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ABSTRACT

DEEP COLLAPSE MODE CAPACITIVE
MICROMACHINED ULTRASONIC TRANSDUCERS

Selim Olgum
Ph.D. in Department of Electrical and Electronics Engineering
Supervisor: Prof. Dr. Abdullah Atalar
Supervisor: Prof. Dr. Hayrettin K6ymen
December, 2010

Capacitive micromachined ultrasonic transducers (CMUTs) are suspended micro-
electromechanical membrane structures with a moving top electrode and a rigid sub-
strate electrode. The membrane is actuated by electrical signals applied between the
electrodes, resulting in radiated pressure waves. CMUTs have several advantages
over traditional piezoelectric transducers such as their wider bandwidth and micro-
fabrication methodology. CMUTS as microelectromechanical systems (MEMS), are
fabricated using CMOS compatible processes and suitable for batch fabrication. Low
cost production of large amount of CMUTs can be fabricated using already estab-
lished integrated circuit (IC) technology infrastructure. Contrary to piezoelectrics,
fabricating large 2-D arrays populated with transducer elements using CMUTs is
low-cost. The technological challenges of CMUTs regarding the fabrication and
integration issues were solved during the past 15 years, and their successful opera-
tion has been demonstrated in many applications. However, commercialization of
CMUTs is still an overdue passion for CMUT community. The bandwidth of the
CMUTs are inherently superior to their piezoelectric rivals due to the nature of
the suspended membrane structure, however, their power output capability must be
improved to achieve superior signal-to-noise ratio and penetration depth.

In this thesis, we gave a comprehensive discussion about the physics and func-
tionality of CMUTs and showed both theoretically and experimentally that their
power outputs can be increased substantially. Using the conventional uncollapsed
mode of CMUTs, where the suspended membrane vibrates freely, the lumped dis-
placement of the membrane is limited. Limited displacement, unfortunately, limits
the power output of the CMUT. However, a larger lumped displacement is possible
in the collapsed state, where the membrane gets in contact with the substrate. By
controlling the movement of the membrane in this state, the power output of the
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CMUTs can be increased. We derived the analytical expressions for the profile of
a circular CMUT membrane in both uncollapsed and collapsed states. Using the
profiles, we calculated the forces acting on the membrane and the energy radiated to
the medium during an applied electrical pulse. We showed that the radiated energy
can be increased drastically by utilizing the nonlinear forces on the membrane, well
beyond the collapse voltage.

Using the analytical expressions, we developed a nonlinear electrical equivalent
circuit model that can be used to simulate the mechanical behavior of a transmitting
CMUT under any electrical excitation. Furthermore, the model can handle different
membrane dimensions and material properties. It can predict the membrane move-
ment in the collapsed state as well as in the uncollapsed state. In addition, it predicts
the hysteretic snap-back behavior of CMUTs, when the electric potential across a
collapsed membrane is decreased. The nonlinear equivalent circuit was simulated
using SPICE circuit simulator, and the accuracy of the model was tested using finite
element method (FEM) simulations. Better than 3% accuracy is achieved for the
static deflection of a membrane as a function of applied DC voltage. On the other
hand, the pressure output of a CMUT under large signal excitation is predicted
within 5% accuracy.

Using the developed model, we explained the dynamics of a CMUT membrane.
Based on our physical understanding, we proposed a new mode of operation, the
deep collapse mode, in order to generate high power acoustic pulses with large
bandwidth (>100% fractional) at a desired center frequency. We showed both by
simulation (FEM and equivalent circuit) and by experiments that the deep collapse
mode increases the output pressure of a CMUT, substantially. The experiments
were performed on CMUTSs fabricated at Bilkent University by a sacrificial release
process. Larger than 3.5 MPa peak-to-peak acoustic pulses were measured on CMUT
surface with more than 100% fractional bandwidth around 7 MHz using an electrical
pulse amplitude of 160 Volts. Furthermore, we optimized the deep collapse mode
in terms of CMUT dimensions and parameters of the applied electrical pulse, i.e.,
amplitude, rise and fall times, pulse width and polarity. The experimental results
were compared to dynamic FEM and equivalent circuit simulations. We concluded
that the experimental results are in good agreement with the simulations. We believe
that CMU'TSs, with their high transmit power capability in the deep collapse mode
can become a strong competitor to piezoelectrics.
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OZET

DERIN COKME MODUNDA KAPASITIF
MIKROISLENMIS ULTRASONIK CEVIRICILER

Selim Olgum
Elektrik Elektronik Miihendisligi Boliimii, Doktora
Tez Yoneticisi: Prof. Dr. Abdullah Atalar
Tez Yoneticisi: Prof. Dr. Hayrettin Koymen
Aralik, 2010

Kapasitif Mikroiglenmig Ultrasonik Ceviriciler (CMUT), yiizey tizerinde askida du-

ran, mikro-elektromekanik (MEMS) zar yapilaridir. CMUT’larin mekanik zara ve
alttasa entegre olmak iizere iki adet elektrotlar1 bulunur. Elektrotlara uygulanan
elektriksel sinyaller sayesinde uyarilan zar, hareket eder ve ortama akustik dalgalar
yayar. CMUT larin, piezoelektrik ceviricilerle kargilagtirildiklarinda, genis banth
olmalar1 gibi ve tiretim teknolojisinin getirdigi (¢ok elemanli diziler, CMOS uyum-
lulugu, seri iiretim) avantajlar1 vardir. Uretim ve elektronik entegrasyon ile ilgili
teknolojik zorluklar ve problemler gegtigimiz 15 yil igerisinde ¢Oziilmiis ve bircok
uygulama CMUT’lar kullanilarak basar: ile sonuclandirilmigtir. Fakat CMUT larin
ticarilesmesi heniiz ger¢ceklesmemistir. Her nekadar zar yapilarinin 6zelligi sayesinde
genis bantli olsalar da, piezoelektriklere gore fiistiin bir sinyal-giiriiltii orani ve
calisma derinligi elde edilebilmesi i¢in ¢ikig gliclerinin artirilmasi gerekmektedir.

Bu tezde, CMUT’larin fizigi ve fonksyonlar: ile ilgili daha genis kapsaml bir
analiz sunuyoruz. Bu analizi kullanarak CMUT cikig giiglerinin 6énemli 6l¢iide art-
tirilabileceginin deneyini yapiyoruz. Literatiirde, CMUT larin biikiilme profillerinin
analitik bagintilar1 sadece ¢cokmemis zarlar i¢in verilmektedir. Fakat, ¢cokmiig bir zar
kullanilarak daha fazla bir toplam biikiilme elde edilebilir. Zarin ¢okmiis haldeki
hareketi kontrol edilerek, ceviricinin ¢ikig giicii arttirilabilir. Bu tezde, yuvarlak
zarlar i¢in biikiilme profilinin analitik bagintilar1 ¢okmiis ve ¢okmemis halde iken
tiiretilmistir. Bu profiller kullanilarak, zar iizerine etki eden kuvvetler bulunmus ve
bir elektriksel darbe uygulandiginda, zarin ortama yayacagi enerji hesaplanmigtir.
Sonug olarak, ¢okme geriliminin ¢ok {izerinde olugan dogrusal olmayan kuvvetler
kullanilarak, zarin yayacagi akustik enerjinin énemli 6lgiide arttirilabilecegi belir-

lenmigtir.
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Elde edilen analitik bagintilar kullanilarak dogrusal olmayan bir esdeger dev-re
modeli geligtirilmistir. Bu model kullanilarak ytiriitiilen benzetimler ile herhangi bir
elektriksel uyar1 ile yaym yapan bir CMUT 1n mekanik davranisi belirlenebilmek-
tedir. Ote yandan, model, farkli zar boyutlarin ve malzeme 6zelliklerini de kul-
lanabilmekte ve zar hareketini, zarin ¢okmiis ve ¢okmemis iken belirleyebilmekte-
dir. Ayrica, CMUT’larin hizterez 6zelligi de model tarafindan 6ngoriilebilmektedir.
Dogrusal olmayan bu model, bir SPICE devre benzetimi kullanilarak uygulanmig
ve modelin dogrulugu sonlu eleman metodu (FEM) kullanilarak sinanmigtir. Buna
gore, zarin DC gerilimler altinda duragan biikiilmesi %3’ten daha iyi bir hassasiyet
ile belirlenebilmigtir. Diger taraftan, zara yiiksek gerilimli bir darbe uygulandiginda
olusan basing dalga sekli, %5’ten daha iyi bir hassasiyet ile hesaplanabilmektedir.

Geligtirilen egdeger devre modeli kullanilarak, CMUT zarlarinin dinamiklerini
anlayabiliyoruz. Olugturulan fiziksel anlayig temel alinarak, CMUT lardan istenen
frekansta genig banth ve yiiksek giicte bir basing darbesi elde etmek amaciyla derin
¢okme modunu 6neriyoruz. Bu yeni mod ile CMUT larin ¢ikig giiclerinin 6nemli
olglide arttirilabilecegi, benzetim modelleri (egdeger devre ve FEM) kullanilarak ve
deneysel olarak gosterilmistir. Deneyler, Bilkent Universitesi'nde iiretilen CMUT’lar
kullanilarak gerceklestirilimigtir. 160V genliginde bir elektriksel darbe kullanilarak,
yaklagik 7 MHz etrafinda 100% oransal banth ve 3.5 MPa’dan daha biiyiik basing
darbeleri 6lciilmiistiir. Ote yandan derin ¢c6kme modunu eniyilestiren CMUT boyut-
lar1 ve elektriksel darbe oOzellikleri belirlenmistir. Deneysel sonuclar ve benzetim
sonuclar1 kargilagtirilmig ve sonuclarin uyumlu oldugu anlagilmigtir. Bu tez sonu-
cunda anlagilmigtir ki, derin ¢6kme modu kullanilarak CMUT’larin ¢ikis giicleri
kontrollii bir sekilde ve 6nemli miktarlarda arttirilabilir ve dolayisiyla piezoelektrik
geviricilere kargi daha giiclii bir rakip olabilirler.

Anahtar sozciikler: Kapasitif Mikroiglenmis Ultrasonik Ceviriciler, CMUT, MEMS,
Esdeger Devre, Cokme Modu, Derin Cokme, Mikro-fabrikasyon, Dairesel Plakalarin
Biikiilmesi, Sualt1 CMUT.
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Chapter 1

Introduction

Capacitive micromachined ultrasonic transducers (CMUTS) are first introduced as
air transducers [1,2] in 1994. Due to their lower mechanical impedances compared
to piezoelectrics, they immediately attracted attention for airborne applications [3].
The development of the first fabrication technology for immersion CMUTs [4] with
sealed cavities has been followed by a successful demonstration of CMUTs as an
alternative transducer with large bandwidth [5] and suitability for integration with
electronics [6-8|. Large numbers of CMUTs can be fabricated on the same wafer on
a commercial production, resulting in reduced costs compared to its piezoelectric
alternatives. In addition, CMUT technology can be used to manufacture transducer

arrays integrated with driving electronic circuits.

