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1 Introduction

The increasing functionality of modern mobile phones, along with the demand for small
size and light weight, present a challenge for the component design. Surface acoustic
wave (SAW) components have proven to be a part of the solution to this challenge. In
particular, intermediate frequency and radio frequency (RF) filters employing SAWs
have become extensively applied in cellular handsets. A modern mobile phone can
contain up to seven SAW filters. The SAW filters feature many advantages compared
to components based on competing technologies. They are compact in size, light in
weight, and moreover, they are suitable for mass production and hence cost effective.
In addition, the performance of SAW filters is excellent, that is, they feature low
losses, flat passband, steep skirts, and a high suppression level at the stopband [1].
Traditionally, SAW filters have been utilized, for example, in television receivers and
in military applications such as radars and missiles [2].

Recently, increasing interest has also been devoted to microelectromechanical sys-
tems (MEMS) to reach high integrability. For example, one bulky component still
remaining in modern mobile phone architecture is the quartz reference oscillator. Mi-
cromechanical resonators offer an attractive alternative for those oscillators since they
possess compact size, integrability with integrated circuit (IC) electronics and excellent
performance (e.g., high quality factor, low phase noise and low power consumption).

SAW and MEMS devices have been modeled using various methods, but these are
presently not fully matured. The models do not yet satisfactorily explain all the elec-
troacoustic phenomena involved. Thus, imaging the surface vibrations in these devices
is important as a means to explore non-explained phenomena, such as unexpected
losses in the electrical response, spurious resonances and parasitic vibration modes.
Characterization of vibration fields is important as a way to validate the design, op-
eration and performance of the devices. Optical probing is a powerful tool for the
task since the vibrations can be studied directly without perturbing the device oper-
ation. Furthermore, optical measurements provide direct physical information about
the acoustic fields within the electroacoustic devices not obtainable via measuring the
electrical response. Hence, the optical measurements directly support the research and
development of these devices.

A scanning laser interferometer is one option for the imaging task. Two such
instruments with unique characteristics have been constructed at Helsinki University
of Technology (TKK). The laser interferometers feature excellent sensitivity and lateral
resolution, while automated areal scans ensure precise, accurate and fast imaging of
surface vibrations in microacoustic devices.
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In this thesis, SAW and MEMS devices are analyzed using the scanning Michelson
interferometer at TKK. In Section 2, basics of the laser interferometry is discussed,
followed by an overview of the scanning Michelson interferometer developed at TKK.
The rest of the thesis is divided into parts: Sections 3 and 4 deal with studies of SAW
and MEMS devices, respectively. Background information of SAW devices is presented
in Sec. 3.1, followed by an overview of imaging vibrations in such devices (Sec. 3.2). A
short overview of different loss mechanisms and transverse waveguide modes in SAW
devices is given in Sec. 3.3. Section 3.4 summarizes the main results of the thesis, related
to SAW devices. Section 4 begins with an introduction to MEMS and micromechanical
resonators. An overview of systems applied to image vibrations in MEMS devices is
presented in Sec. 4.2. Section 4.3 represents a novel measurement method for detection
and mapping of in-plane vibrations in MEMS resonators. Section 4.4, describes the
results and discussion related to a MEMS resonator analyzed in this thesis. Finally,
Section 5 concludes the thesis.
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2 Laser-interferometry of electroacoustic devices

Optical interferometry has been applied as a laboratory technique for more than a hun-
dred years. Currently, it is suitable for a very wide range of tasks, such as for measuring
accurately distances, displacements and vibrations, for testing optical systems and for
measuring temperature and pressure [3]. One of the most common configurations of
optical interferometry is the Michelson interferometer, invented by Albert Abraham
Michelson in the late 19th century [4,5].

In this work, a scanning Michelson laser interferometer [6] is employed to measure
small vibration amplitudes on the surface of SAW and MEMS devices. For this purpose,
optical interferometry features several advantages. First, it is non-contacting, and
therefore, it does not disturb the vibration field and the measurement point may be
quickly moved. Second, a spatial resolution in the lateral direction of less than one
micrometer can be obtained, if necessary. Furthermore, high accuracy in determining
the vibration amplitude may be achieved since the displacements are compared with
the known wavelength of the laser light which is 632.8 nm for the Helium-Neon laser
used.

2.1 Operation principle of the Michelson interferometer

A basic setup of the Michelson-type laser interferometer is depicted in Fig. 2.1. A laser
is used as the light source, providing monochromatic and coherent light. The laser
beam is divided into two parts by a beam splitter. One beam is transmitted to the
sample, while the other one is directed to a reference mirror. After being reflected from
the targets, both beams are directed by the beam splitter onto a photodetector, where
the beams interfere and the optical power is detected.

E Detector

Sample

=7

Splitter

Laser

Mirror
——

Figure 2.1: Basic Michelson interferometer.
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To calculate the optical power at the photodetector, it is assumed that both beams
have the same polarization state and that the sample surface is vibrating sinusoidally
with an amplitude ¢ at the frequency fs = wg/2m, where w; is the angular frequency.
The electric fields of the sample and reference beams, with amplitudes Ag and Ag, are

Eg = Ag exp{iwot — 2iko[Lg + 6 sin(wgt)]}

2.1
ER :AReXp[int—Q’iko(LR—i—A)], ( )

where wy is the angular frequency of the laser light, ky = 27” is the optical wavenumber, A
is the wavelength of the laser, A is the displacement of the reference mirror, and Lg and
Lp are the optical path lengths of the sample and reference beams, respectively. When
the sample and reference beams interfere, the total electric field at the photodetector
is the sum of Fs and Er. Hence, the optical power at the photodetector is

Ppp o (Eg + Es)(Er + Es)", (2.2)
where the asterisk denotes the complex conjugate. Applying Eqs. (2.1), we obtain
Ppp oc A%{1 + R? 4 2R cos[2koA’ + 2k sin(wst)] }

ox AL{1+ R?* +2Rcos(2koA") cos[2kyd sin(wst)] 23)
—2Rsin(2koA’) sin[2kgd sin(wgt)] }, .

where R = ﬁ—z and A" = A + L%;LS is the total path length difference between the
reference and sample beams. For the cosine and sine terms, a Fourier-Bessel expansion
may be used [7]

cos[2kod sin(wst)] = Jo(2kod) + 2302, Jag(2k00) cos(2qwst), (2.4
sin[2kod sin(wst)] = 2320 ) Jage1(2ko0) sin[(2g + 1)wst], '

where J;, (1 = 0,1,2,3,...) are Bessel functions of the first kind and ¢ is a positive
integer. Applying these, Eq. (2.3) becomes

Ppp o< A%{1 + R? + 2R cos(2koA")[Jo(2kod) + 2J2(2ko0) cos(2wgt) + - - -]
— 2Rsin(2koA")[2J1(2ko0) sin(wst) + 2J3(2ko0) sin(3wst) + - - -]}

The signal consists of different spectral components: the zeroth order component, and
the first, second and higher order harmonics. If we assume that the vibrations are
small compared to the wavelength of the laser, that is 2kyd << 1, the optical power at
the photodetector may be approximated by

Ppp o< AR[1 4+ R? 4+ 2R cos(2koA") — 4kod R sin(2koA’) sin(wst) + ...], (2.5)
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where we have used Jy(2kod) ~ 1 and J;(2kod) &~ 32kod. Hence, the phase modulation
of the sample beam caused by the vibrating sample surface is transformed into a
modulation of the laser power at the photodetector due to the interference of the
sample and reference beams. The maximum modulation of the optical power at the
photodetector at the angular frequency wg occurs when sin(2kgA’) = 1, i.e., the phase
difference is A¢ = 2kyA" = 7 + nm, where n is an integer. These points are called
quadrature points.

The optical power at the photodetector is plotted in Fig. 2.2 as a function of the
optical phase difference between the two interferometer arms (or the mirror displace-
ment normalized to the laser wavelength). When the position of the reference mirror is
adjusted, the operation point of the interferometer moves on the curve. When the oper-
ation point coincides with a quadrature point, a vibration of the sample surface causes
the largest possible modulation of the optical power at the detector, as illustrated in
Fig. 2.2. Furthermore, assuming small vibrations, the response of the interferometer
can be assumed to be linear. If the vibration amplitude is 6 < 30 nm, J;(2ky0) differs
less than 5 % from the linear term, kqo.

5}
2
o
o
o
5 |
= o
[}
~ ::
[ 26
0 0 0.5 1 1.5 2

Mirror displacement / A

Figure 2.2: Optical power at the photodetector as a function of mirror
displacement. At the quadrature points marked with dots, a small surface
vibration causes the largest modulation of the detected light power.

2.2 The scanning Michelson interferometer at TKK

The measurements in this thesis were carried out using the scanning laser interferometer
constructed by Knuuttila et al. [6,8,9]. The first measurements with the probe were
performed in 1996. Since then, it has been actively used to measure numerous samples,
while at the same time, it has been continuously developed.
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Figure 2.3 depicts the setup of the scanning Michelson interferometer. Only a few
optical components are added compared to the basic configuration shown in Fig. 2.1.
The light source is a linearly polarized TEMgyj-mode He-Ne laser, model Uniphase
1135P (A = 632.8 nm, P = 10 mW). The polarization plane of the laser is adjusted to
be along the vertical plane by rotating the laser. After the beam leaves the laser, it
passes through an optical isolator (OFR 10-2-633-LP), where the polarization plane is
rotated by 45°. Then the beam is collimated using a microscope objective and a lens.
The diameter of the collimated beam is 2.0 mm at the waist.

Sample arm

| > Mirror

/ A/ 4 plate '
Sample High-speed
>i‘ .. photodetector
y Analyzer

Photodetector ~ Collimation

I

Polarizing

~

Optical isolator

Laser

Mirror/ A/4plate  beamsplitter L -
‘ Reference arm \

Figure 2.3: Michelson laser interferometer developed at TKK.

