PMUT region. We developed a finite-element method (FEM)
model of the array that captures the array’s fundamental mode shapes. Scanning laser Doppler vi-
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brometry (LDV) was used to experimentally measure the mode-shape when the array is immersed
in fluid (Fluorinert FC-70, 3M), allowing us to compute the volume velocity at two different fre-
quencies of operation. The resulting volume velocity allows the transmit pressure to be predicted
and compared with experimental pressure measurements.

5.2 Design

A cross-section schematic of an individual PMUT is shown along with photographs of the 110×56
sensor chip in Figure 5.1. Each PMUT is a piezoelectric unimorph composed of 1 µm thick AlN
on a single-crystal silicon layer with 1.7 µm nominal thickness. Al-Ge eutectic bonds on SiO2

standoffs provide the mechanical anchor and electrical contact to the PMUT [12]. The PMUTs are
formed on an SOI MEMS wafer that is bonded to a CMOS wafer. Following wafer bonding, the
MEMS handle wafer is mechanically thinned to 200 µm thickness and the PMUT array is exposed
by through-wafer DRIE etch that removes the MEMS handle wafer in a 4.64 mm by 3.36 mm
region at the center of each 5.36 by 4.58 mm die. The array consists of 43 µm x 30 µm PMUTs
on a 43 µm x 58 µm grid, resulting in a resolution of 591 × 438 DPI. As shown in Figure 1, the
PMUTs in the same column are separated by 28 µm× 30 µm SiO2 anchors. The spacing between
anchors defines the 30 µm vertical dimension of the PMUT, while the horizontal dimension of
the PMUT is equal to the 43 µm column pitch. To increase the fill-factor, there are no anchors
between PMUTs in adjacent columns, but the AlN layer is removed between columns to reduce
mechanical coupling. The fact that there are no anchors between the columns, and the presence of
unsupported AlN/Si membrane between the anchors of neighboring columns is the main origin of
the mechanical cross-talk behavior observed in the experiments reported here.

A 0.18 µm CMOS wafer with 24V high-voltage transistors provides signal-processing elec-
tronics, described in detail in [6]. Each of the 6,160 PMUTs in the array has a dedicated receive
(RX) amplifier that is connected to the Al top electrode during the receive phase. The 56 PMUTs
in each column share a common Mo bottom electrode that is connected to a 24V transmit amplifier
(TX) during the transmit phase. To protect the RX amplifier from the high TX voltage signal, a
TX/RX switch connects each top electrode to ground (GND) during transmit.

5.3 Mechanical Model

To model the transmit-receive behavior of the array, we begin with the connection between vi-
bration amplitude and acoustic pressure. The theoretical surface pressure of a PMUT unit cell p0
is given by the product of the volume velocity Vv and the acoustic impedance of the surrounding
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Figure 5.1: Fingerprint sensor diagrams: (a) schematic cross-section of 3 PMUTs and the contact
to the Mo bottom electrode; (b) SEM image of the PMUT array, viewed from the top electrode
side after debonding from CMOS; (c) photograph of the 4.6 mm by 3.2 mm sensor.

medium Zf ,
p0 = VvZf (5.1)

The volume velocity is the average velocity of the unit cell multiplied by the area, A, which we
write as

Vv = 2πf0deffA (5.2)

where f0 is the vibration frequency and deff = (
∫∫

didA)/A is the average displacement over the
unit cell. To predict the value of deff at a given excitation frequency, we created a finite element
method (FEM) simulation. The first four mode-shapes and their corresponding undamped natural
frequencies in vacuum are shown in Figure 5.2. The 31 MHz mode-shape exhibits the expected
shape, where the dominant vibration amplitude occurs beneath the top electrode of each PMUT
in the array. The other modes exhibit unanticipated behavior: at 17 MHz most motion occurs in
the space between PMUTs in adjacent columns; at 34 MHz the entire region between columns
vibrates; and at 41 MHz, the un-electroded space between anchors vibrates.

To identify the mode that produces the largest surface pressure, we then simulated the volume
velocity of an immersed array as a function of input frequency. The simulated volume velocity
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Figure 5.2: FEM simulated mode-shapes of the PMUT array, viewed from the top electrode side.
The simulated area includes two PMUTs in the same column, separated by a SiO2 anchor (blue
rectangle) at the center. The vertical bars between the columns show the region where the AlN
layer is removed.

in response to a 1 V sinusoidal input with varying frequency is shown in Figure 5.3, along with
the mode-shapes corresponding to the two peaks at 14.75 MHz and 19.25 MHz. The immersed
mode-shape at 14.75 MHz resembles the undamped mode-shape at 34 MHz, whereas the 19.25
MHz response appears to be a combination of modes. Note that the peak amplitude at the center of
each PMUT is much larger at 14.75 MHz than it is at 19.25 MHz (0.41 nm/V versus 0.17 nm/V).
However, there is significant anti-phase vibration in the region between columns, reducing the total
volume velocity of both modes.

5.4 Experimental Results

PMUTs were measured in fluid (Fluorinert FC-70, 3M) using a Laser Doppler Vibrometer (LDV,
UHF-120, Polytec, Inc.) with a precision xy positioning stage. The full-field, time-domain vi-



CHAPTER 5. INTER-ELEMENT COUPLING EFFECT IN PULSE-ECHO ULTRASONIC
FINGERPRINT SENSORS 44

Figure 5.3: Simulated volume velocity response with a 1 Volt input (top). Amplitude and phase
mode-shapes observed at the frequencies with peak volume velocity (bottom).

bration of the PMUT array in response to pulsed inputs was measured with a 4 µm scanning grid.
During the experiment, the laser was focused on the PMUT plane and the refractive index of FC-70
is used to correct the measured amplitude. Limited by the CMOS design, 24V pulsed inputs at 14
MHz and 20 MHz were used to drive five columns of PMUTs. The measured mode shape of 5
columns of PMUTs excited with a 2 cycle 14 MHz pulse input is shown in Figure 5.4. The time-
domain displacement at three characteristic locations, PMUT center (A), between PMUT columns
(B), and between PMUT rows (C), are plotted to show their different decay envelopes and fre-
quencies. At 14 MHz, the displacements at points A and B have opposite phase. The mode shape
and phase difference agree well with the FEM simulations shown in Figure 5.3. In addition, the
magnitude of the displacement at point A is consistent with the simulation at 14 MHz input, where
a peak displacement of 0.16 nm/V is predicted.