CMUTs are micromachined suspended membrane structures with a moving top
electrode and a rigid substrate electrode. Fabrication of CMUTs requires a number
of processing steps [9]. Integrated circuit manufacturing technology enables CMUTs
to be produced in different sizes and shapes using basic lithography techniques. The
difficulties in the fabrication processes have been gradually solved and several differ-
ent approaches have been proposed during the last decade. Basically the fabrication
approaches of a suspended membrane structure can be discussed in two different
technologies: sacrificial release [4] and wafer bonding [10]. Standard MEMS fab-

rication processes utilizing the sacrificial release process, e.g., PolyMUMPS [11],
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are utilized for fabrication of CMUT structures [12-14|. However, using such pro-
cesses, sealing the cavity underneath the membrane is not possible. Therefore, such
CMUTs suffer from squeezed film damping effects in air. Using these CMUTs in
immersion applications is not possible. Other problems of the sacrificial release pro-
cesses, e.g., membrane stress [15,16], etch selectivity of the release chemicals [17],
sealing [4,17, 18| are solved consecutively by several university labs. However, the
material parameter variations of deposited thin film membranes from batch to batch
is a drawback for a PECVD or LPCVD deposited membrane. In addition, poor
thickness uniformity compared to wafer bonding limits the performance of CMUTs
in a high-Q sensing application [19,20]. On the other hand, wafer bonding tech-
nology [10] solves these problems using the top silicon layer of a silicon-on-insulator
(SOI) wafer as the membrane, which has a better thickness uniformity [9]. In addi-
tion, the material properties of a SOI wafer are well known, which make the design
implementation more successful. The wafer bonding process, however, suffers from
the conductive silicon membrane, since no electrode patterning can be performed
on the membrane. Therefore, patterned electrode structures such as half electrode
implementation [21] or dual-electrode CMUTs [22]| are not possible with SOI wafer
bonding. The engineering of the membrane itself, as in the case of a nonuniform
membrane [23], would bring nonuniformity problems [24] as in the case of a sur-
face micro-fabrication technology. High parasitic capacitance due to the conductive
membrane in wafer bonded CMUTs can be solved by bonding a dielectric wafer
instead of SOI as the membrane at the expense of uniformity [25]. Recently, the
problem with the parasitic effects in a wafer bonding technology has been solved [26],
by utilizing a SOI wafer with a thick buried oxide layer at the expanse of fabrication

complexity:.

Successful electronics integration of CMUTs fabricated by both the sacrificial
release [6-8| and wafer bonding technology [27] have been demonstrated during
the past decade. The advantage of CMUTs compared to piezoelectrics is proven
with the implementation of highly integrated 2-D arrays [28], sophisticated catheter
applications [29] and flexible transducers [30].

The technological aspects and drawbacks of CMUT fabrication and integration

processes are not the focus of this thesis. The short discussion above is given to
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demonstrate that the technological problems of CMUTs were already solved or be-
ing solved. We believe that other technological problems can be solved by large

commercial fabs if large quantities of CMU'Ts are to be fabricated.

During the past 15 years, CMUTs’ unique capabilities have been implemented in
many ultrasonic applications — e.g. medical imaging [31-36], high intensity focused
ultrasound for therapeutics [37,38], intravascular ultrasound (IVUS) [39,40], intrac-
ardiac ultrasound [29,41], diagnostics [42], minimally invasive ultrasound [43, 44],
photo-acoustic imaging [45,46], elasticity imaging [47], airborne ultrasound [48], mi-
crophones [49]. The commercialization of CMUTSs in one of the above applications,
however, is an overdue passion for CMUT community. It is obvious that such a
delay is not because of the technological problems, but because of economic reasons.
“In order to achieve reliable and robust manufacturing of semiconductor-based mi-
crosystems, hundreds of wafers need to be fabricated” [50]. For commercialization
in several of the above applications to achieve such a turnover, the performance of
the CMUTs should not only be competitive to their piezoelectric rivals, but should
be much superior. The bandwidth of the CMUTs are inherently superior to piezo-
electrics due to the nature of a suspended membrane structure. The power output
capability of CMUTs, on the other hand, must be improved to provide such superior-
ity, as well. In this thesis, we will give a comprehensive discussion about the physics
and functionality of CMUTs and show that their power outputs can be immensely

increased.

When immersed in a liquid medium, CMUTs are capable of generating wideband
acoustical pulses with more than 100% fractional bandwidth [23]. Ultrasound ap-
plications, however, require high transmit pressures for increased penetration depth
and signal-to-noise ratio, as well as large bandwidth. For therapeutic applications
higher output pressures are necessary for faster heating in the tissue. However, out-
put power limitations of CMU'Ts when compared to piezoelectrics have been their
major drawback since they have first been introduced. During the past decade sev-
eral attempts have been made to increase the power output of the CMUTs. It has
been demonstrated that use of rectangular membranes increases the fill-factor and
hence the output pressure [51]. Dual electrode structures introduced by Giildiken

et. al. [22] also improved the pressure output of the CMUTs by increasing the
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electromechanical coupling coefficient and displacement. Collapse mode of opera-
tion has boosted the pressure output considerably [52-54|. However, collapse mode
of operation has been investigated using FEM simulations [55] and lacks accurate

models for understanding the mechanics and the limits of the mode.

The efforts for simulating and modelling CMUTs have started with the devel-
opment of an equivalent circuit model [5] based on Mason’s equivalent circuit for
electro-acoustic devices [56]. Different models for defining the equivalent circuit ele-
ments are available in the literature [57-64|. However, finite element method (FEM)
simulations are still needed [65] in order to simulate the CMUT operation includ-
ing the nonlinear effects [66], medium loading [67-69|, cross talk [70-72], the effect
of the higher order harmonics 73| and for determination of the CMUT parame-
ters [74-77]. Recently, fully analytical models were developed for fast and efficient

results of frequency response analysis [57,78|.

FEM simulation packages —e.g., ANSYS— are powerful tools and extensively
used for the analysis of CMUTs. FEM analysis predicts the performance of a partic-
ular design very well and hence it is a very good testing and tuning tool. However,
the computational expense required for the solution makes FEM tools unsuitable
for using them in design stage. For instance, transient dynamic analysis of a CMUT
is crucial in order to understand the nonlinear behavior of the CMUT, however, it
has high computational cost and requires many cycles to reach the steady state. It
does not rapidly respond when a parameter is altered and hence, an idea about its
effect cannot be instantly grasped by the designer. Calculated design charts for large
array of circular CMUTs are available in the literature [58] but lack the nonlinear

effects when the CMUTs are driven in collapse mode.

In this thesis, we will develop an electrical equivalent circuit model that can be
used to simulate the mechanical behavior of a transmitting CMUT under any elec-
trical excitation. The model is dependent on membrane dimensions and mechanical
properties and it can predict the membrane movement in the collapsed state as well
as in the uncollapsed state. The model utilizes analytical expressions of a deflected

CMUT membrane in uncollapsed and collapsed states, which were derived using the
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general differential equations of Timoshenko [79] for circular plates. Using the devel-
oped model we will clarify the dynamics of a CMUT membrane under any electrical
excitation. Based on the physical understanding, we will propose a new operation
mode, the deep collapse mode, in order to generate high power acoustic pulses with

high bandwidth at a desired center frequency.

We will show that the output pressure of a CMUT can be increased considerably
by using the deep collapse mode. We will verify the results of our analytical approach
using FEM simulations. We will demonstrate the use of the deep collapse mode with

experiments performed on fabricated CMUTs.



Chapter 2

Deflection of a Clamped Circular

Membrane

CMUTs have two electrodes: a top electrode in the membrane and a bottom elec-
trode in the substrate. When an electric potential is applied between the top elec-
trode and the bottom electrode, the membrane deflects due to the electrostatic
attraction force. The static deflection profile of a membrane as a function of ap-
plied voltage is central to understanding and modelling CMUT behavior. Initially
such calculations were performed using FEM simulations for the uncollapsed and
collapsed states of a CMUT membrane. More recently, other numerical and analyt-
ical methods were developed for CMUT deflection in the uncollapsed state. In this
chapter, we will combine the previously developed methods for uncollapsed state
with our approach for collapsed state membrane deflections. We will extend our
calculations for the deflections due to an electric potential. Finally, we will assess

the use of lumped parameters for representing the membrane state and forces.
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Top Electrode/
k Bottom Electrode

Figure 2.1: Cross sectional view of an uncollapsed clamped circular membrane with
radius a, thickness ¢,, and gap height of ¢,. The top electrode is at a distance
t; above from the gap. The bottom electrode is assumed to be at the top of the
substrate.

2.1 Uncollapsed State of a Membrane

In the conventional operating regime of a CMUT, which was introduced in [1] and
detailed in [5], the membrane vibrates without touching the substrate. A cross sec-
tional view of an uncollapsed deflected membrane is shown in Fig. 2.1. The deflection
of the membrane toward the substrate is the result of two forces: the atmospheric
pressure on the membrane (since there is a vacuum in the cavity underneath the
membrane) and the electrostatic attraction force generated by the applied electric
potential between the electrodes. In this section, we will calculate the deflections

caused by both sources.

The expression for the deflection, x(r), of a clamped circular membrane, with
radius, a and thickness, t,, as a function of radial distance, r, under uniform pressure,
P, was derived by Timoshenko [79] (p. 55) as follows:

_ Py o
where D, the flexural rigidity of the membrane, is defined as:
Et?
D= ——"_ 2.2
12(1 — v?) (2:2)

and F is the Young’s modulus and v is the Poisson’s ratio of the membrane material.

The deflection of a membrane under atmospheric pressure is determined when P
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in (2.1) is replaced with atmospheric pressure, Py, which is approximately 100 kPa

at sea level.

The average displacement, z,,, of a membrane with radius, a and a deflection

profile z(r) is defined as:

27 a
1
Tapg = ﬁ//x(r)rdrde (2.3)
00

When the definition in (2.3) is evaluated for the case of an uncollapsed membrane
deflected by a uniform pressure, P, the average displacement can be expressed as

follows as given in [78]:
_ Pa*
T = 192D
However, average displacement measure is problematic in some cases [80]. For ex-

(2.4)

ample, higher harmonic deflection profiles may generate zero average displacement,
which will in return result infinite radiation impedance. In order to handle such
cases, we define the root mean square (rms) displacement for the same membrane

as follows:

27 a
1
Tpms = @//ﬁ(r)rdrdﬁ (2.5)
00

We will discuss the choice of the lumped displacement measure later in this the-
sis. When the definition in (2.5) is evaluated for the uncollapsed state, the rms
displacement can be expressed as follows:

Pa*

rms — 2.6
! 64v/5D (2:6)

Above expressions are valid when the load on the membrane is a uniformly
distributed force. The electrostatic attraction force due to an applied electrical po-
tential, however, is not uniform since the separation between the electrodes is not
constant throughout the radial distance, r. An accurate method for calculating
the deflection profile of an uncollapsed membrane deflected by an applied electric
potential was developed by Nikoozadeh et.al. [81]. The method partitions the mem-
brane into rings and calculates the deflection as a superposition of the displacements

caused by the point loads at the corresponding rings. The deflection profile caused
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by the loads on the rings are calculated using the expressions derived by Timo-
shenko [79] (p.64):

a?+r?)(a?2—a? @
o EEED ] e
= , F; [(‘12—T2)(02+a?) + (a? +12)l 1] > (2
i=1 8w D 2a2 a; +r ) n (., @ =T

where F; is the electrostatic attraction force between the electrodes at the i** ring
and a; is the axial distance of force F; to the center. The value of the force, F;
is calculated as the force between the electrodes of a parallel plate capacitor at
i'" ring when an input voltage, Vj, is applied. After finding the deflection using
superposition, the calculation is continued iteratively updating the gap, t,, —thus
electrostatic forces, F;— until the deflection converges. If the result of the iterations
does not converge, the applied voltage is larger than the collapse voltage. This
method cannot be used when the membrane is in contact with the substrate since in
that case the deflection profile cannot be expressed as linear combination of the loads
on the rings. In addition, the deflection profile cannot be expressed as a function
of the applied electric potential, V;,,, which makes the use of such a method in an

equivalent circuit impossible.