A polarizing beam splitter divides the laser beam into a reference and a sample beam
such that the reflected beam is vertically polarized whereas the transmitted beam is
horizontally polarized. The vertically polarized reference beam propagates through a
A/4 plate, which transforms it into a right-handed circularly polarized beam. Upon
reflection from the reference mirror, the polarization state of the beam is transformed
into left-handed circularly polarized. Passing again through the A/4 plate, the polariza-
tion of the beam is transformed into horizontal polarization. After that, the reference
beam passes through the polarizing beam splitter towards an analyzer.

The sample beam is focused onto the sample surface with a microscope objective
(Nikon 354248 CF N Plan 40 x ELWD), which has a numerical aperture of 0.55 and
working distance of 5.08-6.84 mm. The focused spot size, 2wy, is 1.6 pm, which was
experimentally determined using a method similar to that reported in [10]. After pass-
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ing a second time through the A/4 plate, the sample beam is lead to the analyzer
through the beam splitter. At the analyzer placed at an angle of 45° relative to the
vertical direction, the two orthogonally polarized beams are mixed to interfere on the
detector surface. The interference signal is measured with a high-speed silicon pho-
todetector (Newport 818-BB-21). According to the manufacturer, the cut-off frequency
of the detector is higher than 400 MHz, after which the sensitivity of the detector be-
gins to decrease. Still, interference signals at frequencies exceeding 2 GHz have been
successfully measured [11].

A number of other instruments in addition to the optical components are required
to create a complete measurement system. In the detection electronics, a feed-thru
terminator of 50 (2 is used to transform the current signal from the high-speed detector
into a voltage signal. This signal is then filtered with an RF filter and amplified before
the signal is fed into a spectrum analyzer (HP 8694E). The operation frequency range
of the spectrum analyzer is 9 kHz — 2.9 GHz, while the receiver bandwidth may be
selected in the range 1 kHz — 3 MHz. The spectrum analyzer is also capable of operating
in zero-span mode, which enables the signal amplitude to be measured at a selected
frequency as a function of time. To provide electrical excitation to the sample, a signal
generator (HP 8648D) is used with a frequency range of 9 kHz — 4 GHz and a maximum
output power of 21 dBm which corresponds to 126 mW.

As discussed above, the Michelson interferometer must be adjusted to one of its
quadrature points to maximize its sensitivity. This is done in the following way in our
system: The spectrum analyzer is used in the zero-span mode to measure the signal as a
function of time. A trigger signal is sent to the spectrum analyzer to start a sweep while
the reference mirror is simultaneously moved at a constant velocity using a piezoelectric
transducer. Doing so, the operating point of the interferometer is swept over several
quadrature points. The measured signal as a function of time is shown in Fig. 2.4,
where each maximum corresponds to one quadrature point. The relative amplitude of
the surface vibration is then determined by locating and averaging several maxima. It
should be noted that the spectrum analyzer does not provide phase information. For
measurement of the phase, stabilization of the laser interferometer would be required.
As a matter of fact, it is also possible to measure the phase without stabilization using
a sweep of the reference mirror and a vector network analyzer [12], but in such a case,
locking into a known quadrature point is extremely important [13]. Absolute amplitude
values could be obtained by doing a calibration procedure [6].

The sample is moved under the focus spot utilizing three linear translation stages
(Newport MEN25CC) which allow us to carry out accurate areal scans with a minimum
incremental step of 55 nm and a range of 25 mm. The finite speed of the translation
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Figure 2.4: Amplitude data from a single sweep of the spectrum analyzer
used in the zero-span mode. The RF signal at the frequency fg is plotted
as a function of time, or displacement of the reference mirror.

stages and the sweep time of the reference mirror set a limit to the scanning speed of
our laser interferometer. Up to 55 000 points/h may be measured with a small scan
step and with an optimized scan area. The minimum detectable vibration amplitude
of the interferometer is approximately 0.3 pm for a detection bandwidth of 1 kHz [6].

A photodetector has been added to the sample arm to measure the optical power
reflected from the sample. For this purpose, a stray beam reflection from the quarter-
wave plate is used (see Fig. 2.3) instead of inserting an additional beam splitter to
reflect a part of the sample beam to the photodetector. In this way, the reflectance
of the sample surface can be recorded at each measurement point without additional
optical losses to the interferometer. By plotting the reflectance data, a micrograph-like
image of the scan area, hereafter called light-reflection image, is obtained. With this
arrangement, it is easy to compare the position of the acoustic amplitude field with
the image of the sample structure point by point.

The scanning laser interferometer is fully automated. The high-precision translation
stages, the signal generator, the spectrum analyzer and the multi /O card are managed
by a dedicated control software developed at TKK. Visual Basic was chosen as the
programming language back in 1997, mainly because all three interface cards, the
motion controller (Newport MM2000), the GPIB (NI AT-GPIB/TNT) and the multi
I/O card (NI PCI-MIO-16XE-10), provided full support for Visual Basic including all
the necessary drivers and dynamic link libraries.
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3 Surface-acoustic-wave devices

3.1 Background

Acoustic waves are propagating deformations of an elastic medium. In a bounded
medium, two main groups of acoustic waves exist: bulk acoustic waves (BAW) and
surface acoustic waves (SAW). The bulk waves propagate inside the medium, for ex-
ample, as a plane wave. The surface waves, on the other hand, are confined to the close
vicinity of the surface, typically within a distance of one or few wavelengths of the prop-
agating wave. The boundary conditions and the structural and symmetry properties
of the material determine the types of acoustic waves propagating in the material. In
general, the waves can have displacements in the propagation direction (longitudinal
waves) and in the direction perpendicular to the propagation (shear waves, both verti-
cal and horizontal). A common wave mode used in SAW devices is the Rayleigh wave,
named after its discoverer, Lord Rayleigh [14]. The displacement components of the
Rayleigh wave lie in the xz plane and decay exponentially into the bulk. Here, x and 2
are parallel to the wave propagation direction and to the surface normal, respectively.
The proportion of the z and z components depends on the chosen substrate material.
Another common surface acoustic wave is a leaky SAW (LSAW). It is quite similar
to the Rayleigh wave, except that it has attenuation or propagation loss because it is
coupled to the slow shear BAW.

Usually the materials employed as substrates for SAW devices are electrical insu-
lators that exhibit piezoelectricity. Piezoelectricity is a phenomenon which couples
elastic stresses and strains to electric fields and electric displacements in an anisotropic
medium. Hence, using piezoelectric materials and proper transducers, electrical signals
can be transformed to SAWs and vice versa. The most common materials presently
used in SAW devices are quartz (SiOs), lithium niobate (LiNbO3), and lithium tanta-
late (LiTaO3).

When designing and fabricating SAW devices, it is essential to specify the orien-
tation and cut of the substrate material exactly. For most crystalline materials, the
internal structure is referred to with respect to an orthogonal set of axes denoted by
upper-case symbols XY, Z with the axis directions defined in relation to the crystal
lattice. It is conventional to relate the direction of the surface normal z and the propa-
gation direction x to these axes. Usually, the surface normal direction z is defined first,
followed by the propagation direction x [15]. The orientation of z is also referred to
as the crystal cut. For example, a YZ-LiNbOj crystal is Y-cut, and it has the crystal
Y -axis parallel to z and the crystal Z-axis parallel to x. Alternatively, the Euler angles
(¢,0,1) can be used to specify the crystal orientation. Particularly, this notation is ap-
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plied with double-rotated cuts that are used when the desired features for the substrate
are not achieved with a single-rotated cut defined by the X, Y, Z notation [16]. The
first two angles ¢ and # determine the cut of the substrate, while the angle ¢ deter-
mines the propagation direction of the SAW. Substrates with a single-rotated cut are
preferred in SAW devices since in double-rotated cuts, two angles have to be adjusted
in the fabrication process instead of one, rendering the process more prone to errors.
SAW devices may be considered to consist of basic building blocks, such as an
interdigital transducer (IDT) and a reflecting grating. The first IDT was realized by
White and Voltmer [17] in 1965. This kind of a structure is obtained by depositing
metal electrodes on the surface of a piezoelectric substrate, see Fig. 3.1. By applying
an AC voltage to the IDT, surface acoustic waves are generated on the substrate. A
reflector grating is typically composed of metal stripes or grooves on the surface of the
substrate. The reflector is of short-circuit type when all the electrodes are electrically
interconnected. The reflector may also be of open-circuit type with electrically isolated
fingers, providing different reflectivity in comparison to the short-circuited reflector.

I/in y | Vout
z X

\
\ \ U
Absorber Substrate IDT

Figure 3.1: Delay line consisting of two IDTs. SAWs propagate along
the 4+z direction from the input to the output IDT.

Figure 3.1 depicts a basic SAW device, a SAW delay line consisting of two IDTs.
One IDT is transmitting (in both £z directions), whereas the other one is receiving.
Absorbers are needed to prevent spurious reflections from the edge of the substrate.
Typical time delays are in the range 1-50 us [18]. The delay line may also be considered
as a simple filter architecture. The performance of the delay line filter is excellent in
most respects, e.g. it features a highly linear phase response, but the insertion loss
is rather high. The structure composed of two IDTs has at least 6 dB of losses. A
typical insertion loss of the delay line filter is on the order of 10 dB [18]. Improved
performance may be achieved by making modifications to the original IDT structure,



- 11 -

such as in a single-phase unidirectional transducer (SPUDT) [19,20] or in a distributed
array reflection transducer (DART) [21]. The SPUDT structure is directive, i.e., it
emits SAWs more efficiently into one direction than the opposite direction due to a
separation of the transduction and reflection centers within one period of the IDT. In a
DART type SPUDT this separation is achieved by using wide reflector electrodes within
the period. An extension to the DART structure is the electrode-width-controlled
SPUDT [22]. In a resonant SPUDT (R-SPUDT) [23], the transducer contains local
resonant cavities while the overall unidirectionality remains.

Another basic SAW device, a one-port SAW resonator is obtained by inserting one
transducer between two reflector gratings as illustrated in Fig. 3.2. The resonance
frequency, f,, of the synchronous resonator is defined by the SAW velocity vy and the
period p of the IDT, i.e., f. = vo/2p. Typical values for vy and p are in the range of
3000-4000 m/s and 1-20 pm, respectively. Adding one more transducer in between
the two gratings, a two-port SAW resonator is obtained. This may also be considered
as a bandpass filter with a very sharply peaked frequency response.