The measured mode shape of 5 columns of PMUTs excited with a 2 cycle 20 MHz pulse input
is shown along with the time-domain displacement and volume velocity plots in Figure 5.5. The
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Figure 5.4: Top: measured TX mode shape following 2 cycle 14 MHz pulse input. Bottom:
time-domain displacement at PMUT center (A), between PMUT columns (B), and between rows
(C). Bottom: computed volume velocity of a unit cell.

displacement at point A is in-phase with point C, but antiphase with point B. The mode shape and
phase difference are as modeled in simulation. In addition, the magnitude of the displacement at
point A is consistent with the peak displacement of 0.12 nm/V predicted by FEM. Comparing the
results in Figure 5.4 and Figure 5.5, the peak displacement at the PMUT center at 14 MHz input
is twice that at 20 MHz input. Moreover, the ring-down times are different at the two different
frequencies. A shorter ring-down will lead to higher axial resolution, since the axial resolution AR
scales as

AR ∼ λ(Nt +Nr)/2 (5.3)

where λ is the radiating wavelength, Nt is the number of input pulse, and Nr is the number of ring
down pules. Nr linearly scales with the quality factor Q [24]. Since the immersed Q is determined
by the mode’s acoustic radiation, we attribute the difference in ring-down time of the two modes
to a difference in the acoustic radiation of these modes. The mode-shapes measured via scanning
LDV allow the volume velocity to be computed. The volume velocity computed from the mode
shapes is 0.033 mm3/s at 14 MHz and mm3/s at 20 MHz. Note that the volume velocities are
similar despite the fact that the peak displacements differ by a factor of 2. Comparing to the FEM
model shown in Figure 5.3, the predicted volume velocity with a 24V input is 0.096 mm3/s at 14
MHz ( 3x greater than the experimental result) and 0.12 mm3/s at 20 MHz ( 4x greater than the
experimental result). Some of the difference between experiment and model is due to fabrication
variation and some is due to the fact that the pulsed input used in experiments does not produce
the full steady-state amplitude. We note that both modes suffer from reduced volume velocity due
to anti-phase motion between the columns. For comparison, the volume velocity predicted using
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Figure 5.5: Top: measured TX mode shape following 2 cycle 20 MHz pulse input. middle: time-
domain displacement at PMUT center (A), between PMUT columns (B, C), and between rows
(D). Each point exhibits different decay envelopes and frequencies. Bottom: computed volume
velocity of a unit cell.

a simple model based on a single circular PMUT with the same area is 0.073 mm3/s at 14 MHz
(2.2x greater than the experiment) and 0.05 mm3/s at 20 MHz (1.8x greater than the experiment).

The pressure of the TX pulse was measured using a 40 µm diameter hydrophone (Precision
Acoustics) at a distance 800 µm away from the array. The measured TX pressure wave, shown
in Figure 5.6, has a peak pressure of 9.0 kPa at 14 MHz and 7.1 kPa at 20 MHz when 5 columns
were excited with a 2-cycle pulse. To compare this with the pressure predicted from the volume
velocity computed from the measured mode-shapes, we relate the theoretical surface pressure to
the pressure at a distance r from the array by summing the effective PMUTs with a pulsed input:

p(r) ∼
∑

p0R0r
−1 (5.4)

where R0 = S/λ is the Rayleigh distance for a source with surface area S radiating at an acoustic
wavelength λ. Using the area of one PMUT cell, the Rayleigh distance for a single PMUT unit
cell is 25 µm at 14 MHz and 35 µm at 20 MHz. Substituting the volume velocities computed from
the LDV measurements into the surface pressure in Equation 5.1, the theoretical surface pressure
is 33 kPa at 14 MHz and 28 kPa at 20 MHz for one PMUT unit cell. Substituting these surface
pressures into Equation 5.4 and accounting for the pulsed operation, the expected pressure at 0.8
mm from the array is about 10 kPa at 14MHz and 12 kPa at 20 MHz, close to the values measured
with the hydrophone.



CHAPTER 5. INTER-ELEMENT COUPLING EFFECT IN PULSE-ECHO ULTRASONIC
FINGERPRINT SENSORS 47

Figure 5.6: Measured pressure in response to 14 MHz (top) and 20 MHz (bottom) pulse inputs.

The performance of the array at 14 MHz and 20 MHz is summarized in Table 1 which shows
the measured peak displacement dp, computed volume velocity Vv from LDV mode-shape, pres-
sure calculated from the mode-shape pc, and measured pressure output pm. Note that the volume
velocities of the two modes are quite similar, because the ratio of the displacement amplitudes
(2:1) is almost the inverse of the frequency ratio (14:20) of the two modes. As a result, the TX
pressure is roughly the same from both modes. While the model predicts slightly higher TX pres-
sure from the 20 MHz mode than the 14 MHz mode and the experiment shows the opposite result,
the difference is within the measurement error due to uncertainties in position of the hydrophone.

Mode dp Vv Computed pc Hydrophone pm
14 MHz 2 nm 0.033 mm3/s 10 kPa 9 kPa
20 MHz 1 nm 0.028 mm3/s 12 kPa 7.1 kPa

Ratio 2 1.2 0.8 1.3

Table 5.1: Performance summary

5.5 Conclusion

This chapter studied the mechanical behavior of a 56 × 110 array PMUT ultrasonic fingerprint
sensor. Using FEM models, we have shown there are two distinct deflection of motion at different
input frequency. However, the pressure output from the two deflection of motion are compatible.
Moreover, significant vibration occurs in regions between the PMUTs. Because this vibration
is in antiphase with the vibration of the PMUTs, the volume velocity is reduced by roughly a
factor of two relative to the value that would be predicted from the PMUT motion alone. We
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have verified that the measured TX pressure is in reasonable agreement with the value predicted
from the LDV-measured volume velocity, leading us to conclude that the TX performance could be
improved by a factor of two or more through improved mechanical design. Because a PMUT is a
reciprocal transducer, improvements to TX performance usually produce an equal increase in RX
performance, suggesting that the improved design could achieve a 4-fold increase in pulse-echo
signal-to-noise ratio.
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Chapter 6

Two-dimensional Pressure and Motion
Characterization of the Ultrasonic
Fingerprint Sensor

6.1 Introduction

The pressure fields due to transient or pulsed excitation are different from those of continuous
sinusoidal excitation, approximate analytical solutions, numerical calculations, and experiments
have been attempted to understand the acoustic nearfields of the pulsed excited transducers [46,
47]. Based on the attempt of an accurate numerical calculation of the pressure field generated by
the pulsed piston transducer with different excitation pulses [47], the pulsed sonic field close to
the piston surface consists of an essentially plane wave replication of the piston motion, at the far
field, the pulse amplitude is more similar to the CW case without the distinct nulls as the complete
interference is not possible. At the same time, theoretical near-field field patterns for arrays of
different geometries excited with pulses has been investigated for medical ultrasound transducer
array designs [48]. The near field pattern generated by the pulsed transducers arrays is found to
be space-variant, unlike the continuous wave radiation. Also, the radiation pattern of the pulsed
array is found to be fall smoothly outside the main beam. From another aspect, the pressure field
of the pulsed transducers have been experimentally validated and compared to the theoretically
prediction [49], where the computed and measured on axis intensity is proved to be inconsistent
with the continuous computation. Therefore, case by case numerical simulations are required to
understand the pulsed transducer’s operation in the near-field.