2.2 Collapsed State of a Membrane

The deflection profile expression in (2.1) and (2.7) are valid as long as the mem-
brane does not touch the substrate. A different general solution and set of boundary
conditions must be utilized for the calculation of the profile when the center region
of a membrane touches the substrate (Fig. 2.2). We will use the general solution
for the deflection of a uniformly loaded collapsed circular plate derived by Timo-

shenko [79] (p. 309) as the starting point:

4

r
x(r) = Cy + Cylnr + Csr? + Cyr?*Inr + —64DP

for b<r<a (2.8)

where b is the contact radius. We applied boundary conditions to (2.8), which

characterize the deflected shape of a collapsed and clamped membrane:

z(a) =0 z(b) =t, (2.9)
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vt < >
{ a
Top Electrode

\Bottom Electrode

Figure 2.2: Cross sectional view of a collapsed clamped circular membrane with
radius a, thickness t¢,, and gap height of ¢,. The top electrode is at a distance ¢;
above from the gap. b is the contact radius. The bottom electrode is assumed to be
at the top of the substrate.

dx(r) B dx(r) B
o | =0 | O (2.10)
M,(b) = —D (d;(;) + %d:;ir)) =0 (2.11)

where M, is the radial bending moment on the membrane. b is determined by solv-
ing (2.11) in terms of the four unknown constants of (2.8) which in turn were deter-
mined using the four boundary conditions of (2.9) and (2.10). Since the boundary
conditions are defined at radial distances a and b, solution to (2.8) is valid between

b and a. The deflection of the membrane from 0 to b is equal to the gap height, tg.

The deflection profiles calculated using (2.1) and (2.8) are plotted in Fig. 2.3
(dashed) along with ANSYS simulation results (solid) for different applied uniform
pressures. The deflection profile of a clamped membrane under the excitation of
a uniform pressure can be well approximated using analytical solutions for both

uncollapsed and collapsed states.

The average displacement of a collapsed membrane with the corresponding di-

mensions is calculated using the definition in (2.3) and the solution of (2.8) as:

b? 2 ¢
Tapg = ?tg + ?/b ra(r)dr (2.12)
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Figure 2.3: Comparison of deflection profiles obtained by (2.1) and (2.8) (dashed
curves) with electrostatic FEM simulations (solid curves). Values of the uniform
pressure applied on the membrane are indicated for each curve in the figure. The
dimensions of silicon nitride membrane: =30 pm, t,=1.4 pm, t;=0.4 pm and
t,=0.2 pm. Material parameters used for silicon nitride is given in Table A.1.

To simplify the expression in (2.12), we define

2 T
Xa(r) = 5/ px(p)dp (2.13)
0
We find using (2.8)
r? Cy Csr? Cyr? rd
Xu(r) = = <C’1 + 7(21nr —-1)+ 5t (Inr —1/4) + 192DP)

Hence from (2.12), we find the nonlinear relationship between the average displace-

ment and the applied pressure as:

v? b?
Tavg = —5tg + Xala) = —5Xa(0) (2.14)

Root mean square displacement of a collapsed membrane, on the other hand, is
calculated numerically using the deflection profile and a numerical integration of the

equation in (2.5).
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Above expressions for the collapsed state are valid as long as the forces are uni-
formly distributed over the surface. Since the separation of the electrodes of a CMUT
is not constant throughout the cavity, the electrostatic force on a CMUT membrane
is not uniformly distributed, making the derivation of an analytical expression for
membrane deflection very difficult, if not impossible. Expressing the deflection as
the superposition of point loads on a membrane as in the case of uncollapsed state

is not possible due to the nonlinear nature of the collapsed state.

2.3 Lumped Displacement of a Membrane

An equivalent circuit model of a distributed system such as a CMUT membrane,
requires a consistent use of circuit parameters. The selection of the lumped param-
eters used in the circuit should not effect the kinetic and potential energies of the
membrane. Here we will investigate the effect of the lumped displacement measure
on the kinetic and potential energies of a deflected CMUT membrane. The kinetic
energy, Iy, of a CMUT membrane is calculated as follows:

2m a

Ek(t)://%UQ(T,t)ptdeTde =
00

27 a
1 1
zéptmmﬂ —2//v(r,t)2rdrd«9 =
ma
00

1

Above result indicates that choosing the rms value as the lumped variable gives
the correct kinetic energy of a membrane. On the other hand, the stored potential
energy, I, in a deflected membrane by a force, F' caused by a uniform pressure, P,
is calculated by evaluating the following line integral:

x(r)

E, = / Froy - d7 (2.16)

0

The force, F,. and the displacement, x are in the same direction so we get rid of

the vector notation and the dot product. Since the displacement of the membrane
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is not uniform, we should evaluate this line integral over the surface of the CMUT
membrane.

I(T 27 a

:///xrt ) Prdrdfdx =
0

0 O

1
= Pra® ?//x(r,t)rdrde =
T
00

= Fligy,(t) = (F x“”g(t)) Tyms(t) (2.17)

Ly (1)

where the expression in the brackets is equal to the average displacement, x,,,. If

the average value is chosen as the lumped measure, F'z product will represent the
potential energy correctly. However, when the rms displacement measure is chosen,
the force on the membrane msut be divided by a factor, x for the correct potential

energy.
) = Lrms (2.18)

Lavg

The factor & is first defined here but, was calculated in [57] as 3/+/5 for the
uncollapsed state. In the collapsed state, on the other hand, x depends on the
deflection profile and decreases as the displacement of the membrane increases. The
limit for the lumped deflection of a membrane will be the case where all sufrace of
the membrane is contacted to the substrate. In this hypothetical case, the average
and rms displacements will be equal and t,. Hence x can be represented as follows

as a function of the rms displacement:

3 ty

Trms o NG for Lrms < 5

) 3 t t
Tavg E — 7% (zrms - %) for Trms > %

where g is a fitting factor, since the variation of k is approximately linear as seen

(2.19)

H(I'rms) -

in Fig. 2.4. A membrane under uniform pressure touches the substrate when x,,, =
ty/3 Or Tpms=ty/ V5. The value of Yo in the collapsed state is calculated using
MATLAB!. The variation of s as a function of the rms displacement is plotted in
Fig. 2.4.

'MathWorks Inc., Natick, MA, USA.
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Figure 2.4: The correction factor, x as a function of rms displacement for a CMUT
membrane with dimensions: a=25 um, t,,=1.5 pum, ;0.4 pm and ¢,=0.2 pym. For
this figure, vy of equation (2.4) is 3.16.

2.4 Lumped Forces Acting on a Membrane

In order to understand the mechanics of a deflected membrane, we need to deter-
mine mechanical and electrical force functions with respect to the membrane dis-
placement. At this point, we make the assumption that the deflection profile caused
by the nonuniform attraction force of an applied voltage can be approximated by
the deflection caused by a uniform pressure with the same total force. This is a good
assumption when the membrane has an electrode covering its full surface. We will
show the validity of the assumption even in the collapse mode when the attraction
force is highly nonuniform. Since the force due to an applied pressure is balanced by
the mechanical restoring force of the membrane, we can express the lumped restoring
force F, in terms of P as:
1

F, = —Prad® (2.20)
K
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Physical Quantity rms average
Displacement Trms (2.5) Tavg (2.3)
Velocity VUrms Vaug
Mass m K2m
Restoring Force F, (2.21) KF,
Electrical Force F, (2.26) KF,
Atmospheric Force || Fum (2.27) KEym
Kinetic Energy SMUZ,. SEEmMuZ,,
Potential Energy || [ + Fret dTrms | [ Fret dTavg

Table 2.1: The equivalence of physical properties of a CMUT membrane when av-
erage or rms lumped displacement is defined. The force expressions are given in
corresponding equations in this chapter.

Note that the force, when defined as a function of x,,,s, is divided by the correction
factor . In this section, the expressions of the forces acting on a CMUT membrane,
will be given as a function of x,,,,. The equivalence of the physical quantities of a

CMUT membrane are given in Table 2.1 for average and rms displacement measures.

For the uncollapsed state with a given applied pressure P, the deflection profile
and hence x,,, and z,,s can be calculated using equations in (2.4) and (2.6), re-
spectively. For the collapsed state, the deflection profile is calculated using (2.8).
Average and rms displacement of the collapsed membrane, on the other hand, can

be calculated using the equations in (2.3) and (2.5), respectively.

Because of the highly nonlinear nature of the restoring force in the collapsed
region, a tenth order polynomial with coefficients £y, 81, B2, ... B1o is necessary for

a good approximation. Hence, F, can be expressed as:

t
e
Fr(mrms) - = 10 . (221)
Z()/an?ms7 x?‘ms > ﬁ
n=

F, is plotted in Fig. 2.5 as a function of x,,,. It is a linear function in the
uncollapsed region, while it becomes highly nonlinear in the collapsed region. The
derivative of this curve with respect to x,,,s is the nonlinear stiffness of the CMUT

membrane.
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Figure 2.5: Mechanical restoring force (solid) as a function of z,,,s. The dimensions
of silicon nitride membrane: =25 pm, ¢,,=1.5 pm, t,—0.4 pm and ¢,=0.2 pm.

The lumped electrical attraction force, F,, generated by an applied voltage, V;,,

is determined in terms of x,,,s by using the expressions in [78| and [57| as follows:

L dC

m

Fe(‘/finaxrms) - (222)

2k dTpms
where C'is the capacitance between the two electrodes. The capacitance, C', between

the electrodes of a CMUT is calculated as follows:

27 a
C://,Ldrde (2.23)
/) th — x(r)

where ¢} =t, +1;/e, with €, being the relative permittivity of the insulation material.
For a deflected CMUT in the uncollapsed state, (2.23) is evaluated between 0 and

a as a function of z,,,, as follows:

eomra’atanh < M)

/
tg

\/ VB Ty

C = (2.24)
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Figure 2.6: Mechanical restoring force (solid) and electrostatic attraction forces
(dashed) when the bias is 50, 100, 150 and 200 Volts as a function of x,,,s. The
dimensions of silicon nitride membrane: =25 pm, t,=1.5 pum, ¢;=0.4 pm and
t,=0.2 pm. The intersection point of the curves is the static equilibrium position,
when the atmospheric pressure is neglected.

The derivative of the capacitance with respect to displacement is given in [78] as:
dC eoma’ C

dxrms 2t;§xrms <1 _ \/gxrms) M

5
t 3 xrms
g9

(2.25)

for the uncollapsed state. The capacitance of a collapsed membrane, on the other
hand, can be determined numerically by dividing the profile into rings and using
parallel plate approximation on each ring. The capacitance for the collapsed state is
expressed by fitting a fourth order polynomial to the capacitance curve as a function
of the displacement measure. The derivative is taken simply by taking the derivative

of the polynomial approximation.

The electrostatic attraction force on a membrane is a function of the applied

voltage as well as the position of the membrane. In the uncollapsed state, F is given
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Figure 2.7: Displacement profiles calculated by electrostatic FEM simulations (solid)
and by Timoshenko’s plate deflection under uniform pressure (dashed) for a silicon
nitride membrane with a=25 pm, ¢,,=1.5 pym, ¢,=0.4 pm, ¢t,=0.2 pym for different
values of bias. The atmospheric pressure is neglected.

in (2.22). In the collapsed region, we fit a third order polynomial to the nonlinear
function and find corresponding coefficients g, a7, as and as of the polynomial.

Hence we express F, as:

Eq. 2.25,  Zyns < %

1 ) rms = /g

Fe(‘/ina xrms) = %‘/Zi 3 " ty (226)
nZ:OOéTLIrm57 Lrms Z E

The electrostatic attraction force, F, is not only nonlinear but also discontinuous
at the point where the membrane touches the substrate, since there is a sudden
change in the derivative of the capacitance at that point. The calculated F, ()
for different voltages are plotted in Fig. 2.6 as a function of rms displacement along

with the restoring force curve which was also depicted in Fig. 2.5.
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Figure 2.8: The electrostatic attraction and mechanical restoring forces of a silicon
nitride membrane with a=30 pm, ¢,,=1.5 ym, ¢,=0.2 pm, ¢,=0.2 um for different
values of DC bias as a function of x,,,;. The atmospheric pressure is neglected.