Busbar IDT

Reflectors

Figure 3.2: Illustration of a one port synchronous SAW resonator with
pitch p, aperture W and width of the finger m.

More versatile devices are coupled resonator filters (CRF) [24,25], which are also
called double-mode SAW filters [26]. This structure is similar to two-port SAW res-
onators: a CRF contains three or more IDTs [27] surrounded by two reflectors on a
piezoelectric substrate with strong electromechanical coupling. However, the operation
principle is quite different since two resonance modes are excited: a symmetric and an
antisymmetric mode. The filter features high rejection in the stopband, and a rather
wide passband (typically 3-4 % of the center frequency) with low loss. In addition,
the CRF is quite small and suitable for mass production. Due to these features, CRF's
are widely used in the RF stage of a mobile-phone. A novel CRF design, a double-
resonance filter, has been studied in [III]. The advantage of these filters is that they
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offer a relatively narrow passband (1 to 2 % of the center frequency) with low insertion
loss, steep skirts and improved suppression levels compared to conventional coupled
resonator filters.

SAW resonators may also be used to build an impedance element filter (IEF).
Impedance element SAW filters were introduced in 1993 [28], although the basic prin-
ciple has been known and used in filters based on BAW resonators since the late
1920s [29]. In IEFs, one-port SAW resonators are connected electrically, with no
acoustic interaction. Hence the resonators may be regarded as frequency-dependent
impedances or impedance elements. These filters feature many advantages: low loss
in the passband, high power durability, flat passband, small size, and steep passband
skirts. However, the stopband rejection level is not as good as for the CRF, for instance.

Manufacturing SAW devices is based on the methods developed in the IC indus-
try and hence the basic fabrication technique is optical lithography. The minimum
linewidth obtainable is an important factor concerning the fabrication of SAW devices
since it determines the maximum operation frequency. Very fine lines may be obtained
by X-ray or electron-beam exposure [30,31]. However, this is not yet commercially
feasible. With standard optical lithography, high precision patterning of submicron
scale can be achieved, with highly reproducible linewidths of less than 0.25 um. To
fabricate metal structures, an etching process or a lift-off technique [32] is used.

The upper frequency limit of the SAW technology can be pushed further by employ-
ing a longitudinal leaky SAW (LLSAW) [33,34]. Due to the high phase velocity of the
LLSAW in a periodic aluminum grating on the YZ-LiNbOj3 substrate (vo &~ 6100 m/s),
the width of the finger electrodes in the IDT is larger than 0.25 ym even at frequen-
cies above 5 GHz [35,36]. This allows fabricating fundamental-mode SAW filters for
frequencies as high as 5 GHz using standard optical lithography, employed in mass
production of SAW devices. Furthermore, LLSAW manifests strong electromechanical
coupling and low losses when propagating in a periodic aluminum grating on YZ-
LiNbOj3. Hence it is a suitable propagation mode for low-loss wide-band filters [37].
In Publication [I], the acoustic wave fields in a LLSAW resonator have been studied
using laser-interferometric measurements.

3.2 Imaging vibrations in SAW devices

The first papers about optical probing of SAW devices were published in 1967, soon
after the invention of the IDT. These papers report the development of diffraction grat-
ing technique [38-42], knife-edge technique [43] and heterodyne interferometry [44] for
measuring different parameters of SAWs, such as amplitude, velocity and attenuation.
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In fact, all important SAW parameters can be measured using the above-mentioned
techniques. Since the publication of the first papers, the diffraction grating technique
was widely applied during the end of the 1960s and throughout the 1970s. Later on,
the knife-edge technique and interferometry gained popularity during the 1980s and
1990s. The first review was written by Whitman and Korpel in 1969 [45], where they
compared the different probing techniques. Since then, many excellent review papers
and book chapters on optical probing of SAW have been published [46-52].

Many scanning laser interferometers for SAW imaging have been reported recently.
One of these is a stabilized homodyne Michelson interferometer [53] that represents a
typical performance of the modern setups. It is capable of recording both the ampli-
tude and the phase of the vertical surface vibrations. The vertical resolution of the
interferometer is about 0.3 pm, while the lateral resolution is diffraction-limited to
approximately 0.5 um. The frequency response is limited to 6 GHz by the bandwidth
of the detector. The stabilization is achieved with a feedback system which locks the
interferometer onto an interference fringe corresponding to an optical path difference
giving the highest signal response. This is achieved by modulating the position of the
reference mirror with 1 kHz frequency and using the interference signal at the second
harmonic frequency of the mirror modulation (2 kHz) as an error signal to piezoelec-
trically control the position of the sample along the beam direction. Also a modified
Mach-Zehnder laser interferometer [54], a heterodyne laser interferometer [55], and a
Sagnac interferometer [56] have been reported. Another Sagnac interferometer with
picosecond temporal resolution [57] has been used for imaging SAWs on phononic crys-
tals [58]. A heterodyne Mach-Zehnder interferometer has been used for measurement
of vibration fields in several SAW devices [59-61].

Two scanning laser inteferometers have also been constructed at TKK: a homodyne
Michelson interferometer [6] and a heterodyne interferometer [62,63]. Interferometric
imaging at TKK was started in 1996 [64]. Since then numerous papers in reviewed
journals and in the IEEE International Ultrasonics Symposia have been published by
the research team at TKK [52,65,66]. More recently the laser interferometers have also
been used for imaging surface vibrations in BAW resonators [11], in MEMS resonators
[V, V1] and in phononic crystals [67].

The knife-edge technique is another optical method that has been widely used for
imaging of SAWs. In that technique, a laser beam is focused on the surface of the
sample with a lens, placed off-axis with respect to the laser beam. The reflection from
the vibrating surface is collimated by the same lens and directed to a detector. A
change in the angle of the reflected beam caused by the surface displacements of the
SAWs is transformed into a parallel shift of the reflected laser beam. By blocking a part
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of the beam with a sharp object, aka a knife edge, intensity modulation is generated,
which can be detected at the photodetector. The advantage of this technique is that it
does not require a reference beam and hence no stabilization scheme. It is also sensitive
to the propagation direction of the surface wave. The knife-edge probe measures the
component of the propagating SAW that is perpendicular to the edge.

The first knife-edge probe for the detection of SAWs was published in 1968 by
Adler et al. [43]. Since then many different probes based on detecting the tilting
of the surface have been published [68-78]. A commonly used optical setup with a
balanced photodiode scheme is described by Engan [68,69]. In this setup, a separate
knife edge is no longer needed and the number of components is reduced. In addition,
using differential signal detection, the change in the light intensity due to varying
reflectivity of the sample surface does not disturb the measurement. Moreover, both
amplitude and phase of SAWs can be measured. Recently, a quadrant detector has been
used to measure the vibrations in two orthogonal directions [76]. Also stroboscopic
illumination by a picosecond-pulsed laser has been employed [70]. A fast scanning
speed of 2500 points/s can be achieved by continuous sample movement [78] compared
to the traditional point-by-point scanning (typically < 100 points/s). SAW devices can
be further analyzed in the wavenumber domain by applying the fast Fourier transform
to the measurement data containing amplitude and phase information [79].

Full-field imaging of thin film bulk acoustic wave resonators (FBAR) has been
reported [80]. The measurement of the vertical displacement is based on dynamic
holography with photorefractive interferometric detection. Using a charge coupled de-
vice (CCD) camera, both the acoustic amplitude and phase can be recorded over the
surface of the sample with a data acquisition speed of 275 000 points/s. Laser speckle
interferometry has also been employed to measure the vibrational distribution in SAW
and BAW devices [81]. The vibrational distribution is obtained by applying image
processing with two-dimensional correlation filtering of the speckle fields captured by
a CCD camera. A CCD camera can also be used to directly visualize SAW on a piezo-
electric semiconductor [82]. The method utilizes photoluminescence that is correlated
to the SAW power.

Acoustic fields have also been mapped using optical microscopic reflectance and
reflectance anisotropy [83]. The detection of SAWs is based on microscopic measure-
ments of the reflectance changes and of the reflectance polarization anisotropy induced
by the surface wave. The combination of these two techniques provides information
about the longitudinal and transverse components of the SAW. Another optical method
is based on the detection of the change in the polarization of the laser light transmitted
through the SAW sample [84]. The polarization is affected by the strain of acoustic
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waves through the photoelastic effect. Hence the setup is capable of detecting also the
shear horizontal component of the LSAW. This technique was also applied to back-side
observation of SAW under the electrodes [85] and to observation of waves propagating
within the substrate [86].

SAWs may be visualized also with other than optical techniques, such as scan-
ning acoustic force microscopy [87-95], scanning tunneling microscopy [96], scanning
electron microscopy (SEM) [97-100] and X-ray topography [101-105]. In addition, di-
rect visualization of SAWs using electromigration [106] and smoke particles [107] has
been reported. Surface vibrations in FBARs have been measured using atomic force
microscopy [108].

3.3 Acoustic loss mechanisms and transverse modes

Recently, acoustic loss mechanisms in synchronous one-port LSAW resonators have
been under active study. It has been shown that the propagation loss of the LSAW on
LiTaO3 may be controlled by varying the electrode thickness and the crystal cut [109].
The influence of bulk-wave radiation on the IDT admittance on 42°YX-LiTaO3 has
been studied [110], and direct measurements of bulk acoustic wave (BAW) radiation
in LSAW resonators on LiTaO3 have been reported [111,112].

One critical loss mechanism in LSAW resonators on rotated Y-cut LiTaOs is the
leakage of LSAW into the busbar [113,114]. The interferometric measurements of
the vertical vibration amplitude showed asymmetric leakage of waves from the res-
onator [113]. Through numerical calculations, the asymmetry could be explained as
asymmetry in the polarization of LSAWs propagating into different directions [114].
After that, the shear horizontal component of the LSAW was measured [84], confirming
the computed LSAW polarization. Later, a structure to suppress the LSAW leakage
was presented [115].

