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Abstract 
The research summarized in this dissertation focuses on the development of a heterodyne 

scanning laser interferometer and of data-analysis techniques for the characterization and 
analysis of the surface vibration fields in microacoustic devices and test structures. 
 
The heterodyne laser interferometer enables a phase-sensitive, absolute-amplitude detection 
of the out-of-plane component of a surface vibration field, with a minimum detectable 
amplitude of less than a picometer, while the lateral resolution is better than 1 micrometer. The 
instrument features a flat frequency response up to 6 GHz. 
 
The phase-sensitive absolute-amplitude data enables the visualization of the actual wave 
behavior in electromechanical components and test structures, but more importantly, it is the 
basis for further analysis. The research instrument is applied to the study of electroacoustic 
devices based on surface acoustic wave (SAW) and bulk acoustic wave (BAW) technologies. 
Two novel SAW devices are studied in detail: a phononic crystal (PnC) structure and a 
scattering structure resulting in a random wave field. PnCs are acoustic metamaterials that can 
provide engineered material properties. The laser interferometric measurements were 
amongst the first to directly characterize the wave interaction with the PnC. SAW slowness 
curves of an anisotropic substrate material are extracted by measuring and analyzing the 
scattered random wave field. Data analysis methods are developed further in the context of 
BAW research by experimentally addressing two important aspects of device design: the 
correct operation of the acoustic reflector used to confine the energy in the resonator, and  
investigation of the role of the dispersion and standing wave resonances to the spurious 
responses often observed in high-Q resonators. Fourier transform techniques are used for 
selective visualization of wave fields and for the extraction of the dispersion characteristics of 
the plate-waves. The dispersion data are then further used to analyze the transfer 
characteristics of an acoustic reflector and to study the properties of lateral eigenresonances 
and the lateral energy confinement in detail. 
 
The research described in this thesis provides a detailed characterization of the operation of 
SAW and BAW devices and effects within, highlighting and further developing the 
experimental characterization capabilities and data-analysis methods. 
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tuottaman datan analyysitekniikoiden kehittämistä pintavärähtelykenttien karakteri-
soimiseksi ja analysoimiseksi mikroakustisissa komponenteissa ja testirakenteissa. 
 
Työssä rakennettu heterodynelaserinterferometri mahdollistaa pintavärähtelyiden vaihe-
herkät absoluuttiamplitudimittaukset aina 6 GHz taajuuteen asti. Laitteisto kykenee värähtely-
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1. Introduction

The ongoing development of mobile electronics devices and telecommuni-

cations applications has created a demand for increasingly better electri-

cal components. High-performance radio frequency (RF) and microwave

filters are central for the wireless transmission and reception of signals in

mobile communication devices. To meet the demanding specifications, the

filtering of electrical signals is realized by electroacoustic means, where

the electrical signal is transformed into mechanical domain and back, for

example via the piezoelectric effect. Currently mobile communications

devices use filters based on both surface acoustic wave (SAW) and bulk

acoustic wave (BAW) technologies. At the same time with requirements

for better performance, the operation frequencies are shifting further up

in the frequency. Therefore, the performance limits of SAW and BAW

technologies are constantly pushed further, in terms of low loss, improved

power handling capability, smaller size, better system integration, sup-

pression of non-linear effects and functionality.

Acoustic waves are perturbations of an elastic medium that cause dis-

placements of small volumes of matter from their equilibrium position.

The waves propagate in the medium with a characteristic velocity and

can travel either with their energy localized near the surface (SAWs) or

inside the bulk of the medium (BAWs). Elastic waves can also have dis-

placements in the direction of their propagation (longitudinal waves), or

in the directions perpendicular to the propagation (shear or transverse

waves), or be a combination of the two as is typical for propagation in

anisotropic solids. Lord Rayleigh discovered a solution to the wave equa-

tion describing waves with their energy localized to a surface in 1885 [1],

predicting the existence of SAWs. Jacques and Pierre Curie had discov-

ered the piezoelectric effect in 1880 [2], and the subsequent research on

piezoelectric materials, in which a deformation creates an electric field in
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the material, and where an electric field results in a material deformation,

enabled generation and reception of acoustic waves (SAWs and BAWs) for

practical use. A structure to efficiently transduce an RF electrical sig-

nal into SAW and back was reported by White and Voltmer in 1965 [3].

This structure, an interdigital transducer (IDT), together with piezoelec-

tric materials, enabled the industrial utilization of acoustic waves in sig-

nal processing and filtering applications.

The performance of electroacoustic signal processing and filtering de-

vices is ultimately determined by their electrical response. Therefore,

they are typically characterized via electrical measurements, in test struc-

tures and in actual device configurations. Research and development of

electroacoustic devices has, indeed, benefitted substantially from the ad-

vances in electric measurement technology, such as from modern vector

network analyzers. Operation of an electroacoustic device is, however,

based on the (electro)mechanical response, and therefore even a thorough

electrical characterization provides only indirect information of the wave

motion and of the underlying device physics. In the case of a mismatch

between a designed and an actual response, the electrical characteriza-

tion often leaves open questions on the details of the mechanical behavior.

For a better understanding of wave motion in anisotropic materials and

in complex micro- and nanostructures, direct information of the vibration

field is needed. These data provide crucial feedback for further develop-

ment of theoretical understanding of wave phenomena as well as vital

information for improved device designs.

To address the need for the characterization of the surface vibrations,

various methods, both contact and non-contact, have been developed. Op-

tical probing techniques enable a direct, non-contact measurement of the

vibration fields on the sample. Especially with complex structures, such

as multilayered devices or phononic crystals, optical probing can con-

tribute significantly to the understanding of the device physics, providing

feedback for the development of device modeling. For the best results, op-

tical probing should be combined with electrical measurements to acquire

the most complete picture of the device behavior.

The research summarized in this thesis focuses on the development of

a heterodyne scanning laser interferometer and of data-analysis tech-

niques, which are applied to experimentally characterize surface vibra-

2



tion fields in microacoustic devices. The measurement principle, the de-

sign and performance of the heterodyne laser interferometer are discussed

first. This is followed by application of the research instrument to study

SAW and BAW devices and effects within, highlighting and further de-

veloping the experimental characterization capabilities and data-analysis

methods.
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2. Optical characterization of surface
vibrations

After the invention of the laser in the 1960s [4], optical probing of surface

vibrations has seen wide-spread use as a research tool to deepen the un-

derstanding of wave physics in various materials, in combinations of ma-

terials and in different device configurations. The three main operation

principles of the early instruments were based on the diffraction grating

technique, the knife-edge technique and on various forms of interferome-

try. The diffraction grating and knife-edge techniques are well suited to

measurement of SAWs, since they depend on the formation of surface re-

lief grating and on surface tilt, respectively. The diffraction grating tech-

nique was a popular approach in the 1970s [5–7], but has not been widely

used recently. The knife-edge technique has also been successfully ap-

plied by many authors to investigate wave propagation, for example to

separate propagating and standing wave contributions, to measure SAW

velocities, attenuation, beam steering and diffraction [8–16]. For a re-

cent implementation of this technique to phase-sensitive optical probing

of SAW vibration fields and data-analysis, see Refs. [17–20].

When the surface features spatially smooth wave fields, such as in some

BAW applications, optical interferometry has advantages over the above-

mentioned methods, since it enables a direct measurement of the surface

displacement. Interferometers have gained popularity as the optical de-

tection method of choice and several setups have been published [21–33].

A more thorough compilation of references related to optical probing of

SAWs and the extraction of various propagation properties can be found

in Ref. [34].

In addition to the measurement techniques falling into these main cat-

egories, research instruments with their detection based on the variation

of some other optical quantity caused by acoustic wave propagation in the

material have been reported. These instruments may operate in reflection

5



mode, such as typical laser interferometers, or, e.g., by light transmission

through the material [35,36]. One example of the latter is an optical probe

in which the polarization of a laser beam traveling through the bulk of the

material is modulated by elastic waves within the medium [37–39]. There

exists also a broad class of instruments utilizing laser speckle phenomena

for displacement and vibration measurement. For a recent application

of speckle-based techniques, see Ref. [40]. Holographic approaches have

also been used in vibration measurements since the late 1960s, see, e.g.,

Refs. [29,41–43].

There have been a number of attempts to characterize vibrations with

various other means also. One example is the use of atomic force mi-

croscopy (AFM) to characterize surface vibrations [44–47]. It cannot be

considered as a truly non-contact method, as it can significantly influence

the sample under study [48], although techniques have been developed

to minimize the effect [49]. In fact, many of the available microscopy

techniques, such as scanning electron microscopy (SEM) [50], have been

adapted to study also surface vibrations. In addition to various scanning

probe microscopy techniques, there have been attempts to visualize sur-

face vibrations also with several other more exotic techniques, some of

which are not non-destructive or non-contact [51–53].

In addition to the laser interferometric techniques with frequency do-

main detection discussed in this thesis, optical laser-based time-domain

pump-probe techniques have been used in the study of acoustic wave

propagation, thin-film materials properties and surface vibrations [54].

These picosecond ultrasonic pump-probe techniques utilize excitation of

elastic waves by an optical pump-pulse and the subsequent detection of

the waves by a time-delayed optical probe beam [55, 56]. The technique

is well-suited for characterizing acoustic properties of bulk [57, 58], as

well as of thin-film samples [59], such as those used in acoustic mirrors of

solidly mounted BAW devices. Instead of a single-point measurement, the

sample may also be scanned to obtain two-dimensional images of wave

propagation [60, 61]. The technique has recently also been applied to

study wave interaction with phononic crystal samples [62–65].

Because the history of optical probing of surface vibrations dates back

to the 1960s and beyond, there exist several excellent review articles

[22, 66–68], books [69–73] and book chapters [74–78] on the various op-

tical detection methods.
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2.1 Scanning laser interferometry in frequency domain

In physical acoustics, it is important to be able to detect and characterize

small surface vibrations. Vibration amplitudes vary greatly depending

on the type of device and application, but in the case of SAW and BAW

research for ultrasonic applications (f > MHz), the typical maximum am-

plitudes are of the order of a few nanometers or less. Therefore, in order

to ensure a good signal-to-noise ratio (SNR) of the measurement and to be

able to study weak effects, the minimum detectable vibration amplitude

should be of the order of 1 picometer or less, which is roughly 1/100 of

the size of an atom. Furthermore, as operating frequencies range from

MHz to several GHz, the detection method should have a flat frequency

response to allow quantitative vibration analysis. In addition, since the

devices often are sensitive to perturbations from the surroundings and

have high Q-values, a non-contact method is necessary.

Laser interferometry offers a non-contact optical method, which can be

used to detect such vibrations. In the conceptually simple case of a homo-

dyne Michelson interferometer (see Fig. 2.1), the interferometer consists

of a measurement arm and a reference arm. The sample with a vibrating

surface is placed in the measurement arm. The surface vibration leads

to a variation of the optical path length of the measurement arm, result-

ing in an optical phase modulation with respect to the reference beam.

The laser interferometer converts the optical phase difference between

the two laser beams into a variation of light intensity via the interference

of the beams. The resulting intensity signal can then be measured with

a photodetector. In this way, the length reference for the measurement

is derived from the well defined laser transition, which in the case of red

HeNe laser is λ = 632.8 nm.