On the other hand, the characterization of the pressure field, including peak pressure and beam
width, are of great significance in understanding the ultrasonic transducers and arrays. Visual-
ization and mapping of the ultrasonic fields have been a research field itself for years. Schlieren
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system [50, 51] is an optical system that has been widely used to visualize the ultrasound pressure
field. In this method, the parallel beam of light diffracts as it travels through a medium with re-
fractive index gradient produced by the propagation of an ultrasound wave. However, this method
is limited to measure the pressure field normal to the light and the capabilities of the optical image
analysis. Alternatively, using unidirectional and broadband microprobe or hydrophone to scan the
pressure field is well-established, but it is time-consuming. Moreover, in these measurements, the
instrument should be small in size to avoid disturbing the pressure field and averaging over a large
transducer surface [52].

With the development of high frequency ultrasound array based on micromachining process,
there has been an increasing demand to characterize the motions and pressure output of the mi-
cromachined transducers with high spatial resolution. However, limited by the hardware choices
and available techniques, pulse-echo measurements have been frequently used to understand the
signal amplitude and bandwidth of transducers. To understand the fluid coupled transducers, sin-
gle point hydrophone measurement in fluid combined with motion stage have been the widely
adapted to characterize the pressure field generated by capacitive micromachined ultrasonic trans-
ducers (CMUTs) , piezoelectric micromachined ultrasonic transducers (PMUTs), and microma-
chined bulk piezoelectric transducers [49, 50, 51]. However, transducers are packaged in coupling
materials in real applications. These coupling layers have different material properties than the
fluid used in measurements. Moreover, as the size of the surface of the hydrophones became
comparable with the beam width of the pressure field generated by high frequency miniaturized
transducers, the accuracy of the pressure amplitude and beam width will be largely affected. With
the development of micromachined high frequency ultrasound systems, there is a pressing demand
to accurately measure the time domain 2D pressure output at the surface of the high frequency
miniaturized transducers package.

In this chapter, the acoustic performance of the PMUTs based ultrasonic fingerprint sensors
operating in the near field with pulsed excitation were studied. The size of the PMUTs are compa-
rable to the acoustic wavelength in the package and the package thickness [53, 6]. Here, k-Wave
MATLAB toolbox [14] is used to model the output pressure field in the near field, taking the size
of the acoustic source with pulsed excitation into account. Then LDV with a precision stage is used
to measure the displacement on the surfaces of the package to characterize the motions to calculate
the two-dimensional pressure field at the imaging plane of the ultrasound fingerprint sensor based
on PMUTs. The model and measurements are consistent, leading to a reliable way to model and
characterize the near field pressure generated by a PMUT array. Moreover, the crosstalk has been
discovered in the LDV measurements at the transducers’ plane, which helped to understand the
crosstalk mechanism.
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6.2 Method

In this section, we will first introduce the ultrasound fingerprint sensors fabricated with AlN MEMS
bonded to CMOS process. Then the measurement instruments, measurement method, and the
calculation used for 2D pressure and displacement mapping based on LDV measurements will be
described. At the end of this section, the acoustic model using k-Wave MATLAB toolbox will be
detailed.

6.2.1 Ultrasonic Fingerprint Sensors

The sensor was fabricated on a multi-project wafer using a commercial foundry manufacturing
process where a MEMS wafer is bonded to CMOS wafer using Al-Ge eutectic bonding [12]. In
this work, as shown in Figure 6.1, 35 µm diameter circular PMUT design was anchored by a 13
µm wide annular Al-Ge eutectic bond and has a 24 µm diameter circular Al top electrodes. Each
PMUT is a piezoelectric unimorph composed of 1 µm thick AlN sandwiched between top and
bottom metal electrodes on a single-crystal silicon layer with 1.7 µm nominal thickness, shown in
Figure 6.1. The hexagonal layout of the array, as shown in Figure 6.1, enables close packing of
the circular PMUTs, which are spaced on a 70×80 µm grid, resulting in a resolution of 376×318
dpi. In each sensor die, there are 65 columns with 42 PMUTs in each column. The Mo bottom
electrode layer is patterned to electrically isolate each column of PMUTs. This enables the PMUTs
to be used as 2-port devices, with the bottom electrode connected to high-voltage TX circuitry and
the top electrode connected to low-voltage RX circuitry. Al-Ge eutectic bonds on SiO2 standoffs
provide the mechanical anchor and electrical contact to the PMUT. The detailed design study can
be found in previous works [12, 53].

A 0.18 µm CMOS wafer with 24V high-voltage transistors provides signal-processing elec-
tronics, described in detail in [6]. The 42 PMUTs in each column share a common Mo bottom
electrode that is connected to a high-voltage (24V) TX amplifier, and have individual top elec-
trodes that are bonded to low-voltage (1.8V) receive circuitry. The TX waveform is a unipolar
24V, 2-cycle, 20 MHz pulse. One to five adjacent columns can be driven with and without beam-
forming. When beamforming is implemented, the TX signal is delayed symmetrically about the
center column with a delay pattern (0, ∆t1, ∆t2, ∆t1, 0), where ∆t1 and ∆t2 are time delays
programmable in 10 ns increments and selected to give a desired focal distance.