Different acoustic loss mechanisms in LSAW resonators on LiTaOg3 are thoroughly
discussed in [116], including the LSAW leakage into busbars, coupling to BAWs and
Rayleigh-wave radiation. However, the Rayleigh-wave radiation is only briefly discussed
from a theoretical point of view. Rayleigh-wave radiation by a thin-film waveguide in
the case of Love-wave propagation is treated in [117], but no experimental results
are provided. In Publication [II], we have studied the Rayleigh-wave radiation both
experimentally and theoretically.

Transverse waveguide modes in SAW devices are known to cause spurious reso-
nances in the electrical response. First experimental observations were reported in
1975 using laser-probe [118] and electrical measurements [119]. It was shown that the
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number of the transverse modes depends upon the width of the SAW resonator [119].
A simple model was proposed to facilitate a calculation of the transverse modes [120]
by applying the optical waveguide model to SAW resonators.

The modes in SAW grating resonators and in grating waveguides have been stud-
ied using the paraxial wave equation [121,122]. Particularly, the authors derived the
transverse spatial profile of the modes that were experimentally verified [123] using
a laser probe, but only the fundamental transverse mode was shown. Higher-order
transverse modes in a two-port SAW resonator on ST quartz were observed using
SEM [97]. To model the effect of transverse modes on the electrical response, several
models [124-127] have been developed in addition to those mentioned above. Trans-
verse modes have also been imaged using the Schlieren method [128]. The optical setup
utilizes an internal reflection from the substrate to obtain acousto-optic diffraction of
laser light. The particle displacement envelope is then observed with a CCD camera
enabling large-area, real time visualization of vibration modes of SAW devices. Both
symmetric and asymmetric transverse modes have been detected as well as their linear
combinations.

Much work has been directed to suppress the transverse modes in SAW devices.
Two methods were described and applied to a two-port SAW resonator on ST quartz
already in 1976 [129]. The first was to reduce the acoustic aperture and the second
was to use overlap weighting of the IDT. Later, more complicated structures were
proposed [130,131]. Self-suppression of the transverse modes can be achieved by using
reflecting elements with positive and negative reflectivity [132]. These elements consist
of electrically shorted and open strips. The suppression can also be achieved by using
dummy electrodes between a busbar and the interdigital electrodes [133]. The dummy
electrodes may be length- and width-weighted [134,135].

The reason for the excitation of higher order transverse modes is the fact that the
excitation profile is of different shape than the fundamental mode. Usually, the excita-
tion profile is of rectangular shape while the waveguide modes are of sinusoidal shape.
Many of the above mentioned techniques aim at changing the excitation profile to max-
imize the excitation of the fundamental mode. A different approach to suppress the
transverse modes is to shape the transverse profile of the fundamental mode to match
better to the rectangular excitation profile [136]. The transverse profile can be shaped
by adding proper edge regions having lower wave velocity than the active transducer
region. This was obtained by using a short-circuited grating with more electrodes per
wavelength than the active center region. In Publication [IV], we have further devel-
oped the design of the edge region in R-SPUDT SAW filters. Laser interferometric
measurements were carried out to validate the new design and the simulations.
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3.4 Measurement results
3.4.1 LLSAW resonator

In Publications [I} and [II], we investigate a 1.5 GHz LLSAW resonator. An inter-
esting feature of this resonator is the fact that the substrate supports two waveforms.
Therefore, in addition to the LLSAW, also Rayleigh waves are excited within the same
electrode structure, designed for LLSAW operation. Both the LLSAW and Rayleigh
waves possess displacement components in the x and z directions, but for the LLSAW,
the x component is dominating. The displacement component in the y direction is
zero for both wave types. The displacement components of the Rayleigh wave decay
exponentially into the bulk. However, the LLSAW is weakly coupled to the shear bulk
wave, which has its displacement in the xz-plane. This bulk wave causes propagation
losses for the LLSAW through radiating energy into the substrate.

The vertical vibration amplitude in the resonator was measured at 170 different
frequencies around the resonance frequencies of the Rayleigh and LLSAW wave modes.
The scan area of 110x484 um? contains the whole resonator with 200x880 scan points
and a scanning step of 0.55 um. The input power fed into the resonator was +20 dBm
for the LLSAW frequency range and -10 dBm for the Rayleigh frequency range. The
measured vibration amplitude profiles at selected frequencies are presented in Fig. 3.3.
In the light reflection image, metallized areas appear white whereas the free crystal
surface of the YZ-LiNbOj3 substrate appears dark gray or black.

In the Rayleigh frequency range (left column of Fig. 3.3), the scanned frequency of
823 MHz is close to the resonance frequency of the Rayleigh waves. At 803 MHz and 813
MHz, a beating pattern in the profile along the longitudinal direction of the resonator
is observed. The beating pattern, originating from interference between the excited
acoustic field and the propagating eigenmode, typically occurs outside the grating
stopband [18] for Rayleigh waves [137] and leaky SAWs. The number of antinodes
increases as the frequency decreases. Above the resonance frequency at 830 MHz and
836 MHz, transversal modes are observed. The number of antinodes in the transverse
direction of the resonator increases with frequency. At 862 MHz and 872 MHz, higher
order transversal modes together with longitudinal beating patterns are present. In
all the scanned images in the Rayleigh frequency range, the waves propagate through
the reflector gratings. This is due to the small reflection coefficient per electrode for
Rayleigh waves. The reflectors are relatively short since the resonator is designed for
LLSAW, and therefore, they fail to confine the acoustic energy into the resonator at
the Rayleigh frequency range.

In the LLSAW frequency range (right column of Fig. 3.3), the amplitude profile at
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Figure 3.3: Measured vertical vibration fields at selected frequencies for
the Rayleigh waves (left) and for the LLSAW (right). The interferometer
signal measured by the spectrum analyzer (in dBm) represents the power
density of SAW, i.e., when the relative amplitude increases by 6 dB, the
acoustic displacement is doubled. The upper right corner shows a light-
reflection image of the resonator.

1542 MHz is close to the electrical resonance frequency. At the frequencies 14501540
MHz, i.e., below the lower edge of the grating stopband, longitudinal beating patterns
are not observed. This may be due to the high reflection coefficient per electrode for
LLSAW rendering the interactions of the LLSAWSs along the resonator more localized.
The beating pattern typically occurs outside the stopband for Rayleigh waves [137] and
leaky SAWs, and in this sense the behavior of LLSAW appears different. Above the
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LLSAW resonance frequency, transversal modes are observed at 1572 MHz, 1584 MHz
and 1600 MHz although there are no peaks visible in the electrical response at these
frequencies [I]. Strong attenuation of the LLSAW in the reflectors at both ends of the
IDT is observed due to the high value of the reflection coefficient per electrode. The
penetration depth of the LLSAW into the reflector decreases with increasing frequency
in Fig. 3.3, as the frequency approaches the center frequency of the grating stopband
where the reflector operates most efficiently.

The complete chip containing the LLSAW resonator was also scanned at numerous
frequencies around the Rayleigh and LLSAW frequency ranges. The scan area of
740x1240 pm? contains 560x 940 data points with a scan step of 1.32 ym. Figure 3.4
shows the scans at selected frequencies. The scans reveal the presence of distinct
acoustic beams radiated from the resonator and propagating with low attenuation. In
Publication [II], we propose that these beams are Rayleigh waves emitted from the
resonator. This side radiation of Rayleigh waves is generated by the transverse electric
field in the end gap between the busbar and the electrode due to oscillating charges
accumulated on the electrode fingertips of the IDT. This periodic line of point sources
oscillating in phase generates the beams both in the direction perpendicular to the IDT
and the higher order beams in the oblique directions.

1610 MHz

1770 MHz

Rayleigh
wave beams
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Figure 3.4: Laser-interferometric scans of the LLSAW resonator: (a)
light-reflection image and (b)-(d) vertical amplitude fields revealing
Rayleigh wave beams emitted from the resonator. The sensitivity of the
interferometer is different on crystal, metal and grating surfaces leading
to a discontinuity of the amplitude at the boundary between these areas.
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Figure 3.4(b) depicts a scan in the Rayleigh frequency range of the LLSAW res-
onator. Four oblique beams of Rayleigh waves are emitted from the side of the resonator
at an angle of a &~ 20° with respect to the longitudinal direction (the z direction). The
additional beams at o = 0° are due to the waves propagating through the reflector grat-
ings. In Fig. 3.4(c), the four Rayleigh wave beams are emitted to an angle of a ~ 61°.
At this frequency, the beams in the perpendicular direction (o = 90°) are also distin-
guishable. At higher frequencies, four more oblique beams appear. These beams are
the second order Rayleigh wave beams. For example, at 1770 MHz in Fig. 3.4(d), the
beams are radiated to the angles of 18° and 67°. The additional beams at the angle
of approximately 0° with respect to the longitudinal direction are due to a part of the
second order Rayleigh wave beams being waveguided by the reflector busbars.

In Fig. 3.5, the radiation angles extracted from the interferometric measurements
are compared to the theoretical radiation angles. The theoretical values are approx-
imated using the synchronism condition between the grating wavenumber and the x
component of the Rayleigh wave’s wavenumber [II]. The experimental radiation angle
at each specific frequency was obtained by averaging the radiation angles determined
from all the four beams radiated symmetrically. The numerical calculations of the
energy flow direction (solid line in Fig. 3.5) yield angles that agree well with the ex-
perimental observations. The dashed line shows the computed direction of the wave
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Figure 3.5: Measured and calculated angles of radiation versus frequency
for Rayleigh SAW emanating from the LLSAW resonator. The solid line is
the computed direction of the energy flow (group velocity) and the dashed
line is the computed direction of the wave vector (phase velocity).



- 921 -

vector that differs from the energy flow direction due to the anisotropy of the YZ-
LiNbO3 substrate.

Usually the leakage of acoustic waves deteriorates the filter performance through
increasing the losses by carrying energy away from the device and also through acous-
tic crosstalk between the resonators in impedance element filters. However, in the
case of the Rayleigh-wave radiation studied in [II], the effect probably is too small to
cause significant losses that would deteriorate the electrical response of the resonator
or that of the filter. Nevertheless, the interferometric measurements presented here
reveal invaluable information of the Rayleigh wave radiation and verify the excitation
mechanism of that through comparison between theory and experiments.