In the following, we concentrate on scanning laser interferometry with

sinusoidal electrical excitation of the vibrations in the sample and their

detection in the frequency domain. This concept has proved very suc-

cessful in SAW and BAW device research, where the samples are excited

electrically and the resulting wave fields within the samples can be mea-

sured with an interferometer. As the excitation frequency can be precisely

controlled, the frequency domain operation allows for a detailed study of

7
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Figure 2.1. Schematic presentation of a Michelson interferometer and the detected sig-
nal. (a) Optical setup of a Michelson laser interferometer. Linearly polarized
laser beam is collimated and split into the two arms of the interferometer
by a polarizing beam splitter (PBS). The reference beam travels through a
quarter-wave plate (λ/4) to a mirror and back. The measurement beam trav-
els also through a λ/4-plate and is focused, by a microscope objective, onto a
spot on the sample surface, from which it is reflected back. The two beams
are recombined at the PBS and travel through a polarizer to a photodetector
(PD). (b) Illustration of the interferometer signal as a function of reference
mirror displacement (Δx). The black dots mark the quadrature points (QPs),
offering maximum sensitivity and best linearity. In these operation points,
the smallest surface vibration amplitude A results in the largest change in
the detected light intensity ΔI.

the mechanical resonances and vibration modes arising in the structures.

Furthermore, by limiting the detection bandwidth, the noise floor of the

measurement is lowered and SNR enhanced, allowing for the detection of

small vibration amplitudes, even below 1 pm.

2.1.1 Homodyne detection

The homodyne interferometer setups used in physical acoustics research

are typically based on either Michelson or Mach-Zender interferometer

configurations. An example of a Michelson-type homodyne interferome-

ter is depicted in Fig. 2.1(a) and a schematic presentation of the interfer-

ometer signal due to a change in the optical path length is presented in

Fig. 2.1(b). Here the signal is considered to be devoid of noise or of any

other unidealities.

Consider a one-dimensional case, where two coherent monochromatic

waves of equal optical frequencies and in the same polarization state are

superimposed. The constituent waves have intensities I1 and I2 and op-

tical phases θ1 and θ2, respectively. Denoting the phase difference ϕ =

θ2 − θ1, the basic equation for two-beam interference is

I(ϕ) = I1 + I2 + 2
√

I1I2 cos(ϕ). (2.1)

The last term of Eq. (2.1), the interference term, may be either positive

or negative, corresponding to a constructive or destructive interference of
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the two waves. In the special case of interference between two waves with

equal intensities (I1 = I2 = I0), the resulting intensity I(ϕ) varies be-

tween 0 and 4I0, see Fig. 2.1(b). The optical phase difference ϕ carries the

information of the varying optical path length of the interferometer and,

hence, ultimately that of the surface vibration to be probed. Therefore,

the interference of the waves serves to convert a small optical path length

difference between the two beams into an intensity variation that can be

measured with a photodetector.

A sinusoidal surface displacement, A sin(2πfvibt + φvib), where A is the

amplitude and φvib is the phase of the surface vibration under study, re-

sults in a time-dependent variation of the optical phase difference,

ϕ(t) = ϕ0 +
4πA

λ
sin(2πfvibt+ φvib), (2.2)

where fvib is the frequency at which the sample is electrically excited

(with the assumption of a linear mechanical response), λ is the wave-

length of the laser light and ϕ0 is a slowly varying phase term (com-

pared to fvib) that represents the optical phase difference between the

two beams due to changes in ambient conditions. Substituting Eq. (2.2)

into Eq. (2.1), and in the limit of small vibrations (for linear detection, typ-

ically A < 10 nm), the homodyne detection equation can be approximated

as [34,79–81]

I(t, ϕ0) = I1 + I2 + 2
√

I1I2

×
[
cos(ϕ0) +

4πA

λ
sin(2πfvibt+ φvib) sin(ϕ0)

]
.

(2.3)

From Eq. (2.3), it is evident that in homodyne detection the optical phase

difference ϕ0 between the two beams has to be controlled in order to detect

the contribution from the surface vibration. To obtain both the highest

sensitivity and the best linearity in the detection of small vibrations, the

interferometer is operated at the so-called quadrature point (QP), where

sin(ϕ0) = 1, see Fig. 2.1(b). Knuuttila et al. [27] solved the problem of

optical phase control by mechanically scanning the path length in one of

the arms using a piezo-controlled reference mirror, while recording the

interference signal with a spectrum analyzer tuned to the frequency of

the vibration. In this scheme, an active path-length stabilization is not

required for the acquisition of the relative amplitude data of the vibra-

tion. Since the method uses a spectrum analyzer for the detection and

does not discern between the up-slope and down-slope quadrature points

(QP1 and QP2 in Fig. 2.1(b)), phase information of the surface vibration is

9



lost. The technique has been further refined such that during the mirror-

sweep, also the (low frequency) interference signal is recorded, which al-

lows phase-sensitive measurements of the surface vibration by using a

vector network analyzer for the sample excitation and signal detection.

Furthermore, the low frequency signal carries also information of the

quality of the interference, and hence, with a calibration measurement,

also absolute amplitude data can be obtained [82].

The optical path length control can also be realized by actively stabi-

lizing the interferometer into a QP (see, e.g., Refs. [28, 83]). The role of

the stabilization is to compensate for any slow drifts between the optical

path lengths of the two interferometer arms, typically caused by air flows,

thermal expansion, or simply by differences in the heights of the features

on the sample surface. The stabilization counteracts this change, for ex-

ample, by slightly displacing the reference mirror, in order to ensure oper-

ation at the chosen QP. Stabilized setups enable phase sensitive detection

of the vibrations, for example, via sample excitation and measurement of

the photodetector signal with a vector network analyzer. Acquisition of

absolute amplitude data requires an additional measurement to quantify

the system gain and to compensate for gain drift caused by differences

in the optical reflectivity of the sample surface, the drift in the quality of

interference, etc.
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3. Scanning heterodyne laser
interferometer

The scanning heterodyne laser interferometer developed for microacous-

tics research and used in this thesis has the optical setup of a modified

Mach-Zehnder interferometer, see Fig. 3.1. A linearly polarized and colli-

mated beam from a single-mode HeNe laser (Spectra-Physics model 117A)

is split in two in an acousto-optical modulator (IntraAction model AOM-

405A1) (AOM), where the reference beam (I in Fig. 3.1) acquires an optical

frequency shift with respect to the zeroth-order beam (0). The zeroth-

order beam is the probe beam that is focused with a microscope objective

(Nikon 50x/0.55 ELWD) to a ∼ 820 nm sized spot (full width at half max-

imum, FWHM) on the sample surface. A λ/4 plate rotates the polariza-

tion plane of the probe beam to facilitate correct beam steering at the po-

larizing beam splitter (PBS), where the two, now orthogonally polarized,

beams are combined. The beams then propagate through a linear polar-

izer to a fast (0 - 12 GHz) photodetector, which features a flat frequency

response (better than ±1 dB up to 6 GHz) (New Focus model 1554-A)(PD).

The sample is raster scanned under the focused laser beam by computer-

controlled motor stages (Newport M-MFN25cc) providing a 25 mm range

of motion along each of the three axes, capable of a smallest incremental

step size of 55 nm.

Consider the interference of two laser beams with intensities I1 and I2

originating from the same laser source. If one of the beams is shifted in

frequency from the original optical frequency f to f + fm (fm � f), the

interference signal averaged over the optical cycle is

I(t) = I1 + I2 + 2
√

I1I2 cos
(
2πfmt+ ϕ(t)

)
, (3.1)

where ϕ(t) is the optical phase difference between the beams. When one of

the beams is reflected back from a sinusoidally vibrating sample surface,
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the phase difference can be written as

ϕ(t) = ϕ0 − 4π

λ
A cos

(
2πfvibt+ φvib

)
, (3.2)

where A is the amplitude of the normal component of the surface vibra-

tion, λ is the wavelength of the laser light, and fvib and φvib are the fre-

quency and phase of the vibration, respectively. The term ϕ0 is a slowly

varying phase term (compared to fvib) that represents any arbitrary opti-

cal phase variations between the two arms of the interferometer due to,

e.g., variations in the ambient conditions. When the surface-vibration am-

plitude (A) is small compared to λ, the interference term of Eq. (3.1) may

be expanded as [23]

I12(t)= 2
√
I1I2

[
cos (2πfmt+ ϕ0)+

2πA

λ

{
cos

(
2π (fm+fvib) t+ φvib + ϕ0

)
− cos

(
2π (fm−fvib) t− φvib + ϕ0

)}]
.

(3.3)

The error in the calculated amplitudes due to this approximation is less

than 1 %, when A ≤ 10 nm and λ = 632.8 nm.

When observed in the frequency domain, the signal spectrum consists

of a modulation peak (at fm) and two satellite peaks (at fm ± fvib). When

measuring actual samples, only the modulation peak and the upper (fm+

fvib) satellite peak (hereafter called the signal peak) are detected (see

Fig. 3.1(b)). The modulation and signal peaks (at two frequencies) are

detected simultaneously and the absolute amplitude of the surface vibra-

tion can be acquired from their amplitude ratio. Also, by comparing the

phases of the two signals, the phase of the surface vibration is acquired,

and any slow variations in the optical path lengths cancel out. The abil-

ity to measure the absolute amplitude of the surface vibration provides

immunity to effects such as variations in the local optical surface reflec-

tivity of the sample. Furthermore, the heterodyne detection diminishes

potential problems caused by radio frequency (RF) leakage as there is a

frequency offset between the detected frequency (fm + fvib) and the fre-

quency at which the sample is driven (fvib).

12



Single mode

HeNe-laser

λ = 632.8 nm

Optical

isolator

Collimation

optics

AOM

M

M

M

PBS

Polarizer

PD

Microscope

objective

Sample on

xyz-stage

I

0

(a)

λ/4

D
e

te
c
to

r 
s
ig

n
a

l 
(l
o

g
 s

c
a

le
)

f
m

f
m
  +  f

vib

(b)

Δ f = f
vib

ΔΑ

f

SNR
meas

Figure 3.1. (a) Optical setup of the scanning heterodyne laser interferometer. (b)
Schematic, frequency-domain presentation of the heterodyne signal detected
from the photodetector. The acousto-optical modulator (AOM) splits the laser
beam into two, a measurement beam (0) and a reference beam (I). The refer-
ence beam acquires an optical frequency shift in the AOM, and the frequency
difference between the two beams (fm) will result in the modulation peak in
the detected frequency spectrum. The signal detected due to the surface vi-
bration (at fvib) is also frequency shifted (to fm±fvib), hence also diminishing
the possibility of RF-leakage (from the sample to the detection). The dynamic
range of the setup is defined by the ratio of the amplitude of the modulation
peak compared to the noise floor, defining also the minimum detectable am-
plitude. The signal to noise ratio of the measurement (SNR) corresponds to
the ratio between the maximum vibration amplitude and the noise floor.

3.1 Performance of the setup

The principal performance attributes of a scanning laser interferometer

are the minimum detectable amplitude, immunity to variations in the

optical reflectivity of the sample surface, scanning speed and lateral reso-

lution. The most important of these parameters is, perhaps, the minimum

detectable amplitude, since it ultimately sets the limit on how small sig-

nals and how weak effects can be studied with the setup. Furthermore,

in frequency domain detection, where a frequency sweep is utilized, the

minimum detectable amplitude and the speed of the frequency sweep are

interconnected through the bandwidth (BW) of the detection electronics.

Selecting a larger detection BW allows for faster frequency sweeps, with

a tradeoff between the measurement noise level and the sweep speed. A

sensitive setup allows one to sacrifice some signal for speed, while still

maintaining an acceptable level of minimum detectable amplitude.