As shown in the optical image in Figure 6.2, the sensor is wire bonded onto a customized
PCB, where the wire bonds were protected by glob top. The fingerprint image is measured based
on the reflection of ultrasound from the surface of the finger. To achieve a high contrast ratio,
the 4.6 mm × 3.2 mm bonded sensor surface was coated with a 250 µm thick layer of poly-
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Figure 6.1: The schematic layout of the cross-section of a single PMUT (top) and the SEM
image of the PMUT array (bottom), viewed from the top electrode side after debonding from the
CMOS die. The 35 µm diameter circular PMUTs are arranged on a 70×80 µm grid and have
a 24 µm diameter circular top electrode. Al-Ge eutectic bonds on 2.35µm thick SiO2 standoffs
provide the mechanical anchor and electrical contact to the PMUT. The lines between the PMUT
columns show where the AlN and Mo bottom electrode layers are etched to electrically isolate
each column.

dimethylsiloxane (PDMS) (Sylgard 184, Dow Corning) to provide an acoustic coupling layer with
similar acoustic impedance to human tissue. During pulse-echo fingerprint imaging, each PMUT
is driven electrically and acts as an individual acoustic source, transmitting pressure into PDMS. At
the finger-PDMS interface, the acoustic reflectance at finger valley-PDMS interface is significant
larger than that at finger ridge-PDMS interface. The pressure under finger valley-PDMS is reflected
back onto PMUT surface exciting PMUT and generate an electrical output. This work focuses on
the acoustic domain characterization, the detailed electrical and pulse-echo measurements can be
found in [6, 53].
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Figure 6.2: The optical image of the packaged fingerprint sensor. A 250 µm thick PDMS cou-
pling layer coats the PMUT array.

6.2.2 Measurement System

In this chapter, UHF-120 Ultra-High-Frequency Vibrometer (UHF-120, Polytec) with a preci-
sion positioning stage (A-PST-200P, Polytec) were used. UHF-120 is an interferometer and laser
doppler vibrometer (LDV) to measure out-of-plane vibration up to 1.2 GHz. UHF-120 consists
of a sensor head, a controller, an oscilloscope, and a personal computer to operate the data man-
agement system for signal processing. With a 20 times zoom factor lens, the spot diameter of the
green laser is 2.5 µm. As illustrated in Figure 6.3, during the measurements, the precision posi-
tioning stage would move the device under test following a preset grid set by the user and record
the coordinates of each single point measurement. At each location, the laser doppler vibrometer
will measure, digitize, signal process, and record the time domain displacement. Combining all
the single point displacement measurements with their coordinates, a 2D time domain displace-
ment map of a preset grid can be reconstructed for the surface where the laser is focused on. The
laser can be focused on either the PDMS surface or the PMUTs surface of the fingerprint sensor,
which makes it possible to measure the 2D deformation over time at both the PMUTs surface and
PDMS surface. After the displacement measurements at the top of PDMS, the pressure field can
be computed from the measured deformation by multiplying the measured velocity by the acoustic
impedance of PDMS (density ρ0= 1040 kg/m3 and speed of sound c0= 1000 m/s),

p(x, y) = ρ0c0u(x, y)/2, (6.1)

where the factor of two in the denominator corrects for the free boundary at the PDMS surface.
For the measurements through PDMS and focusing on the PMUT surface, the reflective index of
PDMS was used to correct the measurements. The noise floor of the displacement measurements
is around 10 pm, corresponding to an error of 1.5kPa calculated pressure.
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Figure 6.3: Optical image of Polytec’s UHF-120 Ultra High Frequency Vibrometer (top) and the
block diagram of the LDV measurement cycle (Bottom). Using all the single point displacement
measurements with their coordinates, a 2D displacement map of a preset grid on the optically
focused surface can be reconstructed.

6.2.3 Acoustic Field Modeling

k-Wave MATLAB Toolbox is used to simulate the pressure field [14] In the k-Wave simulation,
250 µm thick PDMS acoustic domain were modeled. On the bottom of the acoustic domain, the
35 µm diameter PMUT is modeled as a 35 µm × 35 µm rectangular piston acoustic source on

a 70×80 µm grid with uniform displacement of
1

3
wp, where wp is the peak displacement of the

PMUT operating in the PDMS. Each rectangular piston is assigned a 2-cycle 20 MHz displacement
with time delay. The time gated pressure field with the maximum pressure field output on top of
the 250 µm thick PDMS layer is extracted to compare with the experiment measurements. Using
the k-wave model, the effect of the spacing of the PMUT array on the near-field acoustic field is
studied. The pressure field along one column of equally spaced 20 MHz PMUT array in PDMS
with difference spacing is plotted in Figure 6.4. Pressure outputs from one column of PMUTs
with one to seven times wavelength spacing were compared to a continuous array and individual
PMUT transducer. As shown in Figure 6.4, the individual 15 µm radius transducer with ka < 1
is very directional and has side lobes. The different spacing of the transducer will lead to different
interference of the main lobe and side lobes. In general, the pressure output amplitude decreases as
the spacing increases, where the maximum amplitude is from zero spacing or a continuous linear
array. As a result of the individual PMUT’s finite size and PDMS package height when compared to
the wavelength, the pressure field will present a periodic pattern on top of the package. Constraint
by the design rule, the PMUTs array spacing used in this fingerprint sensor is designed to be
between one to two wavelengths.
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Figure 6.4: k-Wave MATLAB Toolbox is used to model the pressure field on top of the PDMS
package along one column of equally spaced 20 MHz PMUTs with difference spacing.

6.3 Results

In this section, the pressure calculated from displacements measured by LDV was first validated
with hydrophone measurements. After the validation, 2D fingerprint sensor pressure measure-
ments were used to characterize the pressure field at the top of PDMS surface with and without
beamforming. Then the displacement measurements at PMUTs surface were used to understand
the motion of transmit PMUTs, adjacent PMUTs, unsupported membranes, and PMUTs anchors.

6.3.1 LDV Based Pressure Measurements Validation

The pressure measurements based on displacement measurements via LDV is first validated by
comparing to the pressure measurements using a calibrated 40 µm diameter needle hydrophone
(Precision Acoustics) for a fingerprint device without PDMS package operating in non-conducting
fluid FC-70 (Fluorinert, 3M). In each measurement, the same 5 columns of PMUTs were driven
with unipolar 24V, 2-cycle, 14 MHz pulses without beamforming. The pressure outputs at around
750 µm away from the PMUT array were measured and compared. In the hydrophone measure-
ments, the needle hydrophone is immersed and moved to 750 µm away from the PMUT array.
Then the pressure field was measured on a 100 µm scan grid with a motion stage (NSC-G3 New-
mark Systems, Inc). In the LDV measurements, the fluid level of FC-70 was adjusted to be around
750 µm above the PMUT array. A 50 µm scan grid was used in the scanning LDV measure-
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Figure 6.5: Pressure measurements in FC-70 at 750 µm away with hydrophone and LDV. The
single point LDV measurements (LDV Single) is 40% higher than the hydrophone measurements,
while the averaged pressure from nine points measured with LDV (LDV Avg) was consistent with
single point hydrophone measurement.

ments. The maximal pressure outputs of the maximum single point pressure measurements were
time shifted and compared in Figure 6.5, labeled as hydrophone and LDV Single. To understand
the 40% difference, nine scan points measured with LDV on a 50 µm grid centered around the
maximum pressure point were then used to calculate the averaged pressure and labeled as LDV
Avg in Figure 6.5. The averaged pressure amplitude and waveform was very close to the single
point hydrophone measurements, which validated the accuracy of the LDV based pressure mea-
surements. However, as the beam width of the pressure field is comparable to the size of the
hydrophone sensing surface, the measured pressure is an average of the pressure of the total area,
which becomes non-neglectable for high frequency pressure field characterization. In this case, the
2.5 µm laser spot used by the LDV lead to a high resolution to characterize the pressure field on
top of a packaged dense high frequency transducer array.