Although a closed form expression of deflection as a function of applied voltage
cannot be determined, a numerical solution is possible by determining the intersec-
tion of the nonlinear electrostatic attraction and mechanical restoring force curves.
The intersection points in Fig. 2.6 give the static equilibrium displacement points.
Therefore the deflection profile caused by the applied voltage is approximated by
a deflection caused by a uniform pressure. In Fig. 2.7, the profiles calculated by
the proposed method are compared to the profiles obtained by electrostatic FEM
simulations for the same bias values of Fig. 2.6. The good agreement justifies the

assumption we made above.

We depicted the restoring and attraction forces around the collapse point in
more detail in Fig. 2.8 for a CMUT with different dimensions. As seen in this figure,
for voltages less than collapse voltage, the electrical force curve intersects with the
linear portion of the restoring force curve. As the applied voltage is increased from

31 to 45 V| the static displacement follows the intersection points, 1, 2, 3, 4 and
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8. We note that at 42 V, the electrical and restoring force curves are tangential
to each other. Increasing the voltage further will result in a new intersection point
in the nonlinear region of the restoring force curve in the collapsed region. At
45 'V, for example, the new static equilibrium point is the point 8. Therefore,
as the voltage is increased from 31 to 45 V, the static displacement follows the
points 1, 2, 3, 4 and 8. The intersection points signified by squares are the unstable
solutions of the membrane displacement. On the other hand, if we reduce the voltage
starting from 45 towards 31 V, the static equilibrium displacement will follow the
intersections in the nonlinear collapsed region of the restoring force curve, i.e., the
points, 8, 7, 6 and 5. For voltages less than 34 V, the electrostatic force curve
does not intersect with the nonlinear region of the restoring force curve. At 31 V,
the static equilibrium displacement is the point 1. Therefore, as the voltage is
decreased from 45 to 31 V, the static displacement follows the points 8, 7, 6, 5 and
1, demonstrating the well known hysteretic behavior of CMUTs.

While our model predicts the collapse and snap-back voltages as 42 and 33 V,
FEM simulations calculates the same voltages as 42 and 29 V, respectively. The
difference in the value of the snap-back voltage is attributed to the variation in the
membrane profile around the snap-back point, because we always use the profiles
generated by a uniformly distributed load. The smallest rms displacement of a
collapsed membrane is achieved when the membrane barely touches the substrate.
At this state the rms displacement is equal to ~ 89.5 nm for this example. As seen
in Fig. 2.9, FEM can handle smaller displacements just before snap-back, which
indicates different profiles from that is generated by a uniformly distributed load
are calculated by FEM.

In Fig. 2.9, x,,,s as a function of applied voltage is shown in comparison to FEM
simulation results. The error between the rms deflections and the electrostatic FEM
simulation results is within 1% of each other except for voltages in the close vicinity
of the snap-back. While previously developed models in the literature are valid for
voltages less than the collapse voltage only, our method can predict the deflections
before and after the collapse of the membrane. In addition, the model is capable of

predicting the hysteretic behavior of snap back as well.
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Figure 2.9: RMS displacement of a silicon nitride membrane with a=30 pm,
tm=1.5 pm, t;=0.2 pym, t,—0.2 pm as a function of applied voltage. The displace-
ments calculated by our method (dashed) are compared to FEM simulation results
(solid). The effect of the atmospheric pressure is neglected.

In the previous analysis, whose results are depicted in Fig. 2.6 — 2.9, atmospheric
pressure on the membrane was neglected. In order to include the effect of the
atmospheric pressure, a constant force should be added to the electrostatic force.
Both the electrostatic force and the atmospheric pressure act against the restoring

force of the membrane. The force generated by the atmospheric pressure, Fj;,, is:
1 2
Fom(Trms) = —FPoma (2.27)
K
where Fj is the atmospheric pressure.

The displacement of an uncollapsed or collapsed CMUT membrane under uni-
form pressure excitation, and coefficients of the polynomials in (2.19), (2.21)
and (2.26) were calculated by parametric MATLAB codes.



Chapter 3

Nonlinear Equivalent Circuit Model

Using the force and deflection expressions acquired in Chapter 2, we will develop
an equivalent circuit models for transmit mode of operation of CMUTs. The circuit
model will handle the nonlinear operation of a CMUT in the collapsed state while

successfully modeling the CMUT in uncollapsed state.

3.1 Through Variable: Velocity

Most of the equivalent circuit modelling efforts since Mason, used average velocity
of the membrane (v,,,) as the through variable in the circuit. The choice of aver-
age velocity as the through variable is problematic with some higher mode CMUT
velocity profiles, because it may give zero lumped velocity resulting in an infinite ra-
diation impedance. In addition, the kinetic energy expression given in (2.15) shows
that when average velocity is chosen to be the through variable, the mass of the
vibrating plate should be increased by a factor of 2. An increased mass, in order
to calculate the kinetic energy correctly is not physical. Choosing rms velocity as
the through variable, on the other hand, predicts the kinetic energy correctly when
the exact mass of the vibrating structure is used. Such approach provides a more
physical understanding to the equivalent mass-spring model. Use of rms velocity,

however, requires the forces to be scaled by 1/k as shown in (2.17) in order to

22



CHAPTER 3. NONLINEAR EQUIVALENT CIRCUIT MODEL

Mechanical (rms) Mechanical (avg) Equiv. circ.
Urms Vavg = %Urms Ty
Trms Tavg = %xrms Gz
Fatm (xrms) "QFatm Vatm (QI)
Fe(‘/im xrms) HFe(‘/im xavg) Ve(‘/im QJ:)
Fr(Zrms) KE (Zavg) Vi (qz)
m K2m L,,
Z, K2Z, Z,
1 1 1 .
>m vfms 3 K2m vgvg 5> Lm Zg
f(Fatm+Fe'Fr) dxrms f R(Fatm+Fe'Fr) dxavg f(‘/;ztm+‘/e"/1“) dQI

23

Table 3.1: Equivalence between mechanical and electrical quantities.

calculate the potential energy stored in the membrane correctly.

The circuit simulations in this thesis were performed by using the rms velocity
as the through variable. Therefore, in the previous chapter, forces were defined
including the division by x. For completeness, circuit parameters for both convention
will be calculated in this chapter and are given in Table 3.1. The rms displacement
was defined in (2.5), where the integration limits were chosen from 0 to a even if the
membrane is collapsed with a contact radius of b. Therefore during the calculation

of the circuit parameters the same integration limits will be employed.

3.2 Modelling Transmitting CMUT

In the equivalent circuit, v,.,s will be represented by the current, i,, and x,.,,s will
be represented by the charge, ¢,. The forces acting on the membrane are functions
of the displacement, as discussed in the previous chapter. In order to calculate the
rms displacement or charge ¢,, the current passing through the circuit, should be
integrated over time. A current controlled current source connected in parallel with
a capacitor integrates the current on the capacitor. The voltage on the capacitor
gives the rms displacement of the membrane when the current of the controlled
current source is equal to the current passing through the equivalent circuit and the

value of the capacitor is 1 Farad.
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V(Va) Vi) |
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Figure 3.1: Equivalent circuit model for simulating the transmitting behavior of
CMUTS under any excitation. V,(g,) stands for the series mechanical capacitance
in Mason’s equivalent circuit model. V. (Vj,,q,) represents the force generated at
the mechanical side of the Mason’s model. The shunt input capacitance of Mason’s
model is ignored, since we assume that CMUTs are driven by a voltage source. The
controlling variable, ¢, is calculated by integrating the state variable, i, on a 1F
capacitor, which is not depicted in this figure.

3.2.1 Static Deflection

The forces acting on a CMUT membrane, mechanical restoring, electrostatic at-
traction and atmospheric forces are modelled in the electrical equivalent circuit as

controlled voltage sources connected in series as illustrated in Fig. 3.1.

The electrical excitation is represented by a time-varying voltage source, Vi, (t).
The electrical force acting on the membrane is a function of the input voltage and
membrane position. Therefore, F,(Vi,, T ms) is modelled by a voltage and charge
controlled nonlinear voltage source, V. (Vi,, q;). Using the definition of the electrical
force in (2.26), we define the controlled voltage source by replacing rms through

variables with charge, ¢ .

The forces, F,.(%;ms) and Fg,, are represented by charge controlled nonlinear
voltage sources, V,(q,) and Vi, (q.), respectively. Similar to V,, the displacement

measure, Tqyg O Tpms 1S replaced by charge, g,.

The controlled sources representing atmospheric and electrostatic attraction

forces should reinforce each other. Restoring force, on the other hand, should be
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connected with a reversed polarity acting against the previous two.

Our model replaces the linear circuit components of Mason’s equivalent circuit
in order to handle the collapsed state of the CMUT membrane. The mechanical
capacitance in the Mason’s model is inherently represented by the charge controlled
nonlinear voltage source, V,.s(¢.). The use of the electro-mechanical transformer of
Mason’s model is performed by the charge and voltage controlled nonlinear voltage
source, Vi (Vin, ¢z). The remaining components, L,, and Z,., are identical to that of

Mason’s model and will be discussed next.

3.2.2 Membrane mass

Similar to the Mason’s equivalent circuit model, we will represent the mass, m of
the membrane by a series inductor, L,,. When the rms through variable is used, the
value of the inductor is equal to the mass of the membrane, since the kinetic energy

of a membrane is modelled correctly by the rms velocity convention.
Ly, =m = ptyma®>  For rms convention. (3.1)
where p is the density of the membrane material.

When the average velocity is chosen as the through variable in the circuit, the
value of the inductor is the mass multiplied by x? in order to model the kinetic

energy of the membrane correctly:

L,, = k*m = k*pt,,ma®* For average convention. (3.2)

3.2.3 Radiation resistance

The loading of the immersion medium will be modelled with the radiation
impedance, Z,, whose value is equal to the lumped across variable, force at the
surface of the membrane divided by the through variable, v,,,s. Z, of a circular
CMUT membrane for the uncollapsed mode was calculated earlier [67]. It was

shown that when a > A, the imaginary part of the radiation impedance vanishes
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and the real part of the impedance approaches to ma?pgcy where X is the wavelength
in the immersion medium, py and ¢y are the density and the speed of sound in that
medium, respectively. This is a good approximation for membranes that are at the

center of a large array.

We do not have the Z, expression for the collapse mode CMUTs. In this thesis,
we assume that the radiation impedance of a collapsed membrane with radius, a and
contact radius, b (as in Fig. 2.2) can be approximated by the radiation impedance
of a piston ring transducer with outer radius, a and inner radius, b. The radiation
impedance of such a ring transducer was computed by Stepanishen [82]. It was shown
that the radiation impedance of such a transducer approaches to pycy product times

the area of the ring for large ka values.

Z4b,a} = w(a® — b*)poco for a > A (3.3)

In (3.3), the notation {b,a} denotes the boundary where the computation of the
radiation impedance is conducted. In this thesis, however, we defined the circuit
parameters over the entire circular membrane, not only the vibrating ring segment
between radii b and a. Hence, the circuit variables, lumped force, F' and lumped
velocity, v.n,s must be identically defined for every component of the equivalent

circuit model.