The achievable lateral resolution is ultimately limited by diffraction to

the order of the wave length of the laser light used. For the majority of

applications in SAW and BAW research, the lateral resolution of ∼ 0.5 μm

is sufficient. Achieving significantly better lateral resolution with laser

interferometers is challenging.
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3.1.1 Minimum detectable amplitude

With the setup reported in Publication I, and a detection bandwidth of

30 Hz, the smallest detectable surface vibration is ∼ 1 pm, as measured

from an actual sample. This corresponds to a measurement sensitivity

of ∼ 2 × 10−4nm/
√
Hz. The theoretical detection limit for a heterodyne

interferometer (perfect interference, shot noise limited detection) is given

by [22,84]

Amin =

√
2eBW

αPo

λ

π
, (3.4)

where e is the elementary charge, BW the detection bandwidth, Po the to-

tal optical power, α the responsivity (A/W) of the photodetector and λ the

wavelength of the laser. Using a value of 0.5 mW for the optical power,

0.2 A/W for the responsivity and 632.8 nm for the laser wavelength re-

sults in a theoretical detection limit of ∼ 1 × 10−5 nm/
√
Hz, which with

30 Hz detection bandwidth corresponds to Amin ∼ 0.05 pm. The differ-

ence between the obtained and theoretical sensitivity is mainly due to the

limited optical power available at the photodetector, which results in a

reduction of the available dynamic range. The measurement speed of the

system depends on the chosen BW. A detection bandwidth of 30 Hz results

in a scanning speed of ∼ 94 000 spatial scanning points per hour (pnt/h),

which can be increased by choosing a larger BW at the cost of an increase

in the noise level.

By increasing the available laser power incident on the photodetector,

the system was improved such that the smallest detectable surface vi-

bration amplitude is now ∼ 0.3 pm, as measured from an actual sam-

ple (measurement results reported in Publication IV), with a detection

bandwidth of 100 Hz. For these measurements, the scanning speed was

∼ 270 000 pnt/h.

3.1.2 Lateral resolution

In a scanning laser interferometer, the laser beam is focused onto the sam-

ple surface. The sample is then raster scanned under the laser spot with

a chosen lateral scan step to produce an image of the surface vibration

field. The laser spotsize on the sample surface therefore determines the

lateral resolution obtainable with a given setup.

Diffraction ultimately limits the minimum achievable spotsize on the

sample surface. Trying to get a spot as small as possible might not be
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feasible, since as the spot size on the sample gets smaller, the depth of

focus of the laser beam correspondingly diminishes. This results in an

increasingly stringent tolerance on the distance from the focusing lens to

the sample surface. In our setup, there is no active focusing adjustment

such that the objective-to-sample distance would be actively controlled.

Instead, the sample is aligned such that the sample surface is normal

to the incident laser beam, and hence, only the sample topography will

chance the distance to the lens during scanning. Therefore, it is desir-

able that the interferometer would tolerate height differences (changes in

focus) of the order of ±1 μm. This is achieved with a spot size of a gaus-

sian laser beam of ∼ 820 nm (measured as FWHM on the sample surface),

offering a lateral resolution better than 1 μm. The obtained lateral res-

olution is sufficient for all typical devices for microacoustic applications

(e.g., SAW and BAW), with operating frequencies upto several GHz.

3.1.3 Immunity to variations in optical reflectivity

In typical microacoustic samples (SAW and BAW), there are areas of dif-

ferent optical reflectivity on the sample surface. For example, in the case

of a typical SAW device, there is the crystalline substrate, such as LiNbO3,

with a very low reflectivity, and metalized regions on top of it, with a very

high reflectivity. The changes in the optical reflectivity change the rel-

ative intensities of the interfering laser beams. In the case of a simple

Michelson interferometer, this causes a change in the sensitivity, leading

into discontinuities in the measured amplitude on the sample across such

a boundary (consider, for example, a transition from crystal to metal). In

general, any change in the sample surface (surface roughness, different

height leading to change in focus, etc.) or a drift in the optical setup that

leads to a change in the quality of the interference will result in a discon-

tinuity in the detected amplitude values.

In the heterodyne interferometer (Publication I), the quality of the in-

terference is monitored via the modulation signal (for an illustration, see

Fig. 3.1(b)), and the ability to measure the absolute amplitude of the sur-

face vibration provides immunity against effects due to variations of the

optical surface reflectivity on the sample. An example of actual measured

amplitude data with SAWs traveling over a crystal-to-metal transition is

provided in Fig. 3.2. The example data serve to show that the detected

absolute-amplitude field is continuous despite the large difference in the

optical reflectivities between the crystalline and metalized regions. This
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highlights the correct operation of the heterodyne setup. The obvious lim-

itation is a case in which the SNR of the measurement is enough to detect

the weak vibration on the metal surface, but the low optical reflectivity

of the crystal surface leads to reduced SNR, and does not allow the detec-

tion of such low amplitudes anymore. In other words, the differences in

the optical surface reflectivity and quality of the interference can be seen

in the heterodyne interferometer data as changes in the measurement

noise level in areas without vibration amplitude.
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Figure 3.2. Demonstration of heterodyne absolute-amplitude detection, where a discon-
tinuity in the optical surface reflectivity of the sample does not influence the
detected surface vibration amplitude values. Light power image, on the left,
depicts a close-up view of the sample, showing both an aluminized bond pad
and a crystal surface as well as a bondwire providing electrical connection to
the sample. The corresponding measured vibration amplitude field is contin-
uous over the discontinuities in the optical surface reflectivity. Line profiles
(in X and Y directions, marked with dashed lines in the light power and am-
plitude images) do not show any amplitude discontinuities at the transition
points (marked with dashed vertical lines).

3.2 Data analysis based on Fourier methods

Accurate, good quality data acquired with a carefully built heterodyne in-

terferometer can be used not only to visually inspect and interpret the

acoustic vibration fields in a sample, but also as a basis for further data

analysis. Analysis methods based on Fourier transform (FT) techniques

have proven successful and are widely utilized, especially in BAW re-

search. The phase sensitive absolute-amplitude data, representing the

surface vibration fields in the sample, are in general superpositions of sev-
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eral wave modes that exist simultaneously at a given excitation frequency.

The FT provides a modal decomposition of the measured resultant wave

field, and allows to, for example, determine the lateral (parallel to the

sample surface) component of the wave vector k|| = 2π/λ||, and hence, to

separate SAWs propagating into different directions in the measurement

area, to analyze reflections and to determine wave slowness (k|| = 2πfv−1|| )

experimentally, see Fig. 3.3 for a schematic presentation.

In the following, two applications of FT techniques are discussed in more

detail. Measuring wave fields at several excitation frequencies allows ex-

perimental determination of the plate-wave dispersion properties, an im-

portant issue in BAW research and device development. Selective visu-

alization of wave fields can be achieved by filtering selected spatial fre-

quencies in the Fourier domain and applying an inverse transformation.

This technique allows to visualize the wave fields corresponding to the se-

lected wave mode(s). In some cases, the use of Fourier filtering allows to

extend the dynamic range of the measurement by suppressing noise, and

can therefore be used in the characterization of extremely weak signals

and effects. In the research reported in this thesis, especially the BAW

dispersion measurement and data-analysis has been pushed beyond the

current state of the art, thanks to the high-quality interferometer data

and advanced data analysis.
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Figure 3.3. Schematic presentation of wave propagation in an anisotropic medium. (a)
An example of instantaneous surface displacement field for SAW beam prop-
agation on an anisotropic medium featuring a power flow angle. (b) General
case of SAW scattering. An incident plane-wave SAW with wave vector ki

‖ is
scattered from the scatterer S into all directions, resulting in scattered SAWs
with wave-vectors parallel to the crystal surface ks

‖ and waves scattered into
the bulk with ks

xyz propagating to all directions in the volume. (c) Schematic
presentation of the slowness curve for the anisotropic medium in (a), with the
lateral wave vector k‖ and group velocity vector vg that indicates the direc-
tion of power flow shown. The SAW field in (a) corresponds to a single point
in the FT result, indicating the direction and magnitude of the wave vector.
Scattering into all (in-plane) directions, as depicted in (b), will then reveal
the slowness curve.
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Figure 3.4. (a) Illustration of BAW FT result for a set of three frequencies, with the mag-
nitude of the FT along |kx+| plotted on the top (for 1196 MHz). (b) A volume
visualization of general dispersion data with two slice planes (plane direc-
tions indicated with white dashed lines in (a)). The general dispersion data
consist of a stack of FT results at all the measured frequencies, and contains
the dispersion information for waves traveling to all directions (in the scan-
plane). Due to the nature of the thin-film manufacturing, usually an in-plane
isotropy of the material is assumed and for visualization purposes, typically
the directional information is disregarded by circularly averaging the data
and the wave content is plotted as a function of frequency and magnitude of
the wave vector |k‖|, see Fig. 3.5.

3.2.1 From wave field measurement to dispersion diagram

The FT of a measured complex-amplitude wave field is a modal decom-

position of the field revealing directional information on the wave prop-

agation. In the general case of wave propagation in anisotropic media,

the magnitude of the in-plane (lateral) components of the wave-vectors

for a given wave mode have an angular dependence due to the angular

dependence of the phase velocity of the wave mode. Since the wave field

measurement enables to quantify the lateral component of the wave vec-

tor at a given excitation frequency, the propagation direction and wave-

length are acquired through the measurement. This allows one to study

the dispersion properties of the waves by repeating the measurement and

analysis at several frequencies.

In connection with BAW resonators, typically the sputtered piezoelectric

thin film is considered to be in-plane-isotropic, and hence, the magnitude

of the lateral component of the wave vector is assumed not to have any

angular dependence. This leads to circles observed in the FT result, indi-

cating wave propagation to all directions in plane, e.g., due to scattering

(see Fig. 3.4 (a)). To be able to characterize not only the wave content

at a single frequency, but the dispersion properties of the different wave

18



modes, the wave-field measurements and their Fourier analysis have to be

performed at a number of frequencies. At each frequency, the wave con-

tent can be visualized in the wave-vector space (see the FTs in Fig. 3.4 (a)),

and having several frequencies leads to a multidimensional data set. In

general, volume visualization techniques may be applied, e.g., by defin-

ing slice-planes to show the wave content and the frequency dependence

of the wave-vector in a direction of interest, Fig. 3.4 (b). On the other

hand, the wave-content (2D propagation in scan-plane) at each frequency

may be reduced to a single line (1D) by either taking a line profile along

the direction of interest (such as x- or y-direction in the case of square

resonator symmetry, see Fig. 3.5) or, if in-plane isotropy is assumed, by

circularly averaging the wave content as a function of the magnitude of

the in-plane wave-vector (|k‖|). Presenting the acquired data as a func-

tion of frequency yields a dispersion diagram for the lateral wave-vector

component of the waves propagating in the structure. The procedure to

acquire a plate-wave dispersion diagram from wave field measurements of

a BAW resonator is illustrated in Fig. 3.5. Note that the wave-vector infor-

mation in each frequency-slice in the dispersion diagram is proportional

to the slowness, the inverse of the phase velocity, of the wave mode(s)

(v−1‖ = k‖/2πf ), while the local slope of a mode branch in the dispersion

diagram presents the group velocity (df/dk‖ = vg‖/2π) at that frequency.

In an actual finite-sized sample, the resonator geometry determines the

lateral standing-wave resonances arising in the resonator structure. For

example, a square resonator has separable x- and y-directional standing

wave resonances and correspondingly these resonances result in bright

spots in the wave-vector domain (see Fig. 3.5). Wave scattering also leads

to waves traveling into all possible directions, and hence there is typically

a circle in the wave-vector domain, together with the geometry related

maxima (bright spots).