6.3.2 2D Fingerprint Sensor Pressure Measurements

The two-dimensional pressure field at the PDMS surface was modeled and characterized as de-
scripted in the previous sections. The measured and modeled pressure fields for single-column TX
with 2 cycle 20 MHz input are shown in Figure 6.6. The measured pressure field showed an around
10 kPa peak pressure and -5 kPa pressure on the first side lobe, which is about 80% of that from the
model. However, the measured 110 µm 3 dB beam width along x axis, a side lobe about 110 µm
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Figure 6.6: Modeled (top) and measured (middle) pressure output on top a 250 µm thick PDMS
when 1 column 42 PMUTs were exited with 2 cycle 20 MHz electrical pulse input. The measured
and modeled pressure field along x axis (bottom) are consistent.

away from main lobe along x axis, and a pressure field with about 80 µm periodicity along y-axis
are consistent with that of the model. Here the 80 µm periodicity along y-axis is due to the near
field pressure output from directive ultrasound transducers with about two wavelengths spacing,
which is consistent with the results in Figure 6.4.

The measured and modeled pressure fields for 5-column TX with beamforming is shown in
Figure 6.7. The measured peak pressure is 26 kPa with about 60 µm 3 dB beam width along x
axis, which is consistent with that from the model. However, the amplitude and the location of the
side lobe along the x axis as well as the continuous pressure field along the y axis is different from
that from what the model predicts. The difference could be explained by the additional membrane
motion from crosstalk that will be discussed in detail in the later sessions.
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Figure 6.7: Modeled (top) and measured (middle) pressure output on top a 250 µm thick PDMS
when 5 columns 42 PMUTs were exited with 2 cycle 20 MHz electrical pulse input with beam-
forming. The measured and modeled pressure field along x axis (bottom) showed a consistent
main lobe.
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The measured and modeled pressure fields for 5-column TX without beamforming is shown
in Figure 6.8. The measured pressure field, Figure 6.8d, showed a large difference to the mod-
eled pressure field, Figure 6.8b. The modeled pressure field predicts periodical localized pressure,
where the measured pressure field is rather uniform. The difference can be attributed to crosstalk.
Crosstalk arises both from Rayleigh-Bloch waves traveling at the PDMS-silicon interface [12]
and due to mechanical coupling in the thin AlN-Si layer between neighboring PMUTs [42]. The
crosstalk leads to additional acoustic pressure generated from the motion of the adjacent PMUTs
and unsupported membranes. These motions lead to additional acoustic source that are not mod-
eled. More discussion of these crosstalk mechanism will be in next section. In order to understand
the effect of the additional membrane motion, 15 µm size equivalent piston acoustic source were
added at the location of the free membrane between the individual PMUTs, as shown in Figure
6.8a. The modeled pressure field with crosstalk, shown in Figure 6.8d, shows a uniform pressure
output similar to the measured pressure in Figure 6.8c. Moreover, as shown in Figure 6.8e, the
modeled pressure field with crosstalk along the x axis has the same profile along the x axis as
that from measurement, where the difference in amplitude can be attribute to the grouping of the
acoustic crosstalk to rectangular equivalent acoustic source being excited at the same time. The
addition of the equivalent acoustic sources in the model make the difference between the modeled
and measured pressure field smaller. This proves that crosstalk from additional membrane motion
will influence the pressure field significantly. The effect of the crosstalk on pressure output can
only be accurately captured with simulations including the interaction of the Si membrane and
PDMS package.

6.3.3 Characterization of Packaged PMUTs

The motion at the PMUT plane was measured by focusing the laser point on the silicon surface
through PDMS to understand the transmit, crosstalk, and the receive characteristics. The change
of the optical path measured through the PDMS package is both a result of the PMUTs motion
and photoealstic effect of the generated pressure field in the PDMS. The estimated displacement
resulting from photoelastic effect is calculated using stress optic law to be around 5 pm using the
surface pressure generated by PMUTs. This is negligible in this chapter when compared to the
measured displacements on the PMUT surface. For measurements on silicon plane, the focus is on
the motions of the transmit PMUT, adjacent PMUT, and the unsupported membrane between the
two PMUTs, as illustrated in Figure 6.9a. The 2D displacements of four time slices were plotted
in Figure 6.9b, including the time slice of the maximum displacements of the transmit PMUTs
(t=114.8 ns), the unsupported membrane (t=133.4 ns), the adjacent PMUTs (t=206.8 ns), and the
receive PMUTs (t=587.6 ns). From the first three 2D displacements during and after PMUTs’ TX,
we can clearly see that the unsupported membrane and the adjacent PMUTs were excited. The
time domain displacements at the center of the cells enclosing the transmitting PMUT, adjacent
PMUT, and the unsupported membrane were plotted in Figure 6.9c. The peak displacement of the
unsupported membrane and adjacent membrane are 2% and 15% that of transmitting PMUT and
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Figure 6.8: Illustration of the modeled transducer array with and without equivalent acoustic
source from crosstalk (a). Modeled pressure output at 250 µm thick PDMS without (b) and with
crosstalk(c). Measured pressure output with LDV(d). Measured and modeled pressure field along
x axis (e.).
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were about 20 ns and 90 ns delayed respectively. Meanwhile, the 2D displacements at receiving
(t=587.6 ns) were plotted in Figure 6.9b. The unsupported membranes seem to have a similar
amplitude and mode shape with the circular PMUTs. Based on the FEM model, shown in Figure
6.10, the unsupported membranes between the ring anchors have an effective diameter of 36.5 µm,
which lead to an eigen mode at 25.1 MHz. This eigenfrequency is close to that of the circular
PMUTs at 28.2 MHz. As the quality factor of the packaged transducers is around two, both mode
shapes were excited by the returned pressure.