The radiation impedance of a piston ring transducer with outer radius, a and
inner radius, b was calculated as follows [82]:
F{b,a}

Zying{b,a} = m

(3.4)

Since the deflections are defined as a result of a uniform force throughout the

membrane surface, lumped force, F' between b and a and 0 to a are equal:
F{b,a} = F{0,a} (3.5)

The through variable of the equivalent circuit, rms velocity, is calculated as follows:

2r a

1
Urms{0,a} = w ﬁ//rﬁ(r)drde
00
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since z(r) =0 for 0 < r < b,

a

1
v? {0,a} :—/27rwrx2(r)dr

ma?
b
m(a® —v?) 1 )
:mﬁ/%rwrx (r)dr

(@ - )

2, {0,a) =2

v2 Ab,a} (3.6)

wa?
where v,.,5{b, a} is the through variable in (3.4). Evaluating (3.3), (3.5) and (3.6)
in (3.4), the radiation impedance of a piston ring transducer in terms of the equiv-
alent circuit variables is,

a2
(=)
Zring{0,a} = pocoma’ for a > A (3.7)

Zring{07 CL} - Zring{b7 CL}

Therefore the radiation impedance of a CMUT membrane for large ka is real and
equal to pocoma? for both uncollapsed and collapsed cases when the through variable

is rms velocity and defined from 0 to a:

Z, = pocoma’ for a > A (3.8)

The radiation impedance expression in (3.8) is valid when the membranes are
fully loaded by the medium. This condition is true for the membranes at the center
of a large array. The condition is also true for a membrane in a rigid baffle as in
the case of FEM simulations, which model the coupling medium by a fluid column
with rigid boundaries. This is a suitable model for a membrane at the center of an

infinite CMUT array, when there is no lateral displacement of the fluid.

The condition of validity above is not easily satisfied for typical CMUT cells.
For a fabricated CMUT array the membrane dimensions are much smaller than the
wavelength and not all the membranes are at the center part of the array. Therefore,
the equivalent radiation impedance is somewhat lower. The radiation impedance
for such an array of CMUT membranes was calculated by Senlik et.al. [67] for the

uncollapsed state. It was shown that for an array of cells with a total array radius,
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A, between A/3 and A, the equivalent radiation impedance for the whole array is

approximately half of the value given in (3.8):

1
Z, = §7Ta2p00 for A\/3 <A< A (3.9)

When the average velocity is used as the through variable in the equivalent
circuit, the radiation impedance calculated above must be multiplied by x?, similar

to the inductor representing the mass of the membrane.

3.2.4 Results

We tested the results of our equivalent circuit model by comparing them to FEM
simulations and experimental results. A description of the utilized FEM model
can be found in Appendix A. The material parameters used in the FEM and
circuit model were chosen to be identical to the material parameters of the sili-
con nitride film we will use during the fabrication. These parameters are given in
Table A.1 of Chapter 4. The equivalent circuit was simulated using LTSpice! cir-
cuit simulator. LTSpice is a public domain software and can be downloaded from

http://www .linear.com/designtools/software.

The effect of any electrical excitation between the CMUT electrodes, can be
simulated by defining the excitation at the controlling voltage source, Vj, of the
circuit in Fig. 3.1. The acoustical force output of the CMUT is the voltage across
the radiation resistance, V,,;. The average acoustical pressure at the surface of a
CMUT, P,,; can be calculated by converting the rms force output to average force
by using the correction factor, x in (2.19) and dividing the force by the membrane

area:

‘/out

Pyt = (3.10)

!Linear Technology Inc., CA, USA.
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Figure 3.2: Comparison of the calculated average pressure output using FEM (solid)
and equivalent circuit (dashed) simulation results, when CMUTSs are excited by 120,
160 and 200 V negative pulse on equal amplitude bias. The rise and fall times of the
pulses are 20 ns and the pulse width is 40 ns. The simulated CMUT has a silicon
nitride membrane with a=30 uym, ¢,,—1.4 pm, t,—0.4 pm, t,—0.2 pm resulting in a
collapse voltage of ~35V.

3.2.5 Comparison of the Equivalent Circuit Model to FEM

For a demonstration of the large signal capability of the circuit model, we applied
electrical pulses to a CMUT with amplitudes much greater than its collapse voltage.
The resulting pressure amplitudes calculated by the equivalent circuit simulations
are plotted in Fig. 3.2 along with the FEM simulation results. In the equivalent
circuit, we used the radiation impedance expression given in (3.8), since in the
FEM simulations we modelled the coupling medium by a fluid column with rigid

boundaries.

The peak-to-peak amplitudes of the transmitted pressure waves were predicted

within 3% and the pulse width of the prominent cycle was estimated within 5%
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Figure 3.3: Normalized spectra of the calculated acoustic pulses in Fig. 3.2.

accuracy in the worst case. During the pulse cycle, the membrane was first released
and then collapsed back to its initial position. Since the membrane has a non-zero
kinetic energy at the time it reaches its initial position, it oscillates at a high fre-
quency for a while before it stabilizes. This behavior was predicted by the equivalent
circuit model. The low frequency oscillation seen in the FEM results, however, is
a spurious oscillation as a result of rigidly defined stand regions and the lossless

nature of the simulation.

The normalized transmission spectra of the CMUT, for two different excitations
are shown in Fig. 3.3. The frequency spectra of the pressure waveforms calculated by
the circuit model (dashed) and the FEM (solid) are in good agreement especially at
the low frequency end. The deviation at the higher end is less than 6% in frequency.

Developed equivalent circuit model gives information about the membrane move-

ment as well. We can extract information such as the contact radius, b, of a collapsed
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Figure 3.4: Variation of the contact radius, b, as calculated by FEM (solid) and
equivalent circuit simulation (dashed) as a function of time, when a CMUT is excited
by negative 100 V (A) and 200 V (B) pulses on a bias with equal amplitude. The
applied signals are depicted at the top. The simulated CMUT has a silicon nitride
membrane with a=30 pm, t,,=1.4 pm, t,—0.4 pm, t,—0.2 pm.

membrane during a pulse cycle. The variation of b as a function of time is plotted
in Fig. 3.4, when the membrane was excited with large electrical signals. As seen
in the figure, the membrane does not lose contact with the substrate during the
short pulse cycles, even though the input voltage was decreased to 0 V. Even so,
more than 7 MPa peak-to-peak radiated pressure at the surface of the CMUT is
possible using a 200 V pulse. If the duration of the pulse is increased, eventually
the membrane is released from the contact. The variation of the contact radius for

pulses with different widths are depicted in Fig. 3.5.

In Fig. 3.5, variation of the contact radius during different pulse cycles are de-

picted when the electrical pulses are applied to the CMUTs with same membrane
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Figure 3.5: Variation of the contact radius, b, as calculated by FEM (solid) and
equivalent circuit simulation (dashed) as a function of time, when a CMUT is excited
by 200 Volts pulses with different widths on a bias with equal amplitude. The applied
signals are depicted at the top. The simulated CMUT has a silicon nitride membrane
with a=30 pm, ¢,,—1.4 pym, ¢;,-0.4 pm, t,—0.2 pm.

dimensions used in Fig. 3.4. The difference seen in the contact radii calculated by
FEM and circuit model can be attributed to the approximation of voltage generated
deflection profiles by uniform pressure generated profiles. The circuit model is a
lumped parameter simulator, whereas contact radius, b is a distributed parameter
dependent heavily on the deflection profile of a collapsed membrane. Nevertheless,

the results of the simulation tool are useful, for understanding CMUT behavior.

As a further demonstration of the electrical model we calculated the instanta-
neous displacement of a membrane collapsed due to the atmospheric pressure. Pulses
of different amplitudes were applied to the CMUT. A rising voltage step collapses

the membrane further to the substrate increasing x.,.,,s. The falling voltage step
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Figure 3.6: Variation of x,,,s as calculated by FEM (solid) and equivalent circuit
simulation (dashed) as a function of time, when the CMUT is excited by 10 ns rise
or fall time pulses with 100 V (A) and 200 V (B) amplitudes. The simulated CMUT
has a silicon nitride membrane with a=30 pm, ¢,,—2 pm, t,—0.4 pm, t,—0.16 pm
resulting in a collapsed state under atmospheric pressure.

releases the membrane to its initial position. The variation of the membrane dis-
placement was calculated by FEM simulations under the same electrical excitations

and the results are depicted together in Fig. 3.6 for comparison.

In Fig. 3.7 we plotted the generated pressure under a fixed voltage step as a
function of gap height. For gap heights larger than 420 nm, the membrane does not
go into the collapsed state and a pressure of 0.25 MPa is obtained. On the other
hand, for a gap height of about 60 nm, a collapsing membrane generates a pressure
output of 4 MPa. Note that with such a small gap height CMUTs have a collapse
voltage less than 10 Volts.
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Figure 3.7: Peak pressure output of a CMUT array with a step excitation as a
function of the gap height as found from the electrical equivalent circuit. The input
step has an amplitude of 100 V and 10 ns rise and fall times. Considered membranes
has a=30um, t,,—=1.4pm and ¢;—0.4pum with varying ¢,.

3.2.6 Comparison of the Model to Experiment

We compared the results of the equivalent circuit simulations to experimental results
obtained from fabricated devices. Tested array has 11 by 11 cells with 5 ym spacing
with a grid distribution resulting with a 67% fill factor. The aperture size is 0.71 mm
by 0.71 mm. The fabrication process of the array is discussed in Chapter 4. During
the curcuit simulations, we used the radiation resistance expression in (3.9), since
a<< XAand A =~ )\ at 5 MHz. Although, the positive cycles of the output pressure
waves are well predicted by the equivalent circuit simulations, the negative cycles are
not. The difference may be attributed to frequency independent radiation resistance

assumption.
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Figure 3.8: Comparison of the equivalent circuit simulations (dashed) to experimen-
tal results (solid). The CMUTSs used in the experiments have a=30 pm, ¢,,=1.4 pm,
t,=0.2 pm and t,—0.4 pm. They are excited with signals of 120 and 160V negative
amplitudes on equal amplitude DC biases.

In order to achieve a higher accuracy for predicting the response of a complete
array, a more accurate radiation impedance model is needed. First, the radiation
impedance of a single ring transducer as a function of the contact radius or lumped
displacement should be determined. Here the deflection profile of a collapsed mem-
brane should be used. The resulting radiation impedance should be utilized for the
calculation of the mutual impedances between two collapsed membranes. Finally,
the radiation impedance of a single membrane and the mutual radiation impedances
should be combined to achieve the radiation impedance of a complete array of CMUT
membranes. This procedure is applied to uncollapse mode CMUTSs in [67] and can

be used to calculate the radiation impedance seen by CMUT arrays of any size.



Chapter 4

Fabrication of CMUTs

Several micro-fabrication methodologies were utilized in the past for the production
of CMUTs. The first CMUTs [1] utilized a silicon dioxide sacrificial layer process.
Later, other sacrificial layer processes [4,17,18| were developed for creating the cavity
structure. More recently, an alternative method, wafer bonding technology [10,25],
has been utilized for producing suspended membrane structures. The assessment
of the advantages and disadvantages of CMUT microfabrication technologies is not
on the scope of this thesis. Nevertheless, here in this chapter of this thesis, we will
detail the fabrication process we developed and used at Bilkent University, for future

reference.

We used a surface micromachining technology similar to that in [17] utilizing a
chromium sacrificial layer and silicon nitride dielectric deposited by a Plasma En-
hanced Chemical Vapor Deposition (PECVD) system'. A flowchart of the fabrica-
tion process is depicted in Fig. 4.1. Film characteristics deposited by this PECVD
reactor is given in Table 4.1. We performed a 3" wafer process on highly doped
(< 0.005 Q-cm) n-type silicon wafers?. The thickness of the membranes is constant
for the CMUTs on the same wafer. CMUT cells with radii from 20 gym to 50 pm
were fabricated on arrays sized 700 gm by 700 pm and 1 mm by 1 mm.

'VAKSIS Ltd. Sti., Ankara, TURKEY.
2Silicon Quest International Inc., CA, USA.

36
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Gold Electrode
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Figure 4.1: Fabrication flow of CMUTs performed at Bilkent University, using a low
temperature (250°C maximum) surface micromachining technology.