3.4.2 Double-resonance SAW filter

Two samples of a double-resonance structure were measured: a resonator and a filter.
The structure consists of two long IDTs (input and output IDTs) separated by short
transducer sections constituting a distributed gap [II1], see Fig. 3.6. A strong localized
resonance, called a hiccup resonance, is formed in the gap region, in addition to the
resonance arising in the long structures - hence the name double-resonance filter. The
filters satisfy the specifications used in the Global Positioning System (GPS).

Input IDT Output IDT

[T

—_ X S~—
Distributed gap

Figure 3.6: Topology of the double resonance filter. The distributed
gap consisting of short transducer sections is placed between the long
transducers, surrounded by reflector gratings.

Similar measurements were carried out for both samples. First, laser-interferometric
measurements with a large scan step (1.7 ym) were conducted over a frequency range
1480 MHz — 1690 MHz with a frequency step of 2 MHz in order to get an overview
of the device operation. Based on these measurements, a set of the most interesting
frequencies were selected for more detailed scans: 27 frequencies for the filter and 30
frequencies for the resonator. The detailed scan area of 330 pm x 128 pm contains
1000 x 130 data points with a scans steps of 0.33 ym and 0.99 um, respectively.
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An areal scan of the double-resonance filter measured with a detailed scan step
at 1542 MHz is shown in Fig. 3.7. In the light-reflection image (Fig. 3.7(a)), the
finger structure of the IDTs and the reflector gratings are still resolved although the
periodicity of the structure is close to the spot size of the laser beam. In the amplitude
image (Fig. 3.7(b)), strong vibrations are observed in the left IDT, which is the input
transducer of the filter. The amplitudes in the input IDT are larger than the amplitudes
in the region of the distributed gap because the selected frequency is close to the
synchronous resonance. Furthermore, the vibration amplitude in the input IDT is 16
dB larger than that in the output IDT.
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Figure 3.7: Laser-interferometric scan of a double-resonance filter at
the frequency of 1542 MHz: (a) light-reflection image and (b) relative
amplitude of the vertical vibration component.

The interferometer data are filtered in the Fourier domain to remove the standing
wave pattern and the contributions caused by the high and low optical reflectivity of
the finger structure. In other words, the measured amplitude distribution, converted
to linear scale, is Fourier transformed, and high spatial frequencies corresponding to
the periodicity of the finger structure are suppressed. Finally, an inverse Fourier trans-
formation is applied and the filtered data are converted back to dB-scale. Hence, the
envelope of the acoustic wave fields is obtained.

To allow comparison of the measured and simulated vibration amplitudes, line pro-
files were plotted. The simulations were carried out using the coupling-of-modes (COM)
model [19,138]. The experimental line profiles were extracted from the center of the
areal scans by averaging 70 longitudinal lines, i.e., lines in the x direction. The sim-
ulated frequencies were chosen such that the best match between the simulations and
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Figure 3.8: Simulated and measured line profiles of the SAW amplitude

distribution in the double-resonance filter. The input power was +10 dBm
for (¢), +20 dBm for the others.

measurements was found. The simulated curves were also shifted in vertical direction
so that the maximum of the simulated line profile coincides with that of the experimen-
tal curve. The line profiles of the double-resonance filter are shown in Fig. 3.8. Below
the grating stopband, mode patterns with multiple antinodes arise.
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Fig. 3.8(a) shows such a pattern. The synchronous resonance, with acoustic amplitude

distributed in the long transducers, is shown in Fig. 3.8(b), and the hiccup resonance

having the energy concentrated in the distributed gap is depicted in Fig. 3.8(c). Figure
3.8(d) shows the amplitude distribution above the filter passband.
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The filter operation is clearly identified in the profiles of Fig. 3.8. In the filter
stopband, amplitudes in the input (IDT 1) are higher than the amplitudes in the
output (IDT 2), see Figs. 3.8(a),(b) and (d). Around the frequencies of the synchronous
resonance, Fig. 3.8(b), the high acoustical reflectivity of the long transducers prevents
the propagation of the SAW inside the structure from the input port to the output
port. Therefore, the strong acoustic field arising in the input IDT is not effectively
transferred to the output IDT, and no electrical response is created [III]. Only at the
frequency of the hiccup resonance, Fig. 3.8(c), the strong resonance arising in the gap
region serves to transfer energy from the input IDT to the output IDT. Consequently,
an electrical response with a narrow bandpass and high suppression levels in the filter
stopband can be obtained.

The interferometric measurements presented here serve to validate the operation
principle of the device and confirm the results obtained by simulations. The measured
acoustic profiles are mostly in good agreement with the COM simulations. Differences
in the details of the amplitude levels can be observed, but the shapes of the measured
profiles fit well to the simulated ones. The differences may be caused by parasitic
effects and matching conditions, since the input resistance is not taken into account
in the simulations of the acoustic amplitudes. The measurements also confirm that a
considerable part of the acoustic energy is concentrated in the gap area at the hiccup
resonance frequency. This may limit the power handling capability of the filters.

3.4.3 R-SPUDT filter with transverse mode suppression

Two versions of the same SAW R-SPUDT filter design for mobile phone base station
applications were studied in [IV]: a standard device without transverse mode suppres-
sion and a piston-mode device with transverse mode suppression. The suppression of
transverse modes is achieved by implementing an edge region in the R-SPUDT filter,
in which case only one transverse mode is efficiently excited as discussed on p. 16. The
edge regions were implemented by using a higher mark-to-pitch ratio as illustrated in
Fig. 3.9. The interferometric measurements were carried out for 49 frequencies in the
frequency range 198.83 MHz — 199.97 MHz with a frequency step of 0.02 MHz.

The dimensions of the filters are approximately 10 mm x 1.2 mm, while the finger
period in the x direction is relatively small, approximately 4-8 pm. This results in
complementary requirements for the scan parameters: the scan step should be small
enough to resolve all the details (fingers), while on the other hand, the large size of
the device would require a large scan step to keep the scan time (and data amount)
reasonable. In practice, this means that it is not feasible to measure the whole device
with high resolution. Therefore, seven smaller scan areas were chosen, containing
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Busbar

Edge region

Center region

Figure 3.9: Schematic view showing a part of the piston mode device.
The width of the fingers (gray in the illustration) is wider in the edge
region than in the center region.

300 x 120 scan points with scan steps of 0.99 pm and 9.90 pum in the x and y directions,
respectively.

Figure 3.10 shows the measured and simulated acoustic amplitude fields for one
of the longitudinal main modes in the piston-mode device. The amplitude field ap-
pears flat in all scan areas and matches quite well the simulated amplitude field. The
frequencies corresponding to the main mode were selected by locating peaks in the
electrical responses. There is a frequency offset of 0.1 MHz between the measured and

simulated frequency responses [IV].
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Figure 3.10: Acoustic wave field of a longitudinal main mode in the
piston-mode device: measurement at 199.01 MHz (top) and simulation at
198.91 MHz (bottom). The dashed rectangles in the simulated amplitude
image indicate the areas corresponding to the scanned areas.
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To illustrate the effect of the edge design on the transverse amplitude profiles,
Fig. 3.11 shows the measured and simulated transversal amplitude profiles for one of
the longitudinal main modes in the standard and piston-mode devices. The measured
amplitude profiles were obtained by averaging all the scan lines between x = 2.5 mm
and r = 2.8 mm. In addition, the simulated curve was shifted such that the maximum
values of the measured and simulated curves coincide. The discontinuities in the mea-
sured profiles are due to the difference in the optical reflectivity of the transducer and
busbar surfaces.

Relative amplitude (dB)

— Single mode, meas., 199.01 MHz

== Single mode, sim., 198.91 MHz
Standard, meas., 199.01 MHz

.-+ Standard, sim., 198.915 MHz

0 02 04 06 08 1.0 12 14 16 18 20
y (mm)

Figure 3.11: Measured and simulated transverse profiles of the acoustic
amplitude for the standard and piston-mode devices at x = 2.65 mm. The
discontinuities in the measured curves are due to the difference in optical
reflectivity between the edge and center regions.

The correspondence between the measurement and simulation is excellent for the
standard device where the mode shape is smooth and round in the y direction. For
the piston-mode device, the measured profile is slightly less rectangular than that
predicted by the model. This indicates that the velocity in the edge region is probably
underestimated. This would also explain why remaining transverse mode effects are
seen on the electrical filter response [IV]. The experimental results of the acoustical
amplitudes validate both the simulations and the successful application of the new
design for the SAW filter with transverse mode suppression.



_97-
4 Microelectromechanical systems

Microelectromechanical systems (MEMS) are, in general, micrometer-scale devices
where mechanical movements or vibrations are driven by electrical signals. The first
MEMS devices appeared in the 1960s after the basic processing technologies, such as
silicon anisotropic etching in alkaline solutions [139], were developed. For example, a
piezoresistive silicon diaphragm for pressure sensing was developed in the 1960s [140]
and has been widely used since. The first demonstration of a micromachined silicon
accelerometer [141] was reported in 1979. In the 1990s, they were commercialized for
automobile air bag systems by Analog Devices [142] and nowadays they are produced
in large quantities.

Another successful example is a concept in projection display technology referred
to as Digital Light Processing™ (DLP) developed by Texas Instruments. DLP is
based on a matrix of micromirrors on a semiconductor chip, known as the Digital
Micromirror Device™ [143]. This device was invented in the early 1980s [144] while
the first product family of DLP-based projection systems was introduced in 1996. Other
commercial MEMS applications may be found in many fields, such as in photonics, life
sciences and RF systems [145]. In industrial applications, gyroscopes, micropumps,
fluid nozzles, and thermal inkjet heads serve as examples as well as MEMS switches,
inductors, capacitors, filters, phase shifters, transmission lines and antennae that have
been developed for RF systems over the years [146-148].