The crosstalk from the adjacent PMUTs and the free membranes were further characterized
by driving a single column of PMUTs. The PMUTs motion in PDMS for single-column trans-
mission with 2 cycle 20 MHz 24V input were measured and shown in Figure 6.11. As labeled
in Figure 6.11, number one PMUT is the transmitting PMUT, while number two, three, and four
PMUTs were adjacent PMUTs in the next few columns. Number three PMUT, 140 µm away
from the transmitting PMUT, has 7% peak displacement of that of transmitting PMUT. The mo-
tion of number three PMUT is 206 ns later than that of the number one PMUT, suggesting a wave
travelling at PDMS and silicon interface with a speed of sound of 680 m/s. This speed of sound
is smaller than the speed of sound in bulk PDMS, which agrees with the characteristics of the
Rayleigh-Bloch waves reported in [54]. The behavior of the adjacent PMUTs and unsupported
membrane were further characterized in air for single-column transmission with 2 cycle 20 MHz
24V input as shown in Figure 6.12. The locations of the transmitting PMUTs, adjacent PMUTs,
and the unsupported membrane were labeled in Figure 6.12a. The 2D displacements of PMUTs at
the transmitting (t=160 ns) and crosstalk (t=1877 ns) phases were shown in Figure 6.12b. The time
domain displacements for the transmit PMUT, adjacent PMUT, and the unsupported membrane
were plotted in Figure 6.12c. The transmitting PMUT started to ringdown after the two-pulse in-
put, while the adjacent PMUT in air started to ring up 300 ns later. The adjacent PMUTs in air
were excited 200 ns later than that in fluid, suggesting a three times slower speed of sound. The
adjacent PMUTs’ peak displacement after fully ring up is about 20% of that of transmit PMUT.
Meanwhile, the unsupported membrane’s average displacement without package is around 16 pm,
close to the noise in these measurements. This agrees with our previous reasoning as there is no
fluid and solid surface for Rayleigh-Block waves to propagate.

The anchor motions were discovered for PMUTs packaged in PDMS, shown in Figure 6.13.
The peak and anchor displacement comparison in air and in PDMS is shown in Figure 6.13. In
these plots, the displacement of the anchor at 25 µm away from the center of the PMUT circular
membrane was used. As shown in Figure 6.13, the anchor displacement in PDMS is about 15%
of that of transmit PMUT in PDMS, while the average anchor displacement for anchor in air is
negligible. Using the anchor displacements, the pressure field on top of the anchor can be estimated
as 6 kPa. This agrees with the expected pressure amplitude at the silicon and PDMS surface.
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Figure 6.9: The motion of the transmit PMUT, adjacent PMUT, and the unsupported membrane
between the two PMUTs in PDMS were characterized. (a) The locations were labeled on the
SEM image (b) The 2D displacements of four time instances with the maximum displacements of
the transmit PMUTs (t=114.8 ns), the unsupported membrane (t=133.4 ns), the adjacent PMUTs
(t=206.8 ns), and the receive PMUTs (t=587.6 ns) (c) Time domain displacements of the transmit
PMUT, adjacent PMUT, and the unsupported membrane
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Figure 6.10: FEM simulation of the eigen frequencies and mode shapes of the PMUTs array. The
unsupported membrane between the ring anchors with an effective diameter of 36.5 µm leads to
a eigen mode at 25.1 MHz (top), while the eigenfrequency of the circular PMUTs is 28.2 MHz
(bottom).

Figure 6.11: The motion of three adjacent PMUTs next the transmitting PMUT were character-
ized. (Top) The location of the four PMUTs labeled on the SEM image (Bottom) Displacement
of the four PMUTs.
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Figure 6.12: The motion of the transmit PMUT, adjacent PMUT, and the unsupported membrane
between the two PMUTs in air were characterized. (a) The locations were labeled on the SEM
image (b) The 2D displacement at the end of the second drive pulse (t=160 ns) and the peak dis-
placement of the adjacent PMUT (t=1877 ns) (c) Displacements of the transmit PMUT, adjacent
PMUT, and the unsupported membrane
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Figure 6.13: The anchor motion is discovered for PMUTs operating in PDMS. Top: The transmit
and anchor displacements in air and in PDMS. Bottom: The 2D displacement at the anchor peak
displacement (t=98 ns).

6.4 Conclusion

PMUTs based ultrasound fingerprint transducer requires a case by case time domain simulation,
because the pulsed acoustic sources were used to image in the near field as well as the size of the
PMUT acoustic source is comparable to the acoustic wavelength and package thickness. Here,
k-wave MatLab toolbox is used to model the time domain near field pressure field. The two-
dimensional pressure field mapping based on displacement measurements using scanning LDV
have been used to validate the model and demonstrated as a powerful technique to characterize the
time domain 2D pressure output of packaged high frequency miniaturized transducers. Moreover,
the measured motions on the silicon plane suggested motions of the adjacent PMUTs and unsup-
ported membrane resulting from crosstalk, which demands careful consideration for miniaturized
transducer design.
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Chapter 7

Improving PMUT Transmit Performance
via Sub-Micron Thickness Scaling

7.1 Introduction

The development of AlN PMUTs have enabled new applications such as gesture recognition and
ultrasonic fingerprint sensor. The signal to noise ratio and penetration depth requirements in these
applications gave rise to extensive efforts in improving the transmit performance of the PMUT.
A various of piezoelectric materials, PMUT device design, microfabrication process, and device
thickness have been explored to improve the PMUT array performance. Piezo material, such as
Scandium-doped AlN and PZT, have been used on PMUTs for their high piezo coefficients [35,
55]. Dual-electrode bimorph and dome shaped PMUTs designs have been investigated to improve
the electromechanical coupling [56, 57]. New microfabrication process, such as surface micro-
machining, has been developed to improve the fill factor of the transducer array [58]. The effects
of thickness scaling have been explored in previous work by comparing the transmit performance
of two different PMUT thicknesses that are thicker than 2 µm [59]. In this chapter, analytical
model and experiment measurements were used to demonstrate that individual PMUT’s transmit
sensitivity at a given frequency is inversely proportional to the device thickness. Sub-micro thick
piezoelectric layer devices were fabricated to further improve the transmit performance. At the
end of this chapter, the constraints of the thickness scaling will be discussed.
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7.2 Design and Modeling

7.2.1 Acoustic Modeling

The classical axial far field pressure field Pax(r) from a circular piston assuming the distance is
much larger than the Rayleigh distance (R0 = A/λ) is [24]