3.2.2 Filtering of wave field data in wave-vector domain

In addition to visualizing the wave content in the Fourier domain (wave

vector space), the FT techniques also enable visualization of selected wave

components by utilizing filtering in the Fourier domain and applying an

inverse transform. In this method, a range of wave vector values can be

selected by applying an appropriate window function, and the other con-

tributions will be filtered out. The applications of the technique include
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Figure 3.5. Illustration of the acquisition of a BAW dispersion diagram. The complex
wave field data at a single frequency (f = 986 MHz) are Fourier transformed,
and the FT result provides a modal decomposition of the measured wave mo-
tion (top right). In this case, the sample is a square ZnO thin film BAW
resonator, and the symmetry due to the resonator geometry is clearly seen
as, for example in the case of the TE1 mode, the wave content is mostly lo-
calized to the x- and y-axes (bright red spots on the innermost circle, see the
inset). In this case, it is feasible to extract the dispersion curves along one
of the principal axes, dictated by the device and eigenmode geometry, e.g.,
along the x-axis (ky = 0). This will result in slightly better dynamic range
for the dispersion diagram, when compared to circular averaging of the FT
result. The line data is further processed to yield a |kx|-slice (bottom left),
which contributes one line to the final dispersion diagram (bottom right).

selective visualization of certain wave modes of interest in BAW devices,

separation of waves traveling to different directions and enhancing the

dynamic range of the measurement by suppressing noise. Figure 3.6 illus-

trates the principle of selectively visualizing the amplitude field in a BAW

resonator, including only the wave mode contributions from the |k‖| = 0

and TE1 wave modes. In the example, the faint grid-like pattern in the

original measured amplitude image, originating from modes with higher-

k‖, is removed while preserving the mode pattern and amplitude of the

low-k‖ contributions (see Fig. 3.6 (a) vs. (b)).

As a practical example, the technique was utilized to lower the noise

floor in our first measurement results regarding BAW transmission prop-

erties of an acoustic mirror presented in our conference paper [85] and

as a part of data presented in an invited paper [86]. The filtering was

20



2D IFT

FIL
TE

R
IN

G

2D FT

0 100 200 297
0

100

200

297

x (μm)

y (μm)

0-1 1-2-3 2 3

0

-1

1

-2

-3

2

3

k
x
 (1/μm)

k
y
 (1/μm)

(b)

(a)

(b)

28010640156
pm

28010640156
pm

Filter

x-slice

0-1 1-2-3 2 3

k
x
 (1/μm)

X-slice (k
y
 = 0)

0 100 200 297

0

100

200

297

x (μm)

y (μm)

(a)

FT x-slice

(c)

(d)

104.31.80.80.3
pm

104.31.80.80.3
pm
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as the original, but the ripple has been eliminated. (a) presents a close-up-
view of the original wavefield amplitude image and (b) the amplitude image
after FT-filtering. (c) presents a measured weak amplitude field of BAWs
transmitted through an acoustic mirror and (d) shows the amplitude field of
the same data after FT-filtering.

applied to aid visualization of the weak wave fields leaking through the

acoustic mirror. The filtering removes both the noise and the signal out-

side the selected wave-vector range, thereby allowing for an increased

dynamic range of the measurement at the cost of visualizing only the se-

lected wave modes. In studying the mirror transmission properties, the

most interesting contributions, in terms of the visualization, were those

close to the |k‖| = 0 (including the TE1 mode branch). Hence, much of the

wave vector space can be filtered out, thereby significantly reducing the

noise level, as can be seen by comparing Fig. 3.6 (c) and (d).
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4. Surface acoustic waves

After the invention of the IDT, surface acoustic waves have been widely

utilized in a variety of signal processing applications, such as high perfor-

mance filters for mobile communications, delay lines, sensors, and RF-

identification tags [87–89]. Despite the seemingly simple structure to

launch and receive SAWs, and the relatively straightforward manufactur-

ing process, the design of SAW devices is demanding. Piezoelectric sub-

strates are anisotropic by nature, and hence, wave excitation and propa-

gation properties have directional dependencies. Typically SAW devices

are manufactured on wafers of particular cuts of a piezoelectric single

crystal, such as LiNbO3 or LiTaO3. The supported wave modes and their

properties depend on the material and the crystal cut. A schematic illus-

tration of a basic SAW device structure is provided in Fig. 4.1.

Research and development of SAW devices strives towards high-Q de-

vices with low losses and with a clean frequency response, devoid of spu-

rious resonances. Apart from these generic needs, recent research and

development has also addressed the need for materials and structures to

provide compensation for the temperature dependence of the frequency

response. Furthermore, a surface acoustic wave is very sensitive to sur-

face perturbations and, therefore, SAWs can be used to construct ex-

tremely sensitive sensors [89–91]. On the other hand, the use of SAWs in

other applications, such as in filters, typically requires hermetic packag-

ing so that the environmental conditions can not alter the wave propaga-

tion properties. With the development of ever smaller and multifunctional

mobile communications devices, there is a demand to reduce the size of

the filter components, and hence there is a need to reduce the size of the

package, or to remove it altogether [92]. To enable components without

packaging, boundary waves are studied as a potential candidate for high-

performance, temperature compensated chip-size components [93,94].
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Figure 4.1. Illustration of the electrical excitation of SAWs via an interdigital transducer
on a single crystal piezo-electric substrate. (a) Electrical excitation signal
connected to the metal electrodes that form a finger structure (IDT) on the
crystal. (b) Cross sectional view of the IDT structure with the instantaneous
alternating electrical potentials (±) shown on the electrodes. The (basic) IDT
structure launches waves into both directions. The SAW is confined to the
vicinity of the surface and the wave amplitude decays exponentially into the
depth of the substrate.

Recently, significant research effort has been devoted to phononic crys-

tals (PnCs), one-, two-, or three-dimensional periodic structures that con-

sist of two (or more) materials with different elastic constants giving rise

to stop bands, or band gaps (BGs), for acoustic wave propagation in the

material [95–98]. These engineered, artificial, metamaterials hold the po-

tential for tailored wave propagation properties for acoustic wave devices,

alleviating the constraints of only having a set of naturally occurring ma-

terials with fixed propagation properties to work with. An example of an

artificial PnC material for confining elastic energy and enabling control of

the dispersion of the waves is described in Ref. [99].

In the research and development of SAW devices, simulation tools such

as finite element method (FEM) or the coupling of modes (COM) model,

based on numerical and analytical methods, respectively, are vital for suc-

cessful device design. The physics and the propagation properties of SAWs

have been extensively presented in several papers and books [100–104].

Due to the complexity of the coupled electrical and mechanical waves and

wave propagation in anisotropic media, the simulation tools and the mod-

eling have their limitations. Numerical modeling has progressed to a

point where it may be used to solve some of the practical device geome-

tries [105–107], but for many applications a full multiphysics-FEM treat-

ment is still too demanding in terms of memory and computing power

required. In practise, this leads to the use of simplified models for device
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design instead of a complete multiphysics treatment. Experimental char-

acterization of the devices is therefore needed to validate the modeling

and to verify the correct operation.

Because the performance of the end-product is determined by the elec-

trical response, the experimental characterization of SAW devices has

mainly consisted of electrical measurements. Vector network analysis

enables accurate characterization of the electrical performance, but de-

spite its merits, it often can not reveal the actual underlying mechanical

processes that lead to the electrical response. Since the device operation

is based on the electromechanical response, it is of considerable inter-

est to be able to directly characterize the mechanical behavior of a SAW

device. A particularly successful example of the merits of laser interfer-

ometry in the characterization of SAW devices is the discovery of a sig-

nificant new loss mechanism for leaky-SAW resonators [108]. With the

aid of the experimental data, the effect was then later theoretically ex-

plained [109, 110]. It is expected that the experimental characterization

of the vibration fields is especially beneficial for the research and devel-

opment of PnCs, where it is particularly challenging to characterize the

wave interaction with the complex micro and nano structures.

A phononic crystal for SAWs at 200 MHz range [111], showing unex-

pected behavior in electrical measurements, was interferometrically char-

acterized and the results reported in Publication II. In contrast to the typ-

ical PnCs exploiting a regular arrangement of scatterers, Publication III

presents interferometric measurements of a random ripple pattern due to

multiple scattering of SAWs from a large ensemble of random scatterers.

Fourier transform techniques are utilized to unveil the complete slowness

curve of SAWs without any prior knowledge on the wave propagation.

4.1 Phononic crystal for surface acoustic waves

Recently, PnCs and elastic stop bands for SAWs have been at the center

of a growing research effort [112–116], both because of interesting wave

physics involved and due to potential for significant impact on technolog-

ical applications. Since the SAWs are by nature confined to the vicinity of

the surface, a lithographically defined, two-dimensional PnC is, in princi-

ple, able to provide full-confinement of the waves. This is an interesting

technological aspect, as fabrication of a true three-dimensional metama-
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Figure 4.2. Phononic crystal structure for SAWs. (a) A schematic presentation of the
test structure, a SAW delay line with a PnC structure in between two IDTs,
intended to facilitate characterization via electrical measurements. (b) Pho-
tograph of the component and a closeup SEM image of the PnC hole structure
etched into the LiNbO3 single crystal substrate. The photograph shows bond
wires providing electrical connections to the IDTs via busbars and the PnC
hole structure in between the two IDTs. (c) SAW transmission character-
istics determined via electrical measurements. The BG frequency range is
indicated with a gray shading.

terial is not needed. Furthermore, the design of SAW devices has been

somewhat limited by the availability of piezoelectric single-crystal mate-

rials and cuts with favorable properties. The possibility to utilize PnC

structures to engineer new materials properties and sophisticated trans-

fer functions for microacoustic components is therefore desirable for the

industry.

Experimental demonstrations of micrometer scale PnCs in piezoelectric

crystals, creating directional [117] as well as full BGs [111] have been

reported. These studies have utilized the possibility to generate and re-

ceive SAWs using IDTs, and hence, to characterize PnCs in device test-

structures via electrical measurements. Despite the relative simplicity

of electrical measurements, they provide only indirect and partial infor-

mation on the wave propagation and interaction with the PnC. In ad-

dition, generation and detection of ultrasound by picosecond laser tech-

niques has been utilized to measure SAW dispersion properties in one-

and two-dimensional PnCs [62,63]. Although the technique is well-suited

for the characterization of PnCs in various geometries without the need

for electrical excitation of the waves, the frequency resolution is typically

somewhat limited.
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Figure 4.3. Light power image and measured wave field amplitude images at selected
frequencies to show the acoustic behavior in the PnC device. Below the BG
(160 and 176 MHz), the wave amplitudes, on both sides of the PnC struc-
ture, are similar, indicating a good SAW transmission. In contrast, within
the BG frequency range (202-224 MHz), the PnC is very reflective, result-
ing in a strong standing wave pattern on the left side (input) of the PnC.
This behavior is accompanied by a low transmission leading nearly to an ab-
sence of wave amplitude on the other side of the PnC structure. Above the
BG frequency range, and above a threshold frequency, the PnC acts as an
anisotropic diffraction grating scattering the incoming SAW field and pro-
ducing an X-shaped amplitude pattern seen in the data at 256 MHz.

In previous work [111], a micrometer scale PnC structure has been stud-

ied in an electrically excited device configuration, with the intention to

characterize the transmission properties of the PnC via electrical mea-

surements. The device features a simple SAW delay line structure, with

a PnC consisting of a 10 μm-pitch square lattice of 9 μm diameter, 10 μm

deep air-holes etched into a single crystal LiNbO3 substrate [118]. The

PnC is placed in between two IDTs, see Fig. 4.2(a) for illustration and (b)

for photograph of the device and a closeup of the hole-structure. This
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device geometry allows to fabricate reference devices without the PnC

and to compare the measured electrical responses in order to study wave

transmission properties and the effect of the PnC on the electrical fre-

quency response. For each propagation direction of the first Brillouin zone

(ΓX,ΓY and ΓM), two sets (one with and one without the PnC) of 8 devices

were needed to cover the frequency range of interest. The wave trans-

mission characteristics for ΓM, determined from the electrical measure-

ments, are shown in Fig. 4.2(c) [111], with a schematic presentation of the

PnC geometry as an inset. The electrically determined wave transmission

characteristics indicate a nearly complete suppression of signal around

215 MHz, coinciding well with the theoretically predicted BG frequency

range (175-230 MHz). Above this frequency range, a re-transmission of

waves is expected, but the experiment [111], shows little to no transmis-

sion after a small re-appearance of signal at around 230 MHz. This was

contradictory to the theoretical predictions. SAWs scattering and coupling

to the bulk modes of the substrate, due to the finite hole depth (slightly

less than the acoustic wavelength) together with the conicity of the holes,

were proposed as an explanation for the lack of re-transmission.