4.1 Bottom Electrode

We chose to utilize no ground electrode metal and fabricated the devices on top of
a highly doped silicon substrate. This choice increases the parasitic capacitances,
especially on the pad regions; however, it is the simplest way and increases the
yield immensely. The fabrication process was started with a ~330 pum thick, low
resistivity (<0.005 Q-cm), n-type 3" prime silicon wafer. This low resistivity wafer is
the ground electrode for the whole wafer and provides one of the electrical terminals

for the CMUTs. Thinner wafers with similar electrical properties could be used in
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Material Parameters of SiN,,

Young’s modulus, £ 110 GPa
Poisson’s ratio, v 0.27

Dielectric permittivity, e, 5.4

Density, p 3.1 g/cm?
Intrinsic Stress, T’ ~ 20 MPa Tensile

Table 4.1: Silicon nitride properties used in fabrication process.

order to shift the acoustical resonance of the substrate to higher frequencies. The
wafers were cleaned thoroughly using a standard RCA? clean for 10 minutes before

the process.

4.2 Sacrificial Layer

No isolation layer was used between the silicon wafer and the sacrificial layer. There-
fore sacrificial layer deposition for defining the cavity is the first operation performed
on the cleaned wafer. A chromium layer was used as the sacrificial layer. Chromium
was chosen because of its low surface roughness and good etch selectivity to silicon
nitride membrane layer in chromium etchant solution. Therefore during the long

release step, the membrane is not damaged because of the chemicals.

The thickness of the chromium layer determines the gap height, therefore affects
the collapse voltage of the device. For defining the cavity ¢, nm thick chromium
was sputtered? and photolithographically patterned as the sacrificial layer. For
patterning the sacrificial layer, we used a commercially available chromium etchant,
CR-7S°.

3RCA Solution: (1:1:5) NH;OH:H502:H20 at 80°C.

4Sputtering is performed on Chromium target with 125 Watts RF power and 250 sccm Argon
flow. With this process parameters, the deposition speed is ~ 3/s.

5Cyantek Inc.,Freemont, CA, USA.
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SiN, Deposition

Temperature 250°C
Power 9 Watts
Pressure 1000 mTorr
%2 SiH, in H, 200 scem
NH; 4 sccm

He 50 sccm

Ny 75 sccm
Deposition speed | ~ 10 /s

Table 4.2: Low stress (~20 MPa tensile) silicon nitride deposition conditions in
VAKSIS PECVD reactor.

4.3 Insulation Layer

To prevent any defects or contamination in the membrane, a cleaning step in Pi-
ranha® solution for 10 minutes was performed on the wafer before deposition of the
silicon nitride. The chromium sacrificial layer is chemically resistant to Piranha

solution.

A silicon nitride film with a thickness of ¢; was deposited as the insulation layer
using the PECVD system. The thickness of the insulation layer is determined con-
sidering the largest voltage to be used on CMUTs as discussed in Section 5.3.

Since the insulation layer is deposited after the sacrificial layer formation, it is
a part of the suspended membrane. Therefore, the internal stress of the silicon
nitride film must be minimum to prevent deformation and cracking on the released
membrane. A film with approximately 20 MPa tensile intrinsic stress was deposited

using the process conditions given in Table 4.2.

4.4 Top Electrode

The top electrode can be fabricated anywhere on top of the cavity. It can be either

at the bottom or at the top of the membrane; or sandwiched between silicon nitride

6Piranha Solution: (1:3:2) HySO4:H204:H,0 at 100 — 120°C.
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Figure 4.2: A micrograph of a CMUT cell during fabrication after top electrode
deposition. The CMUT cell in the micrograph has 40 pum radius. Two smaller
circles connected to the cell are the regions for the etch holes, where the chromium
etchant enters the cavity during release step.

layers forming the membrane. We chose to deposit the top electrode before the
membrane is released, in order to perform the patterning on a rigid surface for

increasing the yield of the process.

The material for the top electrode was chosen to be gold. Gold has good electrical
conductivity and is resistant to oxidation and chemicals used during the long release
step. The only drawback of gold is its poor adhesion to silicon nitride. In order to
improve the adhesion, a thin layer of titanium was used at the top and at the
bottom of the electrode. A stacked layer of Ti/Au/Ti (15 nm/150 nm/15 nm)

was thermally evaporated on the previously patterned wafer. For patterning the
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Figure 4.3: A micrograph of a CMUT cell during the release step. The CMUT cell in
the micrograph has 30 pym radius. Two smaller circles connected to the cell are the
etch holes, where the chromium etchant enters the cavity during release step. Notice
that etched and remaining parts of the chromium layer are clearly seen around the
etch holes.

wafer, AZ5214E image reversal photoresist of Microchemicals” was used. After the
thermal evaporation step, the top electrodes were patterned by lifting-off the residual
metallization in acetone. For removing any residual metal or photoresist, the sample
was immersed in acetone and vibrated in an ultrasonic bath for 5 minutes and
thoroughly rinsed. A micrograph of a lifted off top electrode layer is depicted in

Fig. 4.2. In this particular example a full coverage top electrode is depicted.

"Microchemicals GmbH, Ulm, Germany
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SiN, Etching

Power 150 Watts
Pressure 33 pbar
SFg 27 scem
O, 3 scem
Etch speed | ~30 /s

Table 4.3: Process conditions in RIE for etching silicon nitride.

4.5 Membrane

Approximately 1 pm of silicon nitride on top of the sacrificial layer was deposited
before the release step in order to ensure a successful release step. Therefore, we
deposited a second layer of silicon nitride after top electrode formation. During the
second deposition step, approximately 400-600 nm of silicon nitride was deposited
using the same low stress process conditions given in Table 4.2. This additional layer
of silicon nitride protects the top electrode from the chemicals used in the release

step and provides ease of release without stiction.

4.6 Release

The membrane is suspended by etching the chromium underneath the silicon nitride
layer. To allow the chromium etchant to reach the sacrificial layer, small holes were
drilled on silicon nitride using a reactive ion etching (RIE) reactor as seen in Fig. 4.3.
We designed our photomasks such that each CMUT cell has its individual etch holes
and etch channels in order to speed up the release process and increase the yield
during the sealing step. The size of etch holes were 2 — 5 yum in diameter. The
process conditions of the RIE for silicon nitride etching is given in Table 4.3. The
chromium sacrificial layer acts as an etch stop for the RIE process. We used the
image reversal photoresist, AZ5214E for patterning the etch hole structures, in order

to use a light field mask and provide easier and better alignment.

The release process was performed using the chromium etchant solution, CR-7S,

which has very good etch selectivity to silicon nitride [17]. After 3-12 hours, when
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CMUT Membrane

-

Etch Channel
Etch Hole

Figure 4.4: An SEM image of the cross section of an etch hole. The platinum mask is
deposited by FIB while cross-sectioning the etch hole and it is not a part of CMUT.

all the chromium in the cavity was etched away, the wafers were rinsed in deionized
wafer for an extra hour in order to get all the chromium etchant out of the cavities.
The release duration depends on the cavity and etch hole size. The micrograph in
Fig. 4.3 is a snapshot of the release process after a few minutes, where the etched

and remaining parts of the chromium layer are clearly seen around the etch holes.

In the release process, it is expected that each membrane is released from the
substrate and suspended. However depending on the size of the membrane, the thick-
ness of the cavity and the intrinsic stress of the membrane nitride, we faced problems
suspending the membranes after the wafer was dried off. Some of the membranes

were not released and were stuck to the substrate, which is a well known phenomena
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Figure 4.5: An SEM image of the cross section of a fabricated CMUT cell with a
radius of =30 pum and a thickness of 1.8 ym. The gap height is 80 nm.

called stiction for surface micromachined suspended MEMS structures [83,84|. The
problem for CMUTs is due to the adhesion of membrane surface to the substrate
when the restoring force of the membrane is unable to overcome the capillary and van
der Waals forces during the dry-off process. In the case where a methanol bath was
used for an extra hour before drying, this problem was less since the adhesion force
is smaller in the case of methanol. The best way to deal with this problem, however,
is using a critical point dryer. We used a critical point dryer system® (Autosamdri-
815B) after the release etch step, if the gap height is small ({, < 150 nm) and the

membranes are large (@ > 30 pm).

4.7 Sealing

In order to prepare the CMU'Ts for immersion experiments, the etch holes were sealed
by depositing a final layer of silicon nitride, using the same deposition conditions in

Table 4.2. After this last deposition, the membranes reach their final thickness of

8Tousimis Inc, Rockville, MD, USA.



CHAPTER 4. FABRICATION OF CMUTS 45

HY mag WD det curr st 01 110 | —
500kV|3000x|52mm|ETD|0.11 nA UNAM

Figure 4.6: A SEM image of a fabricated CMUT array with full electrode coverage
top electrodes. Sealed etch holes are seen at the corners of a CMUT cell.

t,n. The thickness of this last silicon nitride film should be at least twice the gap
height in order to ensure a successful sealing. A successful sealing can be seen in

Fig. 4.4, where a cross section of an etch hole is depicted by a focussed ion beam.

4.8 Contact Pads

Finally, for removing the silicon nitride layer over the bond pads, an RIE process
was performed using the process conditions listed in 4.3 and a thick photoresist as

the etch mask. The process was stopped, when silicon and Ti/Au/Ti layers were
reached. As the final step, a stacked layer of Ti/Au/Ti (15nm/150nm/15nm) was
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thermally evaporated on the previously patterned wafer and lifted-off in acetone for
achieving more reliable bonds. This final deposition does not require an additional
mask or photolithography step, since the photoresist previously laid for etching can

be used for metal evaporation.

The electrical connections to the electrodes are achieved using contact pads con-
nected to arrays. The size of the pads was chosen to be 200 ym by 200 pm. The
separation of the pads are 200 pym in order to comply with the probe station re-
quirement. Fig. 4.5 depicts a scanning electron microscope (SEM) image of the cross
section of a fabricated CMUT cell with full top electrode coverage. The thickness of
the membranes is 1.8 pym over a 80 nm of gap. Other preparation steps for immer-
sion experiments are discussed in Appendix B. The scanning electron microscopy

image of the cell as a part of an array is seen in Fig. 4.6.



Chapter 5

Deep Collapse Mode

The radiated pressure output from a CMUT when it is excited by an electrical pulse
is related to the forces acting on the membrane during the pulse cycle. During
any unipolar pulse excitation, the membrane movement can be investigated in two
parts: collapse and release. In the following analysis we investigate the electrical
and mechanical forces acting on a CMUT membrane during the collapse and release
parts of a pulse cycle. The membrane deflection profile and the forces acting on the
membrane, which were investigated in Chapter 2, are used for understanding the

energy transfer of a CMUT to the medium.

5.1 Energy Delivered from a Transmitting CMUT

In the following analysis, we use the average displacement, z,,, as the lumped
displacement measure in order to calculate the stored energy, £, in a deflected
CMUT membrane correctly without a correction term as seen in equation (2.17).
The mechanical energy stored by a deflected membrane is released to the immersion
medium when the voltage across the membrane becomes zero. The stored energy
can be calculated by integrating the restoring force of the membrane with respect to
average displacement to find the area of the dark shaded region in Fig. 5.1. For this

example, the area is calculated as 0.63 nJ . The displacement and the mechanical

47
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Figure 5.1: The electrical attraction force (dashed) at a bias of 200 V and the
mechanical restoring force (solid) as a function of average displacement, x,,,. The
membrane has a radius of 30 um and a thickness of 1.4 ym. The buried electrode
covering the full surface is 0.4 pm away from 0.2 pm thick gap.

restoring force have a linear relation in the uncollapsed region. When the membrane
touches the substrate, the relation becomes highly nonlinear and the amount of

energy stored in the membrane increases faster compared to the uncollapsed region.