Pax(r) = ρcv0
Acir
λr

, (7.1)

where ρ and c are the density and speed of sound of the acoustic medium, v0 and Acir are the
vibration velocity and the area of the circular piston, λ is the wavelength, and r is the distance
from the source. However, as the MUTs device size and package height are comparable to the
wavelength, their performance cannot be captured by the classical axial far field pressure analytical
model. In this case, the classical model only provides an intuitive understanding of the factors
impacting the pressure output. Based on equation (1), the pressure output of pulsed MUTs array is
assumed to be determined by the individual device performance, array size, and fill factor (FF =
(active area)

(total area)
). Time domain finite element simulation with k-Wave MATLAB Toolbox is used

to understand the effect of these factors [14]. 50 µm wide rectangular piston acoustic sources with
10 pulse 5 MHz 1 nm displacement were simulated with different spacing and array area in PDMS
(density ρ0= 1040 kg/m3 and speed of sound c0= 1000 m/s). Firstly, 300 µm× 300 µm array with
different fill factor were simulated by changing the total number and spacing of the rectangular
piston sources. The far field pressure output in the simulation is within 10% of the analytical
calculation from equation (1). As shown in Figure 7.1, the peak pressure generated by the same
array size with different fill factor were at the same distance away from the array. This is consistent
with that the Rayleigh distance only depends on source area and wavelength. On-axis peak pressure
and far field pressure at 800 µm away is used to understand the relationship between fill factor and
on-axis pressure output. As there is no pressure output without any transducers, a linear fit to data
with intercept at origin is used in the analysis. Both the peak and far field pressure showed a linear
relationship (R2 > 0.98) with the fill factor. Based on the linear relationship, pressure output from
transducer array with a 100% fill factor is consistent with that from an individual piston transducer.
Meanwhile, the effect of the array area is investigated. 45% fill factor array with different array
sizes were simulated. As shown in Figure 6.2, the on-axis peak pressure is at different distance due
to the different array area. The axial far field pressure at 800 µm away showed a linear relationship
to the area array with R2 > 0.98. In these simulations, the PMUTs’ displacement is assumed to be
independent of the fill factor. However, the fill factor will change the mutual acoustic impedance
of the array, which results in a change in PMUT velocity [60]. There effects are not discussed
in this chapter. At this point, we have demonstrated the axial far field pressure output linearly
scales with array area, fill factor (FF), and the transducer peak displacement wp. Most of the
time, the array area is determined by the application requirement, while the fill factor is limited
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Figure 7.1: Simulated pressure field (top) using 50 µm rectangular piston acoustic sources with
10 pulse 5 MHz 1 nm displacement with same area but different spacing in PDMS. Extracted
peak pressure (middle) and far field pressure at 800 µm away (bottom) linearly scales with the
fill factor of the array.

by the minimal spacing requirement of the microfabrication process. Therefore, we will focus on
the thickness optimization of the individual PMUT to improve the PMUT displacement in this
chapter. The impact of minimal spacing requirements on the fill factor as thickness scales down
will be discussed in the end.

7.2.2 Device analytical Modeling

The equivalent circuit model for PMUT has been studied [23]. For ultrasonic application, the oper-
ating frequency is determined by the application’s requirement on axial resolution and penetration
depth. Therefore, the performance optimization for circular PMUTs at a given resonant frequency
is needed. Here the static displacement per input voltage ws, defined as peak displacement wp
normalized by Q, is used as the figure of merit to eliminate the effect of Q. For a PMUT with AlN
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Figure 7.2: Simulated pressure field (top) with different array area in PDMS. Extracted far field
pressure at 800 µm away (bottom) linearly scales with the area of the transducer array.

as both the active and piezoelectric layer, the resonant frequency f is

f = K
t

a2
, (7.2)

where t is the total device thickness and a is the radius of the circular PMUT and

K =
10.327

2π

√
E

3ρ
, (7.3)

is a constant defined by the young’s modulus E and density ρ of AlN. Based on equation 7.2, the

ratio of
t

a2
is fixed at a given frequency. Then the static displacement ws at a given frequency can

be simplified as
ws
Vin

=
η

k
∝ γ2(γ2 − 1)e31,fK

ft
(7.4)

where e31,f is the transverse effective piezoelectric coefficient and γ is the electrode coverage.
Based on this, for PMUT, the static displacement at a given frequency linearly scales with trans-
verse effective piezoelectric coefficient, while it is inversely proportional to the frequency and total
device thickness, as shown in Figure 7.3. This suggests the transmit performance improves as the
thickness scales down for a given piezoelectric material and operating frequency.
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Figure 7.3: The analytically modeled static displacement at a given frequency is inversely pro-
portional to the total film thickness and frequency.

7.3 Device Characterization

7.3.1 Fabricated Device

As shown in Figure 7.4, 29 µm and 40 µm radius PMUTs with 1.4 µm and 2.4 µm thick AlN films
were fabricated on a surface micromachining process to compare the transmit performance at sim-
ilar frequencies [61]. Rocking curve measurements were done on the AlN piezoelectric layer. The
FWHM is 2.2◦ and 1.68◦ for the 0.7 µm and 1.2 µm thick piezoelectric layer respectively. Based
on [62], the piezoelectric coefficient should be within 20% difference for the two piezoelectric
films.

7.3.2 Device Measurement

The PMUTs’ frequency response in air were measured with laser Doppler vibrometer (LDV).
Curve fitting is used to extract the measured frequency in air, peak displacement, and Q. The
static displacement is calculated as peak displacement normalized by Q. As shown in Figure 7.5,
the measured displacement in air can be modeled as a second order linear system accurately. The
extracted static displacementws is plotted as a function of frequency in Figure 7.5. The dotted lines
are the modeled static displacement using 0.7 µm and 1.2 µm as the piezoelectric layer thicknesses.
The measured static displacement are within 30% of that predicted by the model. For the 0.7 µm
thick piezoelectric layer devices, the static displacement of 2.57 MHz device is 2.6 times that
of 5.66 MHz, which is consistent with the 2.2 times difference in the frequency. While for the
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Figure 7.4: Schematics of the fabricated PMUT (top). The optical image of the fabricated 29
µm and 40 µm radius PMUTs (middle). The cross-section SEM of the fabricated 1.2 µm thick
piezoelectric layer device (bottom).