Due to the interesting, and partly unexpected, wave behavior observed

in the previous study, the ΓM-oriented PnC structure was chosen for a

further characterization of the SAW fields with laser interferometric mea-

surements. An efficient transmission of SAWs through the PnC was ob-

served at several frequencies below the BG frequency range. For example,

at 160 and at 176 MHz, the SAWs pass through the PnC virtually without

attenuation (despite the good transmission, note the small lateral shift of

the SAW beam), see Fig. 4.3. As the electrical measurements suggest,

the behavior is not entirely ideal, as the SAW transmission is actually

frequency dependent also below the BG. The wave field measurements

confirmed that within the BG-frequency range determined via electrical

measurements the PnC is very reflective, not allowing SAW propagation

through the crystal, thus experimentally confirming the existence of the

BG for SAWs around 215 MHz, see the amplitude data at 202, 206, and

210 MHz in Fig. 4.3. Above the BG frequency range a re-transmission of

SAWs is expected, but according to the electrical characterization, there is

virtually no signal transmission after a small re-appearance of the signal

at around 230 MHz. The wave field measurements reveal that after an

onset frequency (theoretically 248 MHz) the PnC acts as an anisotropic

diffraction grating. As a result, most of the SAW energy is not received by
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the output IDT, and furthermore, the wave field at the output IDT has a

lobe structure (as a result of wave interference) causing a mismatch with

the IDT geometry, further reducing the received electrical signal. The

measurement therefore revealed an effect not considered before, which

provided explanation for the findings in the electrical measurement. This

showcases the usefulness of optical characterization of wave fields in the

research of novel microacoustic devices.

4.2 Wave slowness from random SAW fields

The anisotropic nature of the SAW crystal cuts influences the propaga-

tion properties of the acoustic wave, such as wave velocity, and in general

makes the parameters angle dependent. Experimental determination of

the wave slowness, s = v−1, as a function of propagation angle on a sub-

strate, is necessary for example when studying new materials for SAW

applications. For this purpose, techniques using a phase-sensitive laser

probe have been demonstrated. Wickramasinghe and Ash used a phase-

sensitive laser probe to acquire two line scans of the transverse complex-

valued field distributions that are a known distance apart to find out the

portion of the slowness curve corresponding to the angular emission range

of the SAW source [119]. This line scan method has been used together

with angular spectrum theory to characterize both the slowness and wave

attenuation [15]. On the other hand, time-domain optical pump-probe

characterization has been used for spot excitation of waves and obser-

vation of the resulting ripples on the crystal surface [63]. It has been

demonstrated that a few acoustic wave lengths away from the source, the

phase front follows the shape of the surface wave, i.e., the locus of the

group velocity as a function of the propagation angle. Scanning acoustic

force microscope has also been utilized to observe the phase velocity of

surface waves [46]. It has also been observed that the waves scattered

from the edges of a sample can contribute to the measurement, although

very faintly [120].

The prerequisite for the measurement of the complete slowness curve for

SAWs is wave propagation to all directions in the surface plane. The wave

excitation can be achieved by utilizing IDTs transmitting to all directions,

such as an annular-IDT [121], or an IDT consisting of a few concentric fin-

gers [122]. Another approach is to scatter an oncoming SAW beam such
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Figure 4.4. Measurement of a random SAW field and the extraction of the slowness curve
of LiNbO3 for SAWs. For comparison to calculated data, see Ref. [124]. The
measured absolute amplitude and phase (in degrees) of the surface vibration
field (at f = 223 MHz) are presented in (a) and (b), respectively. The Fourier
transform of the measured surface vibration field in (c) shows a decomposi-
tion of the measured superposition of waves in the wave-vector space as a
function of slowness (the inverse of the phase velocity). The measurement
geometry is schematically depicted in (d).

that the scattered wave field features waves propagating to all directions

in the surface plane, for an illustration see Fig. 3.3(b) and (c). In our exper-

iment, described in Publication III, the SAWs are excited on Y-cut LiNbO3

wafer by conventional IDTs with straight fingers and the SAW beams are

directed towards areas that contain scattering structures, with random

features smaller than the acoustic wavelength at the operation frequency.

These structures are expected to scatter the waves such that there is wave

propagation into all directions [123] within the measurement area, which

is placed away from the direct SAW beams from the IDTs and into the far

field of the scatterers.

The phase-sensitive heterodyne scanning laser interferometer (Publica-

tion I) is used to measure the resulting wave field. The scan area is situ-

ated away from the source-IDTs and from the scatterers, see Fig. 4.4(d).

The scan area is ∼ 890 × 890 μm2 and the scan step is 6.05 μm, while
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the acoustic wavelength is ∼ 16 μm, resulting in scans of 148 × 148 data

points. The structure was characterized at several frequencies near the

resonance frequency of the IDTs. Selected results at 223 MHz are pre-

sented in Fig. 4.4(a-c).

The measured wave field (both in amplitude and phase) within the scan

area looks random, and without significant beam-like features, as in-

tended. Despite the random look of the wave field, all the information

of the wave propagation is in the data, and can be extracted by apply-

ing FT to the measured complex-amplitude wave field. The FT provides

a decomposition of the wave field to plane-wave components, and allows

to determine the wave content in the wave-vector space (kx,ky), where

|k| = 2π/λ. Since the wave velocity, wavelength and frequency are related

by v = fλ, the wave-vector is directly proportional to the wave slowness

at a fixed frequency, s = v−1 = k/2πf = k/ω. Therefore, the slowness

curve for SAWs can be directly extracted from the measurement data via

FT methods.

The FT result (Fig. 4.4(c)) is also a random quantity, but its amplitude

is concentrated mostly along a closed curve in the wave-vector (Fourier)

space. This closed curve is the slowness curve for the SAW propagation

on the crystal surface. In addition, it is readily observed that inside the

slowness curve, there is a disk filled with a random background of signifi-

cant amplitude. In contrast, outside the slowness curve the FT amplitude

is extremely low, corresponding to the noise floor of the measurement and

indicating the absence of propagative wave modes. The filled interior of

the SAW slowness curve is attributed to the waves that are scattered to

the bulk of the crystal (substrate), and are trapped between the two sur-

faces of the wafer. These waves can propagate at any angle, but the pro-

jection of their wave vector in the surface plane is limited to that of the

slowest bulk acoustic wave (vBAW > vSAW), as they are constrained to the

sound cone. Furthermore, it is to be noted that the experimental data also

show a gap, or ’forbidden’ region between the SAW slowness curve and the

interior filled disk.

The experimental results and the slowness curve computed using mate-

rials parameters for LiNbO3 [14] are in good agreement. The simulations

also predict a gap between the calculated projection of the sound cone for

the bulk waves and the slowness curve for the SAW, as observed experi-

31



mentally (see Fig. 2 (c) and (d) in Publication III). The granular appear-

ance of the FT result is in accordance to the scattering theory presented

in Publication III, where the singularity of the spectral Green’s function

enhances locally the speckled appearance of the FT result, hence render-

ing the slowness curve visible. Furthermore, the experimental wave field

data are windowed (with a circularly symmetric Hann window [125]) be-

fore the FT, which increases the observed grain size in Fig. 4.4(c).

The random looking amplitude and phase fields together with the fairly

uniformly colored closed curve in the FT result indicate that the scat-

tering structures scatter the SAWs effectively into all possible angles of

propagation (in-plane), which was the original intention. It is, however,

surprising that in addition to the randomly scattered SAWs, waves are

also scattered into the bulk with nearly all possible wave-vector values, as

is evident from the rather uniformly filled speckled disk inside the SAW

slowness curve.

The wave-vector (or slowness) resolution of the measurement can be

roughly estimated from the ratio of the acoustic wavelength versus the

scan dimensions, and can be improved by having a larger scan area. In

our demonstration of the concept, the experiment was not optimized, and

the relative resolution is estimated as λ/Δx ≈ 2 %. Furthermore, when

extracting numerical values for the slowness, function fitting can be uti-

lized to determine the exact location of the slowness curve in the FT space

enabling sub-pixel accuracy.
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5. Bulk acoustic waves

Bulk acoustic wave propagation in solids is widely used for frequency ref-

erence and filtering applications. Perhaps the best known application is

the quartz reference oscillator developed for high-stability frequency ref-

erences utilized since 1920s [126]. The operation of the quartz crystal

resonator is based on bulk acoustic wave resonance within a piezoelectric

crystal plate, whenever an integer number of half an acoustic wavelengths

fit within the effective plate thickness. For an illustration of a basic res-

onator structure, see Fig. 5.1(a). Quartz crystal resonators can be manu-

factured to have very low losses, i.e., with a very high Q-value (of the order

of 1×106 at 15 MHz [127]), and with good temperature stability, which has

resulted in their success in frequency and timing applications [128]. The

fabrication of the crystal resonators relies on dicing thin plates from bulk

crystals, and grounding and polishing them down to the desired thick-

ness. Since the bulk wave mode velocity in the solid is determined by the

elastic constants of the solid, the frequency of the fundamental resonance

can be selected by manufacturing crystals of appropriate thicknesses. In

other words, the dimensions of the plate and material properties of the

particular crystal cut determine the resonance frequency of the crystal

resonator. Manufacturing thin crystal plates is challenging, thereby lim-

iting the applicability of quartz crystal resonators for frequencies below

∼ 200 MHz [129].

Microfabrication techniques originating from microelectronics industry

enable the deposition of various materials in the form of thin films on

a range of substrate materials such as silicon or glass. The technology

enables also the deposition of thin films of piezoelectric materials, such

as ZnO and AlN, and metal electrodes, as well as patterning the struc-

tures into devices via lithography and etching. The use of thin film tech-

nology allows to manufacture piezoelectric resonators with sub-micron
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Figure 5.1. (a) Schematic view of a basic bulk acoustic wave crystal resonator. The longi-
tudinal, fundamental, vibration mode, with approximately half of an acoustic
wave length within the volume of the resonator and electrodes, is illustrated
with dashed lines. The wave vector for purely longitudinal vibration is per-
pendicular to the surface, but in a general case, it is tilted giving rise to a
lateral component k||. (b) Cross sectional view of a solidly mounted BAW res-
onator depicting the thin film layer stack. Depending on the component, one
or several of the layers may be patterned. In contrast to the crystal resonator
depicted in (a), in a SMR the resonator is acoustically isolated from the sub-
strate by an acoustic mirror consisting of alternating layers of high (HZ) and
low (LZ) acoustic impedances.

layer thicknesses, resulting in acoustic resonance frequencies in the GHz-

range.

In order to produce a high-performance resonator, the acoustic energy

has to be confined within the resonator, and hence, the thin film BAW

resonator has to be acoustically isolated from its surroundings, such as

the substrate. One way to achieve this isolation is to remove the sub-

strate (or a sacrificial layer) beneath the resonator, creating a membrane

type (FBAR) resonator. Alternatively, thin film processing may be uti-

lized to deposit alternating layers of materials of high and low acoustic

impedances to produce an acoustic Bragg reflector (see illustration of the

structure in Fig. 5.1(b)), as suggested by Newell already in 1965 [130]. In

these solidly mounted resonators (SMR), the acoustic mirror effectively

isolates the resonator from the substrate.

5.1 Current trends in BAW resonator research

Research and development of BAW resonators strives towards resonators

with high Q-values and with a clean electrical frequency response, devoid

of spurious resonances [131, 132]. High-performance resonators enable

filters with better performance, e.g., with steeper transition from pass-

band to stop band, high out-of-band suppression, and lower insertion loss.