The most common material for MEMS is single crystal silicon due to its excellent
electrical and mechanical properties [149]. Silicon can also be economically manufac-
tured in single crystal substrates, and hence these substrates are relatively low cost
(approximately 10 § for a wafer with a diameter of 100 mm [145]). In addition, the
opportunity to use the huge industrial infrastructure of the electronic IC industry in
manufacturing gives an economical advantage compared to other materials. Other sub-
strate materials for MEMS are glass, fused quartz, silicon carbide, diamond, gallium
arsenide, and some polymers, such as polypropylene.

To fabricate MEMS, there are several process tools that can be applied [145]. Uni-
form layers of semiconductors, metals, insulators, and polymers can be deposited using
techniques such as epitaxy, sputtering, evaporation, and chemical vapor deposition.
Optical lithography combined with etching is used for removing material at selected
places to achieve the desired microstructure. Especially, dry processes such as reactive
ion etching and chemical vapor deposition play important roles in MEMS fabrica-
tion [150].
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4.1 MEMS resonators

MEMS devices that make use of mechanical resonances in the structure have been
actively developed since the 1960s. For example, the resonant-gate transistor [151,152]
and an oscillator based on the "resonistor” [153] utilized the resonance of a microme-
chanical cantilever beam. Recently, MEMS resonators have been developed for diverse
applications, such as for oscillators [154], filters [154-156], sensors [157] and gyro-
scopes [158].

One of the earliest surface-micromachined resonator designs, which has been com-
monly used in various MEMS devices, is the laterally driven polysilicon resonator [159].
The structure consists of an interdigitated-finger comb-drive and folded springs sup-
porting a plate that oscillates in the plane of the wafer surface. Another common type
of MEMS resonator is a silicon cantilever that is used in AFM, for instance. In the
dynamic mode of AFM, the cantilever is oscillating at a frequency of a few kHz.

Another MEMS resonator, a bulk-acoustic-mode beam resonator [160] is depicted
in Fig. 4.1. The resonator consists of a silicon beam supported in the middle and
vibrating in the x direction with amplitude u,, as illustrated in the figure. This is the
so-called in-plane vibration mode. The resonance frequency of the resonator is 12 MHz
with a quality factor (@) of 180 000. Also out-of-plane modes (e.g. flexural modes)
with vibrations mainly in the z direction can be excited in this kind of structures.

Many variations of the beam resonator exist. For example, a tunable single-crystal
silicon beam resonator, reported in [161], is designed such that its resonance frequency
(~1 MHz) can be tuned in a range of 60 kHz with a DC voltage. Beam resonators
with both ends moving freely or with both ends clamped have also been demon-
strated [162]. With a similar structure but operated in the second harmonic flexural
vibration mode [163], @ on the order of 12000 at 101 MHz has been achieved.

Figure 4.1: MEMS beam resonator.
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4.1.1 Square-plate resonator

The square-plate MEMS resonators, studied in this work, have been designed and
fabricated at VTI'T Technical Research Center of Finland. The resonators possess a
resonance frequency of 13.1 MHz, a high quality factor of 130 000 (in vacuum and with
a bias voltage of 100 V) and a high power handling capacity of 0.12 mW [164]. An
oscillator based on such a resonator is an attractive alternative for the quartz reference
oscillator in portable applications due to its low phase-noise, compact size, low power
consumption and integrability with IC electronics.

The resonator, illustrated in Fig. 4.2, consists of a 10 um thick square plate released
from the silicon substrate and supported at the corners with springs. The size of the
resonator plate is 320pum x 320pum. The device has been fabricated using deep reactive
ion etching on a silicon-on-insulator wafer. For the sacrificial oxide release etch, a

39x39 grid of circular holes (diameter 2 ym) was fabricated in the resonator plate, see
Fig. 4.2(b).
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Figure 4.2: (a) Schematic drawing of the micromechanical resonator.
The square-extensional mode and the Lamé mode are illustrated with
dotted and dashed lines, respectively. (b) light-reflection images of the
resonator showing the release-etch holes.

The resonator is excited capacitively using electrodes placed on all four sides of the
square plate. Hence, the excitation is mainly in-plane. However, in this work only
one of the electrodes was connected to enable excitation of a wider variety of vibration
modes [VI]. The main vibration mode of the resonator, the square-extensional (SE)
mode, is described as a two-dimensional expansion preserving the plate’s original square
shape. The dotted line in Fig. 4.2(a) illustrates the expanded shape of the square plate
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in the SE mode. With the one-electrode drive, the resonator also exhibits the Lamé
mode. In the Lamé mode, illustrated with the dashed line in Fig. 4.2(a), the edges
of the square plate bend in antiphase preserving the volume of the plate. In both
cases, the motion is mainly in plane but vibrations perpendicular to the surface are
also excited due to the non-zero Poisson ratio of the silicon crystal.

To enable laser-interferometric measurements in vacuum, a custom-made sample
enclosure was designed and built during this work [165]. The resonator was enclosed
in a small metal case connected to a vacuum pump. The case has a quartz window,
through which the measurement beam of the interferometer is focused by a microscope
objective onto the surface of the resonator.

Figure 4.3 shows the electrical response of the resonator (S,; element of the scat-
tering matrix [166]) measured in ambient air pressure and in vacuum (pressure below
1 mbar). The resonance frequencies of the Lamé and SE modes are 12.13 MHz and
13.10 MHz, respectively. Typically, electrical () values can be estimated from the Sg;
response by determining the 3 dB width of the resonance peak. However, since the
response of the device is weak in this case, the electrical () values were determined by
fitting the response of an electrical equivalent circuit model to the measured electrical
response. The electrical equivalent circuit consists of a series resonant circuit that is
connected in parallel to a stray capacitance [164]. The electrical @) values were calcu-
lated from the parameters of the fitted equivalent circuit and they were found to be
37 000 and 87 000 in vacuum for the Lamé and SE modes, respectively.

Mechanical vibrations in the resonator may be approximated with a simple theo-
retical model [164]. The equation of motion for a lumped mass-spring system is

2

M%+7%+K$:f(t), (4.1)
where K is the effective spring constant, M is the effective mass, v is the damping
coefficient, and f(t) is the driving force. The vibration amplitude, x(¢), and the driving
force, f(t), are assumed to vary sinusoidally in time ¢, that is, z(t) = Xe*! and
f(t) = Fe™', where X is the amplitude of the vibration, F' is the amplitude of the
driving force and w is the angular frequency. Substituting x(¢) and f(¢) into Eq. (4.1),

the vibration amplitude is
F/K

Y-+ (&)

where wy = /K /M is the angular resonance frequency and ¢ = wyM /7 is the mechan-
ical quality factor. This simple model is later used to extract @) from the laser-probe

| X =

(4.2)

measurements.
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Figure 4.3: Electrical response of the resonator attached to a circuit
board. The response, showing both the Lamé and SE modes, was mea-
sured with an input power of 0 dBm and a bias voltage of 60 V.

4.2 Imaging vibrations in MEMS devices

Many authors have conducted measurements of the mechanical frequency response at a
single spatial point, for example, to obtain the resonance frequency and quality factor of
a MEMS resonator [167]. In this section, an overview of measurement systems capable
of mapping vibration fields and mode shapes in two dimensions is presented. A good
review on methods used to characterize static displacements, motions, vibrations and
internal strain in micromechanical devices can be found in [168].

As discussed in Section 3.2, vibration imaging systems for SAW and BAW devices
have existed for a long time. As MEMS has recently gained interest, imaging vibrations
in MEMS devices has also become relevant. With SAW devices, sensitive broadband
measurement systems are needed due to the small vibration amplitudes and high op-
eration frequencies. With MEMS, the low frequencies and large vibration amplitudes
have made it possible to build relatively low-cost measurement systems, that are com-
mercially available. Additionally, the use of characterization equipment, such as SEM
and AFM, may prove to be useful for the detection of vibrations in MEMS devices.
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Many MEMS devices utilize in-plane vibrations in their operation. Hence, the mea-
surement of in-plane vibrations is important in MEMS research. Light microscopy can
be used to measure both in-plane and out-of-plane vibrations. The basic idea is to
acquire still images of a target structure using a light microscope, CCD camera and
stroboscopic illumination [169]. In-plane motion down to nanometer-scale amplitude
can be determined directly from these images using computer vision algorithms. Fur-
thermore, a CCD camera enables the measurement of the whole image simultaneously
without point-by-point scanning. In-plane vibrations in MEMS devices have also been
measured using correlation of synchronous images [170,171] and by employing contin-
uous illumination and a high-speed camera with a frame rate up to 32000 frames per
second [172]. In addition, a video microscope with continuous illumination has been
used to measure the in-plane vibration of a target, such as the edge of a shuttle mass
of a MEMS resonator [173]. In this system, the vibration amplitude is obtained by
comparing a single time-integrated blur image of the device in motion to an image of
the device at rest.

Out-of-plane vibrations can be measured with subnanometer resolution using in-
terference microscopy [174,175]. Here, the light from the stroboscopic source is di-
vided onto a target and a reference mirror as in Michelson interferometer. The frozen
interference fringes are captured by a CCD camera and are used to generate time-
resolved surface-height maps. Stroboscopic phase-shift interferometry [176,177], mi-
croscopic interferometry [178] and electronic speckle pattern interferometry [179-181]
have been used for the same purpose. Combining the above mentioned techniques,
a full 3-dimensional (3D) motion characterization of MEMS devices can be carried
out [174,182-184].

Commercial laser Doppler vibrometers [185] have been quite popular for measuring
the frequency response of vibrating MEMS devices at a single point. Typically, their
upper frequency limit has been from 100 kHz to a couple of MHz, but vibrometers with
frequency range up to 30 MHz have become available recently, and performance even up
to 500 MHz has been reported [186]. Combining this kind of equipment with 2D trans-
lation stages, out-of-plane mode shapes and resonance frequencies of a micromachined
silicon cantilever and a bridge have been measured [187]. A similar system was built
for directly measuring out-of-plane displacement maps in MEMS ultrasonic transduc-
ers [188]. Also mode shapes of a piezo-actuated silicon cantilever have been measured
using a commercial scanning laser Doppler vibrometer [189]. Combining a scanning
laser Doppler vibrometer and a confocal microscope, high lateral and depth resolu-
tion (spot size of 430 nm) can be achieved with picometer amplitude resolution [190].
In-plane vibrations can be measured using a differential laser Doppler system [191].
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Optical profilers based on white light interferometry have been used for a long time
to measure surface features and profiles of static samples. Replacing the continuous
white light source with a stroboscopic light source, a commercial optical profiler can
be modified to enable measurements of moving structures [192]. With such an in-
strument, the out-of-plane vibration amplitude and phase of a MEMS device can be
measured [193,194]. The typical frequency range up to a few MHz and resolution in the
nanometer range can be slightly improved by utilizing a signal deconvolution algorithm
for correction of the strobed light response [195].