1.2 µm thick piezoelectric layer devices, the static displacement of 6.88 MHz device is 1.7 times
that of 12.1 MHz, which is consistent with the 1.8 times difference in the frequency. The resonant
frequency in air of the 40 µm radius PMUTs on 1.2 µm thick piezoelectric layer is 20% larger than
29 µm radius PMUTs on 0.7 µm thick piezoelectric layer. As the pressure output linearly scales
with velocity P ∝ v = 2πfwp, a figure of merit for transmit performance is defined as FOM =
wsf , where FOM ∝ e31,f/t based on Equation 7.4. As shown in Figure 7.5, the figure of merit
FOM of the PMUTs with 0.7 µm piezoelectric layer is about 1.5 to 1.7 times better than that with
1.2 µm piezoelectric layer. This matches the model considering that the FWHM measurements
suggest 20% difference of the piezoelectric coefficient for the two films. The variation of the FOM
of the devices on the 0.7 µm thick piezoelectric layer is roughly 20%. This can be attributed to the
mechanical boundary condition of the PMUT, as the device performance is more sensitivity to the
boundary condition with smaller radius.
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Figure 7.5: The PMUTs’ measured and curve fitted frequency responses in air (top). The mod-
eled and measured static displacement plotted as a function of frequency (middle). The measured
figure of merit of the transmit performance with 0.7 µm piezoelectric layer is about 1.5 1.7 times
better than that with 1.2 µm piezoelectric layer.

Difference in Q factor for PMUTs with different radius and thickness is observed and analyzed.
Based on [63], the acoustic loss in air is the dominant energy loss mechanism for large radius
MUTs and the quality factor from acoustic loss in air Qair ∝ tf . Qair is modeled and measured in
Figure 7.6. For devices with smaller frequency, the Q linear scales with thickness and frequency.
The 12 MHz devices with 29 µm radius and 1.2 µm piezoelectric layer did not follow the trend of
Q from acoustic loss in air, as the anchor loss starts to dominate
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Figure 7.6: Modeled and measured quality factor.

7.3.3 Thickness Scaling Limitation

The limitation of improving AlN PMUT transmit performance via scaling down the total device
thickness will be discussed in this session. As explained earlier, at a given frequency, the pressure
output of a PMUT array linearly scales with fill factor and transducer displacement. As ws ∝ 1/t
, the pressure output Pax(r) ∝ FFe31,f/t. Therefore, the impact of device thickness’s scaling
on the array fill factor and piezoelectric coefficients need to be discussed. As the piezoelectric
layer thickness scales down, the individual circular PMUT’s radius will reduce to maintain the
frequency, which leads to a decrease in the fill factor with certain minimal spacing requirement
from the microfabrication process. Meanwhile, thinner piezoelectric layer will impact the crystal
quality of the AlN and therefore the piezoelectric coefficient. For instance, the e31,f will decrease
two times when AlN thickness decreases from 1000 nm to 50 nm [62]. Using the piezoelectric
coefficient reported for different AlN thickness [62], a transmit performance figure of merit of the
circular PMUT array, defined as FOMa = FF e31,f/t, can be calculated at 10 MHz for differ-
ent minimal spacing requirements and piezoelectric layer thicknesses. As shown in Figure 7.7,
with no piezoelectric coefficient degradation, there will be about 30 times transmit performance
improvement from 1 µm thick piezoelectric layer with 40 µm minimal spacing process to 50 nm
thick piezoelectric layer with 5 µm minimal spacing process. Taking account into the current
piezoelectric material process capabilities, the FOMa roughly inversely scales with the piezoelec-
tric layer thickness until being affected by the piezoelectric coefficient degradation below 100 nm
thick AlN. While for more than 10 µm minimal spacing requirement, scaling down the piezoelec-
tric layer thickness to below 500 nm can only have less than 1.5 times improvement. Therefore, to
take advantage of the thickness scaling below 500 nm thick AlN piezoelectric layer, future process
development to fabricate good quality nm thick AlN films with less than 10 µm spaced PMUT
array is required.
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Figure 7.7: Normalized transmit performance of the circular PMUT array versus piezoelectric
layer thickness with different minimal spacing requirements.

7.3.4 Conclusion

In this session, simulation and analytical model were used to demonstrate that the axial far field
pressure linearly scales with area, fill factor, and transducer peak displacement. The individual
PMUT’s transmit sensitivity at a given frequency is demonstrated to be inversely proportional to
the device thickness. Future process development to fabricate closely spaced PMUTs arrays with
good quality nm thick AlN film is required to take advantage of the thickness scaling below 500
nm thick AlN piezoelectric layer.
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Chapter 8

Conclusions and Future Works

8.1 Conclusions

This thesis has been focusing on the the modeling and characterization of piezoelectric micro-
machined ultrasonic transducers (PMUTs) based ultrasonic fingerprint sensors. Analytical model
and finite element methods have been demonstrated as a reliable tool to predict the mechanical
and acoustic performance. Non-idealities of dense PMUT array, such as mechanical crosstalk,
acoustic surface waves, and anchor motion, has been identified for future studies. Scanning laser
Doppler vibrometer (LDV) has been proved to be a powerful tool for 2D time domain acoustical
and mechanical performance characterization tool. Real-time epidermis and dermis layer finger-
print imaging have been demonstrated. Last but not least, utilizing equivalent circuit model of
circular PMUTs at the same resonance frequency in air, PMUT displacement is proved to be in-
versely proportional to the device thickness. This thickness scaling benefit together with process
development for higher fill factor arrays suggest further potential improvement of the pressure
output from PMUT arrays.

8.2 Future Works

Piezoelectric micromachined ultrasonic transducers (PMUTs) based fingerprint sensor in this dis-
sertation research has been a continuation of the previous work from our lab [64]. In this dis-
sertation research, PMUT device analysis using equivalent circuit model and acoustic modeling
using MatLab k-wave toolbox have been demonstrated to give a good first order estimation of the
ultrasonic fingerprint sensor’s mechanical and acoustic performance. Specific FEM models will be
needed to understand the second order effects’ impact on the device performance. Taking advan-
tage of these validated tools, the key performance indicators of the ultrasonic fingerprint sensors,



CHAPTER 8. CONCLUSIONS AND FUTURE WORKS 76

such as the signal to noise ratio, could be further optimized. Moreover, careful considerations of
the PMUT array design, such as the PMUT shape and array spacing, can reduce the identified
non-idealities.

The performance of the PMUT array could be further improved utilizing different PMUT de-
vice design for better acoustic transduction, thin film piezoelectric material (ScAlN or PZT) for bet-
ter piezoelectric coefficients, and surface micromachining process for higher array fill factor. With
the improved performances from PMUT array, applications taking the full advantage of MEMS
technology’s benefits (power consumption, size, cost, and complexity) will keep emerging.
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