One of the advantages of the filters based on BAW technology over the
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competing SAW technology has been the greater Q-values [131]. The de-

velopment towards higher Q-values, however, directly implies a need for

a better control of energy losses in the resonators. The energy loss in a

BAW resonator may be divided into losses of electrical and of acoustical

(mechanical) origin. Electrical losses are due to, e.g., resistive losses in

the electrical connections and metal layers. In the case of SMR-type res-

onators, two major sources of losses of acoustical or mechanical origin are

the possible leakage through the acoustic mirror and the lateral leakage

from the resonator area. Extensive research effort has been devoted to

further the understanding of the dominant loss mechanisms, i.e., the lim-

iting factors for obtaining high-Q resonators [133,134].

A typical SMR-type BAW resonator is intended to operate with a longi-

tudinal bulk wave mode, with no or very little lateral wave-vector compo-

nent, and hence, the operation and the acoustic thin-film mirror is often

modeled utilizing a one-dimensional transfer matrix model [135] for the

longitudinal wave behavior in the thin-film layer stack, which is consid-

ered laterally infinite. The 1D transmission line model can be utilized to

separately compute the mirror reflectivity for both longitudinal and shear

waves by using the appropriate propagation parameters for each wave

type.

For the SMR-type resonators, the mirror is central for achieving high

performance devices. Ignoring all other loss mechanisms, losses through

the mirror then define the maximum obtainable Q-value of the resonator,

the mirror-limited Q. Since the Q-value of the resonator is one of the three

most important basic parameters [132], the mirror optimization is of fun-

damental importance in SMR BAW resonators. Although the origin of

losses in a BAW resonator can be divided into electrical losses, acoustical

attenuation and leaking waves, the quantification of the losses, and hence

their practical limiting effect, is difficult [132,136].

The importance of the mirror design was emphasized by the work of

Marksteiner et al. [136], where the authors challenged the standard prac-

tise of reflector design, in order to further improve the Q-value of res-

onators. A mirror optimized to provide maximum reflectivity for longi-

tudinal waves, the intended operation mode, a so called quarter-wave, or

λ/4, mirror, does not provide effective energy confinement for shear waves,

but rather allows most of the shear wave energy to leak through [137].

Despite the vertical excitation geometry and the intended purely longitu-
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dinal mode of operation, the SMR BAW resonators support wave modes

with shear component in order for the waves to fulfill the boundary con-

ditions in the device layer stack. Marksteiner et al. showed that with

a particular λ/4 mirror, leading to Qlong ∼ 30 000 for longitudinal waves

and Qshear ∼ 10 for shear waves, if just 1% of the total energy is con-

verted to shear waves, the total quality factor drops to Qtot ∼ 970. Thus,

a small amount of total energy in shear waves results in a dramatic loss

of Qtot. The authors experimentally verified their assumptions and mea-

sured resonator Q values at the parallel resonance (Qp) from a resonator

with a standard λ/4 mirror, resulting in typical Qp ≤ 500, and from an op-

timized design, where some of the reflectivity for the longitudinal waves

was sacrificed to get shear reflectivity, having Qp ∼ 2 000. This significant

improvement in Qp indicates that at this performance level the dominant

loss mechanism of the longitudinal mode operated SMR BAW resonator

was actually due to shear wave losses through the traditional λ/4 mir-

ror. This significantly changed the view of the operation of the SMR BAW

resonator, and serves also to emphasize the importance of experimental

verification of the validity of the commonly used models and the various

assumption and simplifications. Further investigations have been con-

ducted on resonators utilizing the optimized mirror, to see if there still

remains a significant mirror loss, by removing the substrate from under-

neath the SMR-resonators [138]. The study showed that there is still

some energy leakage through the optimized mirror, but this is not any-

more the dominant effect limiting the resonator Q-value.

Publication IV addresses the need for experimental characterization of

the performance of the acoustic mirror by further development of laser

interferometric data analysis to quantify the actual SMR mirror trans-

mission properties. Detailed wide frequency range interferometric mea-

surements are utilized in connection with Fourier transform techniques

to relate the experimentally determined acoustic behavior with the sim-

ulation results. The extensive data allows to evaluate the validity of the

commonly utilized modeling tools.

To be able to actually use the resonators in filtering applications, it is es-

sential for the resonator to have a clean electrical frequency response. The

desired high Q-value reveals any unwanted spurious resonances in the

electrical response. The detrimental spurious resonances in the electrical

response have been attributed to the lateral standing wave resonances
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arising in the finite-sized resonators [132, 139]. To solve the problem of

lateral standing wave resonances leading to contamination of the electri-

cal response, several approaches have been suggested, such as utilizing

random or oval-shaped resonators to avoid the lateral standing wave res-

onances [140,141]. It has also been claimed that regardless of the shape of

the resonator, pronounced spurious resonances will arise when Q > 1 000

unless special measures are applied to suppress them [131]. Perhaps the

most successful solution is to design a frame region around the active

area of the resonator, in order to suppress the (electrical) coupling of the

lateral standing wave resonances by appropriately modifying the bound-

ary condition [139]. A successful implementation of this design requires

an accurate knowledge of the plate wave dispersion properties of each of

the acoustic regions, a task for which interferometer measurements are

advantageous.

Prior to the research described in this thesis, there had been no direct

proof that the lateral standing wave resonances are indeed responsible

for the spurious electrical responses, although this is a theoretically feasi-

ble explanation. In our preliminary studies for Publication IV, published

as conference articles [85, 142], we included a comparison of the electri-

cal power absorbed in the resonator to the mechanical response of the

resonator obtained from a measured dispersion diagram as a function of

frequency. The comparison shows a good qualitative correspondence be-

tween the electrical and mechanical responses, an experimental result,

which has been considered to ’verify the theoretical reasoning’ of the ori-

gin of the spurious electrical responses [132].

Publication V refines this concept further by presenting an experimental

method for selective characterization of the lateral eigenresonances of the

TE1 mode. This is accomplished by following the selected mode branch

in the dispersion diagram and plotting the wave amplitude as a function

of frequency. The described method allows to study and extract detailed

information of the individual eigenresonances.

Publication VI reports a way to extend the dispersion measurement to

the sourceless outside region of the resonator and introduces a method for

direct experimental characterization of the lateral energy trapping fre-

quency range. Apart from a direct view on the resonator physics, the

technique also enables to measure the dispersion properties of the vari-

ous acoustic regions.
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Figure 5.2. Photograph, thin-film layer stack and wafer-level electrical measurements of
a 932 MHz solidly mounted BAW resonator. (a) Photograph, (b) schematic
presentation of the thin-film layer stack, (c) impedance and (d) phase of the
measured electrical response.

Publication VII extends the measurement of the dispersion properties of

the sourceless region further to include also the dispersion of the evanes-

cent part of the TE1 mode branch in the outside region.

5.2 Transfer characteristics of the acoustic mirror

Publication IV presents a comprehensive study of the dispersion and mir-

ror transfer properties of a solidly mounted BAW resonator. The study

introduces a direct experimental way to measure the transfer character-

istics of an acoustic mirror via laser interferometric measurements. The

extensive experimental data are compared to the predictions by the com-

monly used 1-D and 2-D simulations.

Conventionally, the interferometric measurements have been performed

on top of the resonator only. By turning the component upside down, the

wave fields can be measured also on the back side of the sample, either

the far field pattern from the bottom of the wafer [77, 143], or in the case

of a transparent substrate material, such as glass wafer, on the interface

between the bottom of the mirror stack and the glass substrate. This

approach allows to obtain information on the waves leaking through the

mirror.
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Figure 5.3. Illustration of the measurement principle used in Publication IV. (a) Cross
sectional view on a solidly mounted BAW resonator, with laser beams indi-
cated as focused on top of the resonator and at the bottom of the acoustic mir-
ror. (b) Measured amplitude distributions (2D), both on top of the resonator
and on the bottom of the acoustic mirror, together with the layer stack and
simulated (1D) displacement profiles for the longitudinal (L1) mode. This
longitudinal resonance is not confined to the resonator area, but extends
throughout the layer stack (see the 1D profile) and therefore the measured
amplitude values and the shapes of the distributions are similar. (c) Mea-
sured amplitude distributions (2D), both on top of the resonator and on the
bottom of the acoustic mirror, together with the layer stack and simulated
(1D) displacement profiles for the fundamental longitudinal thickness exten-
sional (TE1, L2) mode. This is the principal operation mode of the resonator
and the vibrations are well confined within the volume defined by the piezo-
electric ZnO-layer and the top- and bottom-electrodes. Therefore, the mea-
sured amplitude field at the bottom of the acoustic mirror is significantly
attenuated (blue color) as compared to that on top of the resonator (red).

To characterize the operation of the acoustic mirror in a 932 MHz solidly

mounted ZnO-based BAW resonator (see Fig. 5.2 for sample details), the

wave fields were interferometrically measured both on top of the res-

onator and at the bottom of the acoustic mirror, at the interface between

the last mirror layer and the glass substrate (see Fig. 5.3 for illustration

of the measurement principle). The measurements were performed over

a large frequency range, extending from 350 MHz to 1200 MHz (464 fre-

quencies with a varied frequency step). Dispersion diagrams were calcu-

lated from both data sets and used to compare the wave content on the top

and on the bottom of the device in the frequency-wave-vector space, en-

abling quantitative analysis of the transmission properties of the acoustic

mirror for the different wave modes excited in the structure.

This approach is superior to just comparing the measured wave field

amplitudes, since the mirror in general may have very different response

for, for example, the purely longitudinal (|k‖| = 0) and for the laterally

propagating waves. Furthermore, because the measured wave field im-

ages are superpositions of the wave motion, it is difficult to come up with

another way to compare them in a reasonable fashion. The use of Fourier

transform techniques and dispersion diagrams solves this problem.
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In addition, the dispersion diagram calculated from the measurement

data on top of the resonator provides a wealth of information on wave

mode excitation and wave propagation in the acoustic metamaterial com-

posed of the thin film layer stack. Together with simulations, the mea-

sured dispersion diagram was used to identify the different wave modes

(fundamental thickness extensional, TE1 and first and second order thick-

ness shear, TS1 and TS2), resonances and the onset frequencies of their

dispersion branches.

Figure 5.3 presents examples of the measured surface vibration ampli-

tude distributions (2D) on both sides of the resonator, together with the

simulated displacement profiles (1D model) as a function of depth into

the layer stack, corresponding to two selected features. The 1D model re-

sult shows the confinement of the energy of the principal operation mode,

the longitudinal half-wave resonance (L2), within the electrodes and the

piezolayer (the three topmost layers) and a strong attenuation provided by

the mirror leading to almost an absence of displacement at the bottom of

the mirror, see Fig. 5.3(c). In contrast, the wave mode of the longitudinal

resonance L1 is not confined to the volume of the resonator, but extends

throughout the layer stack. The 1D model therefore predicts a significant

displacement also at the bottom of the mirror, a result supported by the

experimental data, see Fig. 5.3(b).

Selected wave field amplitude images measured from the top and from

the bottom of the resonator are presented in Fig. 5.4. The dispersion di-

agrams and the mirror transfer characteristics diagram (see Fig. 5.5), to-

gether with the wave field images are utilized to analyze the device behav-

ior. The sample features a longitudinal wave resonance at fI = 416 MHz,

which is not confined to the resonator area, but rather extends through-

out the device layer stack having a vibration maxima both at the top and

bottom (as predicted by the 1D-model). This behavior is manifested in

the measured wave field amplitude images as identical looking lobe struc-

tures with comparable amplitude values at fI = 416 MHz in Fig. 5.4. The

dispersion diagrams on top and at the bottom feature a resonance local-

ized on the frequency axis (|k‖| = 0), indicating a longitudinal nature of

the wave mode. The resonance features similar amplitudes both on top

and at the bottom, therefore resulting in a low attenuation (close to 0 dB)

value observed in Fig. 5.5(c). This observed longitudinal resonance corre-

sponds to the simulation result L1 presented in Fig. 5.3(b).
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The second labeled amplitude image in Fig. 5.4, at fII = 448 MHz, shows

a peculiar behavior, where the amplitude at the top of the resonator is

extremely low, whereas at the bottom there is a slightly larger ampli-

tude. This frequency is identified in the dispersion diagrams as the first

thickness shear (TS1) wave resonance and the starting point of the mode

branch. At the TS1 resonance frequency the wave motion is confined in

the surface plane without a vertical component, and hence can not be de-

tected by the interferometer. There exists, however, also a longitudinal

wave minimum, together leading to the low detected vibration amplitude

at the top of the resonator and a slightly larger amplitude at the bottom.