The minimum detectable out-of-plane vibration amplitude of many of the above
discussed techniques is limited to the nanometer range. Reasons for this may be the
noise and the dynamic range of the CCD camera. Using photodetectors, the sensitivity
can be improved to picometer range. The disadvantage of this approach is that the
measurement of a vibration field must be carried out point by point using mechanical
translation stages or optical scanning. This decreases the measurement speed com-
pared to systems employing a CCD camera. Recently, scanning interferometers have
been utilized to characterize out-of-plane vibrations in MEMS devices. In [196], the au-
thors report measurements of a MEMS mirror carried out using a stabilized Michelson
interferometer with a frequency range up to GHz. Micromachined ultrasonic transduc-
ers have been measured using heterodyne interferometers [197,198] and a homodyne
Mach-Zehnder interferometer [199)].

Feedback interferometry has been employed to measure (at a single spatial point)
the resonance frequency, the quality factor and the actuation efficiency of MEMS res-
onators [200,201]. The method is based on detecting the amplitude and frequency
modulations of output signal arising from the laser oscillation when a small part of the
light is reflected back into the laser from the vibrating sample. The monitor photo-
diode of the laser provides the output signal of the interferometer. In the setup, the
device under test was positioned at an angle of 20° with respect to the laser beam and
the vibrations were measured along the laser beam axis. By using multiple beams,
or by making different measurements at different beam orientations, it is possible to
reconstruct the vibration amplitude in three orthogonal directions.

As discussed above, optical techniques provide several possibilities to study the me-
chanical behavior of MEMS devices with a sensitivity down to the picometer range. In
some cases, however, a better lateral resolution is needed than that provided by the op-
tical techniques, i.e., much less than 1 um. Therefore, researchers have applied other
techniques, such as SEM and AFM, to measure vibrations in MEMS. For example,
SEM has been used to determine the in-plane vibrations and the dynamics of micro-
machined lateral suspensions [202]: spectral analysis of the frequency components and
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the damping using a ring-down measurement. Also the amplitude distribution of the
different modes can be obtained. The resolution of this technique is limited by the di-
ameter of the electron beam that is on the order of nm. The frequency range is limited
to few hundred Hertz due to the increased shot noise of electron sources compared to
photon sources. The frequency range can be increased to few MHz using stroboscopic
illumination achieved by time-gated sampling of the secondary electron signal [203].

Dynamic characterization of oscillators based on nanoelectromechanical systems
(NEMS) have been studied using AFM [204]. The obtained resonance frequency and
the vibration amplitude at the resonance are compared to corresponding values ob-
tained by an optical probe, showing that the resonance frequency of a NEMS cantilever
could be obtained correctly. However, the quality factor determined with the AFM is
about an order of magnitude lower than that measured with the optical probe due to the
mechanical damping caused by the AFM probe. The authors also study theoretically
the interaction between a coupled NEMS resonant cantilever and the AFM cantilever.
In dynamic force microscopy [205], the second eigenmode of the AFM cantilever is em-
ployed for the detection of vibrations. In the paper, the method is demonstrated with
a thin film bulk acoustic wave resonator operating at 1.6 GHz. The spatial resolution
is in the nanometer and the sensitivity in the subnanometer range.

4.3 Detection of in-plane vibrations

A method was developed during this work to measure in-plane vibrations in addition to
the out-of-plane component using the same setup. The method is based on observing
the intensity modulation caused by an in-plane surface vibration at the position of
a reflectivity gradient on the sample surface. In this work, the etch-hole structure
of the MEMS resonator was utilized for this purpose as depicted in Fig. 4.4 for one
lateral dimension. In the figure, a laser beam focused on the sample surface is partially
reflected back from the edge of an etch hole. Also other contrast features on the
sample surface (e.g., metal dots) could be utilized as well as edges of the resonator
plate itself [206].

Figure 4.5 shows the dependence of the back-reflected optical power on the relative
position of the laser beam to the etch hole. The crosses in the figure indicate measured
values, whereas the solid line represents a fit of a theoretical curve to the measurement
data. The theoretical curve is obtained by considering the reflection of a Gaussian laser
beam from a sharp edge in one dimension. The total power in the reflected portion of
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Figure 4.4: Cross section of an etch hole in a MEMS resonator.
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Figure 4.5: Intensity of the laser beam reflected from the sample when
the beam is scanned across an etch-hole, measurement (4) and fit (—).

the beam is proportional to the complementary error function [10],

P(z) = % (1 —erf (\/5 - xo)) , (4.3)

Wo

where z is the position of the center of the incident beam, z is the position of the edge
and wy is the waist size of the Gaussian beam. This one-dimensional function matches
well the measured values, even though in our case the beam width (2w,) and the hole
diameter are of the same order of magnitude, 1.6 ym and 2 um, respectively.
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If the laser beam is positioned on top of the edge (r = zg), and the edge position
is vibrating with a small amplitude u,, the reflected light power is modulated at the
same frequency and with an amplitude marked F, in Fig. 4.5. For small vibration
amplitudes, the dependence of the measured Py on the in-plane vibration amplitude
u, can be assumed to be linear, Py = ku,. The proportionality constant k is given by
the slope of the power curve in Fig. 4.5, and hence is determined by the waist size wy
and the maximum optical power reflected from the sample.

The in-plane detection response was simulated numerically for the two-dimensional
(2D) case. The circular etch hole was described by a step function [VI] and the in-
plane vibration by a vector u = (u,,u,), where u, and u, are the amplitudes of the
vibration components along the x and y axes. The vibration amplitudes are assumed
to be constant over the small area containing one etch hole. The intensity distribution
of the Gaussian beam is [207]

1(r) = 22 e <_j§2) , (4.4)

where P, is the optical power of the beam and r is the radial coordinate, i.e., 7% = x%+12.

To simulate the measurement, the laser beam position was raster-scanned in two
dimensions over a surface area containing one etch hole. At each scan point, the
power of the reflected light was calculated by determining the overlap integral of the
Gaussian beam profile and the reflecting plane surface containing the circular hole.
It was assumed that any light falling in the hole is lost. The slope coefficient vector
k = (k,, k,) at each scan point was then found by determining the gradient of the
overlap integral. Finally, the modulation of the reflected optical power caused by the
in-plane vibrations was obtained by taking the scalar product of k and u.

Figure 4.6 shows a simulated response corresponding to an areal scan over an etch
hole when the in-plane vibration is in 45° angle with respect to the z axis [u = (1,1)].
The diameter of the hole and the waist size of the Gaussian beam were set to 2 um and
0.8 pm, respectively, corresponding to experimental values. The plot reveals informa-
tion on both the amplitude and direction of the in-plane vibration. The signal peaks
at points where the center of the laser beam coincides with the edge on opposite sides
of the hole. Within the approximation of small vibrations, the signal strength at these
maxima is directly proportional to the amplitude of the in-plane vibration. A straight
line drawn through the maxima gives the direction of the vibration.

To estimate the minimum detectable amplitude of the in-plane vibration in one
dimension, k& and F, must be approximated. The slope coefficient k£ is obtained by
calculating the derivative of Eq. (4.3) at x = xy and by multiplying this by P4, the
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Figure 4.6: Simulated intensity-modulation data yielding the amplitude
and direction of the in-plane vibration, which was set to u = (1,1) in this
case. The dashed circle indicates the edge of the etch hole.

optical power at the high-speed photodetector when the laser beam is reflected from

2 Pmax
T »
™ Wo

The power F, can be approximated by using the electrical power measured by the

the silicon substrate,

spectrum analyzer. For this, it is assumed that the current ¢ from the photodetector,
being proportional to the optical power, is

1= iDC + ’io sin(wst) = SPDC + SPO sin(wst), (46)

where DC stands for direct current, S = 0.28 A/W is the responsivity of the pho-
todetector and iy and P, are the amplitudes of the modulation signals. Since the
photodetector is terminated with a load R = 50 2, the electrical power measured by
the spectrum analyzer at the frequency w/27 is

1
Psps = —~GRi3 = 5GRSQPO?, (4.7)

1
2
where G = 26 dB is the gain of the amplifier used before the spectrum analyzer. Using
Eq. (4.7), we can estimate Py as a function of Psp4, and hence we obtain

) Pspa [T wy
= |22 =/ . 4.
fual = |55 GRSQ\/ngM (48)

Assuming Pspa = -104 dBm (the noise floor of the detection electronics) and P, =
0.4 mW, the minimum detectable amplitude of the in-plane vibration is ~20 pm.
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4.4 Results for the square-plate resonator

Vibration modes of the square plate MEMS resonator were analyzed by measuring both
in- and out-of-plane vibrations using the setup described in Sections 2.2 and 4.3. The
laser-probe measurements were conducted at several frequencies around the resonance
frequencies of the Lamé and SE modes. The measurements were carried out both
under ambient air pressure and in vacuum (pressure below 1 mbar). The resonator
was electrically excited with a nominal input power of 0 dBm and with a bias voltage
of 60 V.