When a high voltage is applied across the electrodes of a membrane, a part of
the input electrical energy is stored as the mechanical energy while another part
is delivered to the immersion medium due to the membrane motion. Since the net
force applied to the medium is the difference between the electrical and restoring
force curves, the energy transferred to the medium can be found using the integral
in (2.16), which is equal to the area between the two curves. This area corresponding

to an energy of 2 nJ is shown as the light shaded region in Fig. 5.1.

Using the analytical expressions, we calculate the total energy released from a
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Figure 5.2: Delivered energy during the release (solid) and collapse (dashed) parts
of a unipolar pulse cycle. CMUT parameters: a = 30um, t,, = 1.4pm, t, = 0.2pm,
t; = 0.4pm.

membrane during a pulse cycle for different bias voltages. The energies delivered
to the medium during the collapse and the release parts are shown in Fig. 5.2
as two separate curves as a function of applied voltage. Clearly, more energy is
delivered during the collapse part as compared to the release part of the pulse cycle.
The difference increases as the pulse amplitude is increased further. We note this
asymmetry does not exist for the uncollapsed operation when the membrane acts

like a linear spring.

The effect of the collapse mode on the output pressure is striking as pointed out
in the previous studies [52-54]. Moreover, increasing the voltage beyond the collapse
voltage increases the radiated energy considerably in both collapse and release parts
of a pulse cycle. We call this operation the deep collapse mode, where the nonlinear
forces are utilized during the transmission cycle, well beyond the collapse point. We

should note that this mode is effective if we have a full-coverage top electrode. For
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Figure 5.3: Measured peak-to-peak pressure at the surface of the CMUTs when
excited by a 40 ns long, 5-V pulse while the bias is being monotonically increased
(circles) and monotonically decreased (diamonds). CMUT parameters: a = 30um,
ty, = 1.4pm, t, = 0.2pm, ¢; = 0.4um.

the case of a partial electrode, the membrane cannot store any more energy once

the contact radius (b in Fig. 2.2) is equal to the electrode radius.

For the demonstration of the use of deep collapse mode for high transmit effi-
ciency, we use fabricated CMUTs on a transmission experiment setup with a cal-
ibrated hydrophone. The details of the fabrication process is discussed in Chap-
ter 4 and the experimental setup is demonstrated in Appendix B. A 40 ns pulse
with 5 Volts amplitude is applied to the CMUT array while the DC bias is varied.
The measured peak-to-peak pressures are plotted in Fig. 5.3. The circles are the
measured peak-to-peak pressure values while the DC bias voltage is monotonically
increased and the diamonds are the pressure values when the bias is monotonously
decreased. The hysteretic snap-back behavior of the CMUT can be clearly seen

in this figure. A transmit sensitivity of more than 40 kPa/V is measured when a
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Figure 5.4: Simulated peak-to-peak pressures at the surface of a CMUT when excited
by a 40 ns long negative pulses while the pulse amplitude is monotonically increased
for half electrode and full electrode coverage. The pulse is applied on top of an
equal amplitude DC bias. CMUT parameters: a = 30um, ¢,, = 1.4um, t, = 0.2pm,

t; = 0.4pm.

95 Volts bias is used as compared to 20 kPa/V at the edge of snap-back. With a par-

tial electrode coverage, e.g., 50% coverage [53|, the transmitted pressure amplitude

saturates for bias voltages higher than a certain value, since the electrode region of

the membrane fully collapses when that voltage is reached and increasing the voltage

does not provide more force. The effect of the electrode coverage is investigated in

the following section.
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Figure 5.5: Experimental results of the transmission experiments performed on fab-
ricated CMUT arrays. Different curves indicate the pressure output of different
arrays with different ring shaped electrode coverage. CMUTs are excited by 40 ns
long negative pulses while the pulse amplitude is monotonically increased. The pulse
is applied on top of an equal amplitude DC bias. CMUT cell dimensions: a = 30um,
tm = L4pm, t, = 0.2pm, ¢; = 0.4pum.

5.2 Electrode Coverage

The effect of the electrode coverage on the output pressure is tested using the FEM
simulations and experiments. In Fig. 5.4, the results of the FEM simulations show
that maximum pressure from a CMUT cell can be achieved using full top and bottom
electrode coverage. The superiority of full electrode coverage over partial coverage
can be seen in the figure. The pressure generated by CMUTs with half electrodes
saturate, however CMUTs with full electrode coverage can still respond to increased
pulse amplitude. Electrode coverage can be smaller than 100% of the active mem-
brane region and the output pressures can still be high enough if the electrodes cover

the center region and the remaining uncovered parts are at the edges, where there
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Figure 5.6: An optical micrograph of a fabricated CMUT array. The ring shaped
top electrode has 50% inner radius. at 121 cells (11 by 11) each with a radius of
a=30 pm and a cell to cell separation of 5 um. The aperture size is 0.71 mm by
0.71 mm and the fill factor is 67%.

is little contribution to electrostatic forces. Nevertheless, it is best to fabricate the

top electrode covering the full surface of the moving membrane.

One may argue that, the efficiency of a CMUT can be increased by utilizing
a ring shaped top electrode covering the sides of the CMUT membrane, in order
to reduce the capacitance at the center portion of the CMUT since, during the
collapse mode of operation the center portion of the membrane stays in contact
with the substrate. We have fabricated CMUT structures with different electrode
coverage at the sides of a CMUT membrane. A micrograph of a fabricated CMUT
array with ring shaped top electrodes is seen in Fig 5.6. For the same membrane
dimensions, the transmitted pressure waveforms from different arrays are recorded

using a calibrated hydrophone as described in Appendix B. The results are depicted
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in Fig. 5.5, which indicate the most efficient transmission is achieved using a full
electrode coverage. The electrode coverage in the figure is defined using the inner
radius of the ring shaped top electrode. The membrane can be collapsed using a
smaller electric potential when a full electrode coverage is utilized, therefore a larger
portion of the available voltage is used to deflect the membrane in the collapsed state.
A half electrode coverage, which is optimal [21] for the non-collapsed operation, is

not preferable for the collapse and deep collapse modes.

At the remaining part of this chapter, full electrode coverage is used on the
fabricated devices, or full electrode coverage is assumed at the FEM and equivalent

circuit simulations, unless otherwise is explicitly indicated.

5.3 Insulation Layer Thickness

One critical parameter for a CMUT cell is the insulation layer between the electrodes,
which should be thick enough to withstand the high electric fields, and should be thin
enough to maintain most of the field in the vacuum gap. In this thesis, the insulation
layer is chosen to be silicon nitride, which has a typical dielectric breakdown field,
Ey of 1000 V/pm [85]. The transmitting circuitry in a typical application of
CMUT, has a fixed maximum available voltage, V;,... The thickness of the insulation

layer should be chosen with a safety margin in order to withstand V4.

In Fig. 5.7 and Fig. 5.8, negative and positive pressure pulses calculated by
the equivalent circuit simulations as a function of pulse amplitudes are depicted,
respectively. Different curves in the figures represent insulation layers with different
thicknesses. For a thicker insulation layer, higher maximum voltage amplitude is
used. For a fixed maximum voltage, the pressure generated by a collapsing or
releasing voltage step increases as the insulation layer thickness is decreased as seen
in Fig. 5.7 and Fig. 5.8. In order to keep a safety margin, we choose the thickness of
the insulation layer to have a dielectric breakdown voltage, Vi, of 2V,,... In other

words, the electric field across the insulation layer does not exceed 500 V/pum.
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Figure 5.7: Equivalent circuit simulation results of the negative pressure amplitude
of the transmitted acoustic signal when the CMUT cells are excited by a collapsing
voltage step, with respect to the amplitude of the step for different insulation layer
thicknesses.

Above results show that, if there is a voltage limit, 200V for example, the insula-
tion layer thickness, ¢; must be at most 0.4 pym for maximum pressure output. The
value of the insulation layer thickness should be chosen during the design stage and
according to the maximum available voltage and maximum allowable electric field.
For this example, 0.4 um thickness can be easily calculated using the maximum
voltage of 200V divided by the half the dielectric strength value which is 500 V/pm.
The results are also valid when different insulation materials or maximum operating

fields are chosen.
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Figure 5.8: Equivalent circuit simulation results of the positive pressure amplitude
of the transmitted acoustic signal when the CMUT cells are excited by a releasing
voltage step, with respect to the amplitude of the step for different insulation layer
thicknesses.

5.4 Rise and Fall Times

Effect of the rise and fall times of a pulse excitation have been determined by
using equivalent circuit simulations. The results of the simulations are depicted in
Fig. 5.9. +200 V and —200 V collapsing and releasing parts of a pulse are applied
to a CMUT, respectively with varying rise and fall times. A +200 V causes the
membrane to collapse and it is called as the collapsing voltage step. The rise time
of the collapsing edge is not critical up to 40 ns in this example. A reasonable rise
time for the collapsing edge can be chosen for high pressure output, such as 25 ns. A
—200 V causes the membrane to be released and it is called as the releasing voltage

step. The fall time of the releasing step is very prominent and should be chosen
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Figure 5.9: Peak pressure of the transmitted acoustic signal when the CMUT cells
are excited by a collapsing (dashed) and releasing (solid) voltage steps, with respect
to the rise (dashed) and fall (solid) times of the applied step. CMUT cell dimensions:
a = 30um, t,, = lum, t, = 0.2pm, ¢; = 0.4pum.

very short regardless of the operating frequency of the membrane.

In the remaining part of this chapter, the rise and fall times of the pulses are
chosen as 10 ns, for the sake of simplicity. It should be noted here that faster fall

times for a pulse excitation would result higher pressures.

5.5 Pulse Width

Usually an acoustic pulse is generated using and electrical pulse comprised of the

collapsing and releasing voltage steps as defined in the previous section. The pulse
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Figure 5.10: Peak-to-peak pressure amplitude of the transmitted acoustic signal
when the CMUT cells are excited by a collapsing /releasing voltage steps with respect
to the pulse width for voltage amplitudes of 100 V (dashed) and 200 V (solid).

width is the delay between the collapsing and releasing voltage steps. In Fig. 5.10,
extracted peak-to-peak pressure values from two different CMUT cells using equiv-
alent circuit simulations are depicted as a function of the pulse width. It is seen
from the figure that an optimal pulse width should be utilized in order to achieve a
pressure waveform with maximum amplitude. In the remaining part of this chapter,

the optimum amount of pulse width is determined and used in all the simulations.

5.6 Pulse Polarity

The order of the collapsing and releasing voltage steps is critical for the acoustical

pulse shape. In Fig. 5.11, two different pressure waveforms are depicted, which are
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Figure 5.11: Average pressure as a function of time emitted from a CMUT cell
for collapsing and releasing voltage steps in opposite orders. The amplitude of the
voltage steps is 200V and the pulse width is chosen to be optimum for maximum
pressure transmission. CMUT cell dimensions: a = 30pm, t,, = 1pym, t;, = 0.2pm,
t; = 0.4pm.

obtained by driving the CMUT cell with the same pulse amplitude, but in opposite
collapse/release order. For the releasing voltage step, the stored mechanical energy
is radiated into the medium as a positive pressure waveform. The membrane is
accelerated by high restoring forces and the force acting on the membrane decreases
as the membrane is released. Once the membrane transfers its energy to the medium
its velocity drops. Therefore a damped waveform is transmitted into the medium.
However, in the collapsing voltage step, the electrical forces are low at first and
increases with the increasing displacement. Therefore, at the DC stable point the
membrane still has high velocity and kinetic energy, which result in an underdamped

waveform and ringing. Therefore a collapse/release cycle would result in a better
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behaving waveform as seen in Fig. 5.11. In addition, the excess energy at the end of
the collapsing step can be used advantageously for the releasing step, if the width
of the electrical pulse is chosen optimally as discussed in the previous section. This
extra energy would result in higher acoustic pressure levels for the collapse/release
cycle. A release/collapse cycle, on the other hand, results in shorter acoustical pulses
due to high electrical attraction forces at the end of the pulse cycle. In the following
sections of this chapter, collapse/release cycle is utilized in the simulations; however,
we should note that a release/collapse cycle would result in similar pressure levels

and center frequencies.