The corresponding behavior can be found in 1D simulations, predicting

almost a vibration node on the top of the resonator with displacement

maxima located within the resonator and the mirror stack.

The third labeled amplitude image in Fig. 5.4, at fIII = 830 MHz, is the

second thickness shear resonance (TS2). At the TS2 resonance frequency,

the wave motion is again confined in the surface plane and a pure shear

wave is not detected by the interferometer. There is, however, simulta-

neously a significant longitudinal wave component present. The acoustic

mirror is broadband enough to provide significant reflection to the lon-

gitudinal waves, and it does also provide some reflectivity for the shear

waves, which leads to the low detected amplitude values at the bottom.

The fourth labeled amplitude image in Fig. 5.4, at fIV = 933 MHz, is the

fundamental thickness extensional resonance (TE1), also a starting point

of the mode branch. This corresponds to the longitudinal resonance L2

in Fig. 5.3(c). The acoustic mirror is optimized to reflect the longitudinal

waves resulting in high attenuation values (up to ∼37 dB) observed for

the longitudinal waves, see the wave content in Fig. 5.5(c) at the frequency

axis (|k‖| = 0).

The mirror transmission properties for the longitudinal waves are de-

termined from the mirror transfer characteristics diagram, Fig. 5.5(c), by

extracting a line profile along the frequency axis (|k‖| = 0) and plotting it

together with a corresponding result extracted from the 1D simulation as

a function of frequency on the left hand side in Fig. 5.5(c). This provides

an experimental determination of the attenuation provided by the acous-

tic mirror for longitudinal waves and is in a good agreement with the 1D

simulation result.
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Figure 5.4. Selected vibration amplitude field images from 932 MHz ZnO solidly
mounted BAW resonator. Top row: Amplitude images measured from the
top of the resonator. Bottom row: Amplitude images as measured from the
interface between the bottom of the acoustic mirror and the glass substrate.

As a conclusion, the results show a very good correspondence between

the predicted displacement behavior and the laser interferometric mea-

surements, both on top of the resonator and at the bottom of the mirror

stack. The reported experimental method allows also to selectively study

the mirror transmission characteristics for the longitudinal wave, and

hence, enables a direct comparison to that predicted by the 1D model. Fur-

thermore, a good correspondence is also found between the FEM-simulated

and measured dispersion and mirror transmission properties.

5.3 Characterizing TE1 eigenresonances

In Publication V we describe a method to study the mechanical response

of the BAW resonator corresponding to a selected wave mode branch. To

demonstrate the concept, the eigenresonances of the TE1 mode branch of

a 1820 MHz AlN resonator are studied in detail and compared to a mul-

timode mechanical equivalent circuit model via function fit. The work

addresses the need for advanced experimental methodology to study the

lateral eigenresonances appearing in a resonator due to its finite size.

These resonances have been attributed as the origin of the spurious elec-

trical responses [85,132,142], often observed in high-Q resonators unless

special care and measures are taken against them [139]. Although the

spurious-free operation is one of the top priorities of a BAW resonator

designer [132, 136], there have not been publications providing an exper-

imental way to study the lateral eigenresonances of an individual wave

mode.
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Figure 5.5. Dispersion diagrams obtained from the top of the resonator (a) and from the
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mirror transfer characteristics calculated from the measured data (c). Mirror
attenuation for the purely longitudinal waves, with |k‖| = 0, is provided as
a function of frequency, the black curve is extracted from the measurement
and the red curve is the theoretical prediction according to the 1-D model.

The wave fields excited in a typical solidly mounted BAW resonator are

superpositions of different wave modes, and as a consequence, the am-

plitude and phase images from the wave field measurements do not rep-

resent any of the single constituents alone. The characterization of the

properties of lateral eigenresonances from the amplitude and phase im-

ages alone is therefore difficult. Publication V presents an alternative way

to single out a desired wave mode and to study its properties by further

utilizing dispersion diagrams, calculated from the data.

When measuring a BAW resonator with a high Q-value and of sym-

metrical geometry, lateral standing wave resonances are observed in the

measured amplitude and phase field images. When a dispersion diagram

is calculated from a high-quality data set with enough frequency resolu-

tion, a mode branch will be formed as a chain of discrete maxima instead

of a constant wave amplitude (uniform color). The discrete maxima are

the lateral eigenresonances arising in the resonator. Following the mode
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branch and plotting the magnitude of the FT result as a function of fre-

quency enables the extraction of information on the individual eigenreso-

nances.

In the dispersion diagram, the frequency resolution is determined by

the frequency step used in the laser interferometric measurement, while

the resolution with respect to the wave-vector, k||, is determined by the

size of the scanning area, and thus, typically by the size of the resonator.

The windowing of the data, used before the FT, provides significant side-

lobe suppression at the cost of widening the k||-peak in the wave-vector

space [125].

The concept of characterizing the individual eigenresonances is demon-

strated by measuring the wave fields in a 1820 MHz solidly mounted,

circular shaped BAW resonator, see Fig. 5.6. The dispersion diagram, cal-

culated from the data, features a TE1 mode branch that consists of a chain

of maxima, see insets 1 and 2 in Fig. 5.9. The TE1 mode branch is followed

and the magnitude of the FT is extracted as a function of frequency.

The electrical behavior of a multi-mode resonator is often presented with

a modified Butterworth van Dyke (mBvD) equivalent circuit model with

several resonance legs [132, 137, 144]. There is a mechanical analogue to

the electrical circuit, where the current drawn by the circuit is propor-

tional to the mechanical vibration amplitude, and can be expressed as

I(ω) = jωC0V︸ ︷︷ ︸
offset

+

N∑
i=1

k2i
1− k2i

C0QiωiV︸ ︷︷ ︸
Ai

1

1 +
Qi(ω2

i−ω2)
jωiω︸ ︷︷ ︸

Fm(ω)

, (5.1)

where C0 is the static capacitance, a resonator-geometry-related constant

that is independent of the eigenmode i, V is the driving voltage, ki the

electro-mechanical coupling coefficient, Qi the quality factor and ωi the

angular resonance frequency of the eigenmode i. The shape of the res-

onance peak is determined by the part labeled Fm(ω), whereas the part

labeled Ai is a mode-dependent constant. The first term can be regarded

as a resonator-geometry-related offset. Fitting this equation to the data

extracted from the dispersion measurement enables a quantitative char-

acterization of the individual eigenresonances. In Publication V the tech-

nique is demonstrated by determining the properties of the 6 first eigen-

resonances of the TE1 dispersion curve. The resulting function fit (crosses)

is shown with the original data (ATE1(f), solid black line) in Fig. 5.10(a)

with 6 of the resonances labeled for comparison. The corresponding wave

field amplitude distributions are presented in Fig. 5.7. The eigenfrequen-
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cies fi and Q-values Qi for each resonance i were obtained from the func-

tion fit. Furthermore, the technique allows to also extract the relative

coupling coefficients ki of the eigenmodes via the fit parameter Ai, and in

principle with normalizing and with further knowledge of the resonator,

to also extract the absolute values of the coupling.

The excellent match observed between the function fit and the extracted

TE1 amplitude data indicate that the behavior of the lateral eigenres-

onances in the resonator can be described by a linear superposition of

uncoupled eigenresonances. Additionally, if desired, the amplitude dis-

tribution corresponding to a single eigenmode may be visualized by uti-

lizing Fourier filtering techniques. This technique, developed to isolate

and study the mechanical responses of particular wave modes, was also

utilized in Publication VI to show the plate wave dispersion properties of

the active and outside areas of the resonator and their connection to the

lateral energy trapping condition, the existence of the lateral eigenreso-

nances and spurious electrical responses.

With a suitable sample, something similar might also be accomplished

via electrical measurements, however, the technique presented above is

superior in cases where the mechanical responses are separable (e.g., a

rectangular resonator), but their electrical responses overlap. Further-

more, the technique could prove useful also in cases, in which the res-

onator edges have different layer structures, such as to study the effect of

a boundary condition to the lateral eigenresonances in a square resonator

with different edge structures in x- and y-directions.

5.4 Outside area dispersion and lateral energy trapping

In a BAW resonator, the mechanical energy needs to be confined not only

in the vertical direction, but also in the lateral direction. The confinement

in the vertical direction is accomplished by using an acoustic mirror (in

SMRs) as discussed earlier. The confinement in the lateral direction can

be achieved by tailoring the dispersion properties of both the resonator

and the surrounding area such that at the resonance frequency, and in

a sufficiently wide frequency range around it, the surrounding medium

does not support propagative wave modes, but rather features evanescent

waves. The concept has been presented and applied successfully earlier

also in quartz resonator technology [127,132,137].
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Figure 5.6. Photograph, thin film stack with measured (SEM) layer thicknesses and mea-
sured electrical response (on wafer) of a 1820 MHz thin film BAW resonator.
The photograph shows the sample with the different acoustic regions labeled.
Electrical measurements: Impedance and phase response obtained with a
wafer-level measurement. Main figures of merit are provided as an inset.
The electrical response features strong spurious resonances. Zoomed views
to the impedance and phase response are provided to show the spurious res-
onances in detail and their sudden disappearance at around 1950 MHz.

Interferometric measurements of waves in the region outside of the res-

onator’s active area are not new, as several authors have observed and re-

ported waves leaking from the active area [77,145,146]. Fourier filtering

techniques have also been utilized to visualize the amplitude fields due

to waves with a lateral wave vector of interest [145, 146]. The frequency

dependence of the leakage and the dispersion properties of the sourceless

outside region, however, have not been previously characterized.

Publication VI presents an extension of the laser interferometric charac-

terization of the dispersion properties to the sourceless region around the

active resonator area. The concept is demonstrated using the 1820 MHz

AlN resonator sample presented in Fig. 5.6. The measurement charac-

terizes the waves leaking from the active resonator area and the concept

is based on windowing the measurement data such that only the data

from the outside area is effective in the Fourier transform, see Fig. 5.8.

Significantly, we have now demonstrated that it is possible to character-

ize the dispersion properties both in the active area of the resonator as

well as in the sourceless region around it. The new detailed information
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Figure 5.7. Selected amplitude images from a 1820 MHz AlN thin film BAW resonator,
illustrating the acoustic behavior below (top-row), within (middle-row) and
above (bottom-row) the lateral energy trapping frequency range. The edge
of the active resonator area is marked with a dashed circle to guide the eye.
The resonator is intended to operate within the lateral energy trapping fre-
quency range, featuring large amplitude in the resonator and virtual absence
of amplitude in the surrounding region which does not support propagative
wave modes. In contrast, both below and above the lateral energy trapping
frequency range, the surrounding outside region supports propagating waves
and hence allows the resonator energy to leak to the surroundings. This is
manifested as significant wave amplitude observed in the outside region. The
features in the dispersion diagram corresponding to the labeled (I - VI) ampli-
tude distributions are shown in Figs. 5.9 and 5.10. Taking a closer look at the
amplitude data close to the upper cut-off frequency (fc = 1947 MHz) at 1933
and 1944 MHz (V and VI), the displacement field in the resonator induces an
evanescent wave into the surrounding outside region (seen as radially decay-
ing amplitude away from the resonator edge). The location of the radial line
outside the resonator used for evanescent wave dispersion determination is
indicated with a black line in IV to VI.

will give valuable feedback to the device designer regarding whether or

not the manufactured thin film layer stack behaves as expected. More im-

portantly, in the case of laterally coupled BAW resonator filters [147,148],

the dispersion properties of the surrounding medium that couples the res-

onators is vital for correct device operation.