Figure 4.7 shows the measured out-of-plane vibrations for three modes. The scans
covering the complete resonator area were measured under ambient air pressure. Fig-
ure 4.7(a) depicts the measurement results at the resonance frequency of the SE mode,
at 13.12 MHz. By comparing the measured vibration field to finite-element-method
(FEM) simulations, it was concluded that the observed amplitude profile is a superpo-
sition of the out-of-plane component of the SE mode and that of a parasitic vertical
mode [VI]. The scan in Fig. 4.7(b) was measured at the resonance frequency of the
Lamé mode, at 12.16 MHz. The vibration profile is dominated by the parasitic ver-
tical mode over the vanishing out-of-plane component of the Lamé mode. The scan
in Fig. 4.7(c) shows the out-of-plane component of another parasitic mode. The mea-
sured amplitude profile matches well with the simulated profile [VI]. The measured
profiles reveal vibrations also outside the resonator plate, i.e., in the anchor regions

-107  -97 -87 =77 -67 -107 92 =77 -62  -47 -107 -96 -85 -74 -63
Relative amplitude (dB) Relative amplitude (dB) Relative amplitude (dB)

(a) (b) ©

Figure 4.7: Out-of-plane vibrations in the MEMS resonator measured
under ambient air pressure at the frequency of (a) the SE mode (13.106
MHz), (b) the Lamé mode (12.134 MHz), and (c) 10.927 MHz.
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and around the ends of the input electrode. This indicates energy leakage from the
resonator causing additional losses and hence decrease of the ) of the resonator.

In-plane vibrations were measured by detecting the intensity modulation of the
reflected laser beam, as explained in Section 4.3. Figure 4.8 shows data measured
under ambient air pressure at the resonance frequency of the SE mode. The amplitude
of the in-plane vibration is obtained by searching for the two maxima of each spot pair.
The direction of the vibration is given by a straight line drawn through the maxima of
the two spots around each etch hole. Hence the in-plane vibration component of the SE
mode can be obtained at discrete points, i.e., on top of each etch hole. The additional
spots in between the grid of the etch holes are due to particles on the sample surface.
The amplitude at the edges of the resonator plate and at the T-shaped anchors can
also be seen in Fig. 4.8.
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-99
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Figure 4.8: Optical intensity modulation data yielding the relative ampli-
tude of the in-plane vibrations in the upper-right quarter of the resonator
plate. The measurement is carried out under ambient air pressure at the
frequency of the SE mode (13.106 MHz).

The measured in-plane vibrations can be presented as a vector field. The vectors
extracted from the intensity-modulation data are drawn on top of the etch holes. The
orientation and the length of each vector are calculated by determining the positions
and maximum values of the two spots around each etch hole. The in-plane vibrations
of the SE and Lamé modes measured in the upper-right quarter of the resonator plate
are shown in Figs. 4.9(a) and 4.9(b), respectively. The vector field of the SE mode
shows radial behavior whereas that of the Lamé mode oscillates through the diagonal
and is perpendicular at the edges of the plate.
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Figure 4.9: Vector fields of the in-plane vibrations measured under am-
bient air pressure for (a) the SE mode (13.106 MHz), and (b) the Lamé
mode (12.134 MHz) in the upper-right quarter of the resonator. The cen-
ter of the resonator plate is indicated with a dot. The measured vibration
fields match the mode behavior illustrated in Fig. 4.2.

In order to determine the mechanical frequency responses and the associated @)
values of the Lamé and SE modes, scans with high spatial resolution were carried out
at several frequencies. Small scan areas containing one or two etch holes were chosen
to minimize the scanning time and thus to eliminate possible drift of the resonance
frequencies, for example, due to temperature variations. The use of a fixed scanning
location is justified since the mode shapes of the vibration fields do not change in the
narrow frequency range studied. Both the out-of-plane and in-plane vibrations were
studied.

After extracting the mechanical frequency response from the measurement data,
the theoretical response given by Eq. (4.2) was fitted to the experimental data. The
equation was transformed to logarithmic scale with an expression 20log,,(|X]|) + A.
The fit parameters are the resonance frequency fy = wg /27, quality factor @), parameter
F/K and the offset A.

Figure 4.10 depicts the mechanical frequency response measured around the reso-
nance frequency of the SE mode. The theoretical curve fits well to the experimental
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Figure 4.10: Mechanical frequency responses measured at the frequency
of the SE mode: (a) out-of-plane vibrations and (b) in-plane vibrations.

data for all the four cases: the in-plane and the out-of-plane vibrations measured
both under ambient air pressure and in vacuum. When the pressure is lowered from
the ambient air pressure to vacuum, the resonance frequencies decrease approximately
by 3.4 kHz while the maximum amplitudes increase by 18 dB. Also, the ) values
in vacuum are about nine times the ones measured under ambient air pressure. It
should be noted that the relative amplitude values measured for the in-plane and out-
of-plane vibrations cannot be compared to each other due to differences in the detection
principles.

Figure 4.11 shows the mechanical frequency response measured around the reso-
nance frequency of the Lamé mode. In the responses, two resonance peaks exist with a
small frequency separation. This becomes evident in the vacuum measurements, where
the higher @) leads to a clear separation of the two resonance peaks. The frequency
difference between these two peaks is 3 kHz, which corresponds to that observed in
the electrical measurements, see Fig. 4.3. The amplitude fields of the out-of-plane vi-
brations measured in vacuum at 12.131 MHz and 12.134 MHz appear identical with
the amplitude profile shown in Fig. 4.7(b). The corresponding in-plane vibrations are
similar to those shown in Fig. 4.9(b). The fitted curves of the out-of-plane component
in Fig. 4.11(a) were obtained by fitting a sum of two separate theoretical responses,
described by Eq. (4.2). The same applies to the in-plane component measured in vac-
uum, Fig. 4.11(b). For the in-plane component measured under ambient air pressure,
see Fig. 4.11(b), a single theoretical response curve fits well the experimental data.
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Figure 4.11: Mechanical frequency responses measured at the frequency
of the Lamé mode: (a) out-of-plane vibrations and (b) in-plane vibrations.

The @ values of the SE and Lamé modes were obtained from the fits of the theoret-
ical responses to the experimental data. Table I summarizes the () values as averages
over five measurement sets together with the () values calculated from the electrical
measurements. The values for the in- and out-of-plane vibrations are approximately
the same and match well with the () values obtained from the electrical measurements.
The standard deviation of the resonance frequency in the five measurement sets is about
0.1 kHz in each case. The standard deviations of the extracted ) values in ambient
air pressure and in vacuum are ~ 1 % and ~ 10 %, respectively. There is, however,
one exception: the standard deviation for the () value of the in-plane vibration of the
SE mode measured in vacuum is 25 %. This could be explained by the combination
of a finite scan step and drift of the sample position causing an error in the extracted
vibration amplitude. It should also be noted that for the out-of-plane response of the
Lamé mode in ambient air pressure, the simple model does not fit as nicely as for the
other cases.

It is also interesting to compare the simulated and measured resonance frequencies,
see Publication [VI]. According to the FEM simulations, the resonance frequencies of
the vertical modes should differ from the resonance frequencies of the in-plane modes
(SE and Lamé modes). Based on the laser-probe measurements, however, it seems
that the measured in- and out-of-plane vibrations feature about the same resonance
frequencies and roughly the same () values. This could be explained by assuming that
the in- and out-of-plane vibration modes are coupled and the out-of-plane vibration
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mode is excited by the in-plane mode. On the other hand, the difference between the
simulated and measured resonance frequencies could also be explained by the fact that
the etch holes and the anchor springs were not included in the simulations.

Table I: Q values determined from the out-of-plane and in-plane vibration
measurements, and from the electrical responses.

Mode Out-of-plane In-plane Electrical
SE, air 9500 8900 9900
SE, vac 89000 65000 87000
Lamé, air 8600/5300 5500 6100

Lamé, vac 36000/31000 34000/26000 37000
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5 Conclusion

The dissertation focuses on measuring and analyzing vibration fields in SAW and
MEMS devices using the scanning Michelson laser interferometer developed at TKK.
The interferometer as such detects out-of-plane vibrations, i.e., vibrations perpendic-
ular to the surface of the device. In the thesis, a novel detection method to measure
also in-plane vibrations is presented. The method is based on detecting the intensity
modulation of the laser beam reflected from the edges of the release etch holes on the
surface of a MEMS resonator. Other contrast features on the sample surface can as
well be employed to obtain information of the in-plane vibrations.

The laser-probe measurements enable direct studies of the vibration fields in SAW
and MEMS devices and hence provide new information on their physics and operation
not obtainable from electrical measurements alone. Moreover, by comparing the results
of laser-probe and electrical measurements to numerical simulations, the operation of
microacoustic devices can be analyzed thoroughly. Such analyses provide significant
support for the research and development of new SAW and MEMS components satis-
fying stringent specifications.

In the first part of the thesis, operation of novel SAW devices, such as LLSAW
resonator, double resonance filter and R-SPUDT filter with transverse mode suppres-
sion was thoroughly analyzed by comparing the interferometric measurement results to
numerical simulations and data from electrical measurements. The measurements of
the vibration fields in the LLSAW resonator revealed side radiation of Rayleigh waves,
which constitutes an acoustic loss mechanism for the resonator. The measurements
of the double resonance filter confirmed the operation principle of the device, and in
particular, the fact that a considerable part of the acoustic energy is concentrated in
the gap area at the hiccup resonance frequency. This may limit the power handling
capability of the filter. The analysis of the R-SPUDT filter indicated that one of the
parameters for the transverse mode suppression had been underestimated in the filter
design.

In the second part of the thesis, vibration modes in a square-plate MEMS resonator
were analyzed. Comparing the laser-probe measurements with simulations, it could
be concluded that the main in-plane vibration mode is companioned by a parasitic
out-of-plane mode, which may affect the quality factor of the main resonance. The
measurements also revealed vibration amplitudes outside the resonator plate, i.e., in the
anchor regions and around the ends of the input electrode. These additional vibrations
indicate energy leakage from the resonator causing additional losses.

The cases studied in this thesis serve to demonstrate the diverse capabilities of laser-
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probe measurements in the research of microacoustic devices. In particular, when such
measurements are combined with the data obtained from electrical measurements and
numerical simulations, extremely detailed information on the operation of the devices
may be obtained. This information has turned out to be of great practical value in the
research and development of SAW and MEMS devices in industrial scale. Based on
the experience gained during this work, one can conclude that there will be increased
demand for laser probing of electroacoustic devices in the future.
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