Furthermore, Publication VI shows a direct connection between the sud-

den diminishing of the lateral standing wave resonances, and the corre-

sponding spurious electrical responses, with the cutoff frequency of the

dispersion curve of the surrounding medium, see Figs. 5.6, 5.7, 5.9 and

5.10(a). The observation is in line with our earlier results [85, 142] and

serves to further support the conclusion that the lateral eigenresonances

are the origin of the spurious electrical responses [132] often observed

in high-Q resonators. This experimental finding supports the theoretical
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Figure 5.8. Illustration of windowing the measurement data prior to FT for both the ac-
tive area and for the outside area dispersion measurement. (a) Light power
image of the scan area, with the resonator active area in the center. The
black line indicates the location of the cross-sectional line presented in (b).
(b) Cross-sectional lines of both circularly symmetric window functions ap-
plied to the data before active-area (blue dashed line) and outside-area (red
line) dispersion calculation, together with an inset to compare with the corre-
sponding light power profile (black line). The active resonator area is selected
by applying a centrosymmetric Hann window that goes smoothly to zero out-
side the active area. The outside area (indicated in (b) with gray shading) is
windowed such that the window is forced smoothly to zero (gaussian edge)
for the active area, as well as at the edges of the data.

understanding of the wave behavior and provides a unique direct experi-

mental view on the device physics.

Ideally, one should be able to characterize the wave dispersion fully, i.e.,

to detect and analyze all wave modes and both propagating and evanes-

cent waves in all regions of the device. The laser interferometric technique

presented here detects the out-of-plane surface vibration component, and

through this measurement, is able to characterize the lateral component

of the wave vector. The technique is based on electrical excitation of the

sample, and therefore, the detection of the vibrations outside of the active

regions relies on wave content due to the excitation of the active struc-

ture. The evanescent wave modes and measuring their dispersion are

fundamentally different from the conventional dispersion measurement of

propagative wave modes in the sense that they represent non-propagating

waves that do not transport energy.

While several authors have utilized the possibility to calculate BAW

dispersion diagrams from laser interferometric wave field measurements

from the active resonator area, Publication VI is the first to extend this

capability to the sourceless regions as well. The remaining challenge is to

be able to characterize also the evanescent waves. Publication VII demon-

strates the extension of the analysis of the measurement data to allow also

for the extraction of the dispersion diagram of the imaginary wave vectors

for the outside region.
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Figure 5.9. Dispersion diagram for both resonator and outside regions calculated from
the measured wave field data from the 1820 MHz AlN thin film BAW res-
onator. The dispersion diagram from the active area of the resonator is plot-
ted with colors ranging from deep blue to red, while the dispersion diagram
obtained from the outside area is superposed using shades of gray, and the
mode branches of the outside dispersion are indicated with a dotted line to
guide the eye. Furthermore, the outside regions’ evanescent branch, obtained
via a function fit to the amplitude line data, is provided on the left hand side
as crosses. Due to the finite lateral dimensions of the sample and high-Q res-
onances, the TE1 dispersion curve (marked with dashed line) is seen in the
dispersion diagram as a chain of discrete maxima. Parts of the TE1 curve,
the beginning and just before and after the upper cut-off frequency of the lat-
eral energy trapping frequency range, are further enlarged and provided as
insets (1 and 2) to enable better visualization of the eigenresonances and the
behavior near the cutoff, where they vanish. The two last eigenresonances,
1933 MHz and 1944 MHz, are marked with V and VI, respectively, and cor-
respond to the resonance peaks in Fig. 5.10(a). The corresponding amplitude
distributions are presented in Fig. 5.7.

In contrast to calculating the dispersion diagram for propagating waves,

utilizing Fourier transform, the imaginary wave-vectors are determined

from the wave field images by detecting the exponentially decaying wave

amplitude characteristic to an evanescent wave. To extract a numeri-

cal value, an exponential function is fitted to the amplitude line profile,

thereby yielding the characteristic decay length. Three examples of the

extracted amplitude line profiles and of the function fits are provided in

Fig. 5.10(b). Plotting the magnitudes of the obtained imaginary wave vec-

tors at a range of frequencies provides a good indication of the shape and

magnitude of the imaginary branch in the dispersion diagram, see the

left-hand-side in Fig. 5.9.
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Figure 5.10. (a) Extracted vibration amplitude (in logarithmic scale) along the TE1 mode
branch as a function of frequency. The result of fitting the mechanical
equivalent circuit (mBvD) model to the 6 first eigenresonances of the data
is shown with red crosses (x). A zoomed view on the real part of admit-
tance [Re(Y11)], measured electrically on wafer, is provided as an inset (blue
curve). The spurious electrical resonances are observed to correspond to
the eigenresonances of the TE1 mode and both vanish abruptly at around
fc ∼ 1947 MHz. The gray shading denotes the lateral energy trapping fre-
quency range of the resonator determined via the dispersion measurements.
(b) Three examples of the extracted amplitude line profiles and the exponen-
tial function fits used to extract the imaginary part of the outside dispersion.

The ability to experimentally characterize the evanescent part of the

wave dispersion is a significant advancement of laser interferometric data-

analysis for extracting dispersion properties. This could prove especially

useful in the research and development of laterally coupled BAW res-

onator filters [141, 147, 148], where the coupling between the resonators

is accomplished via evanescent waves.
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6. Conclusion

The research work summarized in this thesis comprises the design, im-

plementation and characterization of a state-of-the-art heterodyne laser

interferometer as well as the development and application of interferome-

ter data-analysis techniques to microacoustic devices and test structures.

The need for high-quality, phase-sensitive, absolute-amplitude data is the

binding element between all the publications, which report either char-

acterization of device physics in novel microacoustic devices, or new and

advanced data-analysis techniques.

Publication I provides a detailed description and performance character-

ization of the heterodyne laser interferometer. The interferometer com-

bines many of the desired characteristics of a high-performance research

instrument, such as simultaneous acquisition of amplitude and phase of

the vibration, high sensitivity with minimum detectable amplitudes of

even less than 1 pm, and a lateral resolution better than 1 μm. The het-

erodyne concept offers immunity against RF-leakage from sample excita-

tion to the signal detection, due to the frequency offset between the two.

The photodetector and the detection electronics provide a flat frequency

response, up to 6 GHz, enabling quantitative analysis over a wide fre-

quency range. The setup utilizes a frequency sweep at each measurement

point, resulting in high measurement speed.

Publication II is among the first to investigate the actual vibration fields

in a phononic crystal structure. The laser interferometer is utilized to

characterize the interaction of SAWs with the phononic crystal structure

in detail. The measurements not only provided a direct experimental con-

firmation of the existence of the theoretically predicted bandgap for the

SAWs but also revealed a reason for an unexpected loss of electrical sig-

nal above the bandgap frequency range. The measurements also show the
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ability of the interferometer to extract vibration data even from within the

phononic crystal structure, where the high filling fraction results in only

small crystal areas between the etched holes.

Publication III presents a novel method for extracting the materials

parameters of a substrate by interferometric measurement of a random

wave field. The experiment also serves to demonstrate the interferom-

eter’s ability to acquire high-quality phase-sensitive data with a small

minimum detectable amplitude of the surface vibrations. A small mini-

mum detectable amplitude enables the characterization of weak effects,

such as scattered SAW fields in a sourceless region. Use of Fourier trans-

form methods to further analyze the observed weak random-looking SAW

field reveals the slowness curve for the SAWs without any prior knowl-

edge of the wave propagation. Furthermore, the result shows that, rather

surprisingly, the random scattering structures scatter the incoming direc-

tional SAW beams also significantly to BAWs with a fairly uniform distri-

bution of k‖ values.

Publications IV-VII all push the state-of-the-art of laser interferomet-

ric measurement of plate wave dispersion and promote the further use

of the dispersion data. Publication IV demonstrates the extraction of mir-

ror transfer characteristics from high-quality measurement data obtained

from the top of the resonator and from the bottom of the mirror, providing

a first direct experimental measurement to quantify the amount of lon-

gitudinal waves leaking through the mirror. A sensitive setup is needed

to be able to compare the measured wave fields on the top and at the

bottom, since the backside wave field is very weak. In addition to the

comparison of the measured wave fields, dispersion diagrams were calcu-

lated from both data sets and utilized to quantify the frequency depen-

dent mirror transfer function for longitudinal waves, a result that can be

directly compared with the simulations. The results confirm the validity

of the commonly used 1D simulations for modeling the longitudinal wave

behavior in the thin film layer stack.

Already in our research of the transfer function of the acoustic mir-

ror, the close inspection of the detailed dispersion data showed that the

TE1 mode branch is actually a chain of maxima, where the maxima are

caused by the lateral standing wave resonances arising in the resonator

structure. The observed mechanical behavior was correlated with spu-

rious resonances in the electrical response, and reported in our early re-
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sults [85,142]. This is the first experimental result to show the connection

between the two, and has been credited to verify the theoretical reason-

ing that the lateral standing wave resonances in the structure are re-

sponsible for the electrical spurious responses [132]. In Publication V the

phenomenon is studied with another sample having a different geometry,

resonance frequency and piezoelectric material. The data analysis is ad-

vanced further to isolate the response of a single mode branch and to ex-

tract information on the individual lateral eigenresonances arising in the

BAW resonator. A function fit to the resulting frequency response data of

the TE1 eigenresonances is utilized to extract detailed information about

the individual eigenresonances. An excellent match between the fit and

the data indicates the validity of the mBvD model, often used to describe

the electrical behavior of a multi-mode resonator.

Publications VI and VII further advance the dispersion data analysis

techniques to enable the extraction of plate wave dispersion properties of

the source-less, outside, region of a resonator. The articles are the first

to develop and demonstrate the capability to experimentally quantify the

dispersion properties of both propagating and evanescent waves in the

outside region. These results serve, yet again, to verify the theoretical

understanding of the resonator physics. Together with the data from the

active area, and from electrical measurements, the wave behavior in the

resonator can be correlated with the electrical response to experimentally

determine the lateral energy trapping range, and to show that the sudden

disappearance of the electrical spurious responses is a result of exceeding

the upper cutoff frequency. This is consistent with our previous results,

providing further proof that the spurious electrical responses are due to

lateral eigenresonances in the resonator structure. The ability to measure

the outside dispersion properties provides a unique experimental view on

the resonator physics and is expected to especially benefit the develop-

ment of more complex devices, such as laterally acoustically coupled res-

onator filters.

The work described in this thesis has advanced both the performance

of the optical measurement setup and the use of the interferometric mea-

surement data in the field of characterization and analysis of surface vi-

brations in microacoustic components. A possible direction to proceed in

the future would be to extend the capabilities of the interferometric mea-

surement technique towards characterization and analysis of nonlinear
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vibrations and effects. As the required performance level of the electroa-

coustic devices rises, nonlinearity issues arise even in components tradi-

tionally considered linear, such as SAW resonators and filters. Especially

SAW and BAW filter research and development is likely to benefit from a

direct experimental characterization of mechanical nonlinear effects. The

challenge for the measurement technology is the inherent nonlinearity of

the interferometric detection and the consequent need to separate the ac-

tual nonlinear mechanical effects from the nonlinear signal produced by

the detection method.

The increasing demands on the performance of SAW and BAW based

components, intense research effort devoted to the phononic crystals, and

the ongoing development of micromechanical components, call for versa-

tile metrology solutions for characterization of the vibration fields in a

variety of electroacoustic components. Together with the need to further

advance the understanding of the physics of wave behavior in complex mi-

croacoustic structures and acoustic metamaterials, this makes advanced

optical measurement methods an attractive topic for future research.
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