5.7 Radius and Thickness

In this section, the effect of the membrane dimensions, i.e. radius, a and thick-
ness, t,,, on the pressure output of a CMUT is explored. In order to make a fair
comparison, a parameter, v is defined that will represent the depth of collapse op-
eration. v is simply the ratio of the peak amplitude of the input excitation pulse,

Vinaz, to the collapse voltage of the membrane, V,,:

Vmaa:
‘/col

v = (5.1)

A higher v generates a higher contact radius and a higher lumped displacement
during the collapsed state. In Figs. 5.12 and 5.13, the effect of the parameter ~
on the average peak-to-peak output pressure for different CMUT cells is depicted
using the results of the equivalent circuit simulations. The applied electrical signals
to the CMUT cells in the simulations are 100 V and 200 V pulses with optimum
pulse widths as discussed in Section 5.5. The rise and fall times of the pulses are
chosen to be constant and 10ns. The insulation layer’s thickness, ¢; is chosen to be
200 nm and 400 nm respectively, using the value of V,,,, and Ej,.; as discussed in

Section 5.3. For different curves in the figures, different values of v are used.

The pressure output that is generated by CMUTs is a strong function of mem-
brane dimensions. Highest peak-to-peak pressure amplitudes are achieved using

higher v values. On the other hand, output pressure amplitudes do not change
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Figure 5.12: Calculated peak-to-peak pressure amplitude of the transmitted acoustic
signal when the CMUT cells are excited by a positive pulse of 100V in amplitude,
with the optimum pulse width using the equivalent circuit simulations. The pressure
levels are depicted for different values of collapse voltages. In the simulations the
gap height is chosen to be 100nm (top) and 200nm (bottom).
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Figure 5.13: Calculated peak-to-peak pressure amplitude of the transmitted acoustic
signal when the CMUT cells are excited by a positive pulse of 200V in amplitude,
with the optimum pulse width using the equivalent circuit simulations. The pressure
levels are depicted for different values of collapse voltages. In the simulations the
gap height is chosen to be 100nm (top) and 200nm (bottom).
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much after the v value of 5. For values less than 5, output pressure of a CMUT cell
decreases quickly. Therefore, the pulse amplitude should be greater than 5 times
the collapse voltage in order to achieve high output pressures, which we call the deep
collapse mode of CMUTs. In addition, the dimensions of the membrane should be

chosen such that maximum pressure output can be achieved.

In most cases, high pressure output is not enough to satisfy application specific
requirements. The center frequency of the generated pulse is also an important
parameter that should be considered. In Figs. 5.14 and 5.15, center frequency of
the generated pulses for plotting Figs. 5.12 and 5.13 respectively, is depicted as a
function of the membrane dimensions and for different v values. As expected, the
center frequency of the pressure pulse increases with the increasing pressure output.
However, the center frequency changes faster than the pressure output, which is
a useful property for designing CMUT cells generating high pressure pulses at a
desired center frequency. The use of these figures will be demonstrated using design

examples in Section 5.9.

5.8 Gap Height

Figures 5.14 and 5.15 show that the effect of the gap height is very prominent
on the adjustment of center frequency of the generated pulse. The change of the
peak-to-peak pressure and the center frequency of a pressure pulse generated by
electrical pulses with 100V and 200V amplitudes are depicted in Figs. 5.18 and 5.17
as a function of membrane dimensions and for different gap heights. The thickness
of the insulation layer is calculated using V.., and Ej; as 200 nm and 400 nm,
respectively. A low collapse voltage value is chosen for all simulations in order to
achieve high ~ values and therefore high amplitude acoustic pulses. As expected,
the center frequency of the pulse decreases with increasing gap height. Therefore,
gap height is a parameter that would determine the speed of the membrane during
the deep collapse mode of operation. Unfortunately, the pressure generated by a
CMUT also decreases with the increasing gap height. Nevertheless, the dependency

is weaker when compared to the center frequency case.
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pulse width. The results are calculated using the equivalent circuit simulations for
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A similar trade off between the pressure amplitude and the center frequency can
be achieved by changing the maximum available voltage, V,,.. Acoustic pulses with
lower center frequencies are achieved by decreasing the voltage, however the pressure
amplitude drops dramatically in this case. Increasing the gap height for decreasing
the center frequency of the pulse is a better approach. Therefore it is best to use

higher voltages for high pressure outputs and larger gaps for lower frequency pulses.

One may require high amplitude acoustic pulses with low center frequencies.
Then maximum available voltage and the gap height should be increased at the
same time. In Fig. 5.18, pressure amplitude and center frequency of the generated
pulses are depicted when gap height and pulse amplitudes are increased together.
This way it is possible to maintain high acoustic pressures for lower frequencies at
the expense of high voltages. These designs, however, would require thick insulation

layers or materials with higher dielectric breakdown.

5.9 Design Examples

The parameters discussed in this chapter for achieving a high pressure output from
CMUT cells with a specified frequency band can be best understood by the use of
design examples. This way a method is carried out for designing the dimensions and

electrical signals to be applied for specific electrical and acoustical requirements.

As a first example, suppose that there is a need of a pressure pulse signal with
as high as possible amplitude with a spectrum around 10 MHz using an electrical
excitation with a maximum amplitude of 100V. The rise and fall times of applied
electrical pulse should be as fast as possible for higher output pressures as discussed
in Section 5.4. For this specific example, rise and fall times of the electrical pulse
are selected as 10 ns. We chose to use a positive polarity electrical pulse in order to
generate a collapse-release cycle. A full electrode coverage for both top and bottom

electrodes is needed for maximum pressure output.

The maximum voltage to be applied across the electrodes is limited by the re-

quirements and is equal to 100V. So, the insulation layer’s thickness is determined
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Figure 5.19: Simulated acoustic pulse (top) and its spectrum (bottom) by the de-
signed CMUT with dimensions: a = 8lum, ¢,, = Sum, t, = 0.1um, ¢; = 0.2pm.
The electrical excitation is a 100V pulse with 22 ns pulse width; and 10ns rise and
fall times.
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to be 200 nm. This thickness would be enough to withstand 100V electric potential.

After determining the insulation layer’s thickness, the gap height of the mem-
brane for achieving the high pressure output at the desired frequency spectrum
should be chosen. Using Fig. 5.14 it is seen that 200 nm of gap is too large for
achieving 10 MHz center frequency. Choosing smaller gaps increases the electrical
forces acting on the membrane and in return increases the pressure output. There-

fore for this specific example the gap height is chosen to be 100 nm.

Using the top plot in Figs. 5.12 and 5.14 the a/tm ratio is chosen to be equal
to 16. Using the same plots, it is seen that; in order to achieve a center frequency
of 10 MHz and maintain high pressure amplitude; the v parameter should be 13.
Therefore, the collapse voltage of the membrane should be 7.6V since V4. is 100V.
A membrane with the a/tm ratio of 15 and the collapse voltage of 7.6V must be

5 pm thick and have a 81 pm microns radius.

Finally, the optimum pulse width is determined using the equivalent circuit sim-
ulation. For this particular example, the optimum pulse width is found to be 22 ns.
In Fig. 5.19 simulated acoustic pulse (top) and its frequency response (bottom) are
depicted. It is seen that the designed CMUT transducer is capable of transmitting
acoustic pulses with a peak-to-peak amplitude close to 10 MPa, and a spectrum

around 10 MHz as required using an electrical pulse with 100 V amplitude.

As a second example, suppose that there is a need of a pressure pulse signal
with an amplitude as high as possible and a spectrum around 25 MHz, using an
electrical excitation with a maximum amplitude of 100V. Similar to the previous
design example, rise and fall times of the pulse are chosen to be 10 ns for the
100 V pulse. V;,q of 100 V and the breakdown field determines the insulation layer
thickness to be 200 nm.

The gap height of the membrane should be chosen next, for achieving the desired
frequency spectrum. Using Fig. 5.14 it is seen that 100 nm of gap is too large for
achieving 25 MHz center frequency at 100V. Choosing a smaller gap, increases the
electrical forces acting on the membrane and in return increases the center frequency

and the pressure output. For this example, the gap height is chosen to be 70nm.
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Figure 5.20: Simulated acoustic pulse (top) and its spectrum (bottom) by the de-
signed CMUT with dimensions: a = 42um, t,, = 2.3pum, t, = 70nm, ¢, = 0.2pm.
The electrical excitation is a 100V pulse with 10 ns pulse width; and 10ns rise and
fall times.
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Using Figs. 5.12 and 5.14, a/tm ratio is chosen approximately 18. Using the
same figures, it is seen that; in order to achieve a center frequency of 25 MHz and
maintain high pressure amplitude; + should be around 15. Therefore the collapse
voltage of the membrane should be 6.7 V. For achieving this collapse voltage and

a/tm to be 18, the membrane must be 2.3 ym thick and has 42 pym radius.

Finally, the optimum pulse width is determined using the equivalent circuit sim-
ulation. For this particular example, the optimum pulse width is found to be 10 ns.
In Fig. 5.20 simulated acoustic pulse (top) and its frequency response (bottom) are
depicted. It is seen that the designed CMUT transducer is capable of transmitting
acoustic pulses with a peak-to-peak amplitude close to 11 MPa, and a spectrum

around 24 MHz as required.

5.10 Experiments

For testing the deep collapse operation, 40 ns pulses with different negative am-
plitudes are applied to the CMUTs. The applied bias voltage is changed and the
negative pulse amplitude is always kept equal to the DC bias. For example, in the
case of 160 Volts of bias, a pulse with negative amplitude pulls the bias to 0 for
40 ns and brings back to 160 Volts. Transmitted peak-to-peak pressure values are

measured and plotted as a function of the applied pulse amplitude in Fig. 5.21.

Increasing the delivered energy may improve the power delivered to the medium,
but there is no simple relation between them. To determine the pressure output the-
oretically, we need to solve the dynamic problem involving the membrane mass, the
radiation impedance of the immersion medium, and the nonlinear spring constant
of the membrane excited by a position dependant force as in the case of equivalent
circuit simulations. In this chapter we use FEM simulations to handle this non-
linear problem in the time domain. The results of the simulations are depicted in
Fig. 5.21. In FEM simulations the loading medium is defined as a water column on
a rigid baffle. This would model the medium correctly for a CMUT in the center

region of a large array. Since the CMUT array in the experiments has a finite size,



CHAPTER 5. DEEP COLLAPSE MODE 74

7 T T T T T T T T

—-@— Experiment ‘ ‘ ‘ ‘ o
6 |-m- FEM ]

4
’
5 n’ -
’
’
’

w EaN
u
i

N

Peak-to—peak Pressure (MPa)

0 20 40 60 80 100 120 140 160
Pulse Amplitude (V)

Figure 5.21: Measured peak-to-peak pressure output at the surface of full-electrode
CMUTs (solid line) when excited with a pulse of varying negative amplitude on top
of an equal amplitude bias. FEM simulation results (dashed lines) are shown for
comparison.

the difference between the FEM simulations and the experimental results can be

attributed to the inaccurate modeling of the loading effects.

The measured pressure waveform when the CMUTs are excited by negative 160 V
pulse on top of 160 V bias is depicted in Fig. 5.22 along with the waveform obtained
with FEM simulations. During experiments a peak-to-peak pressure more than
3.5 MPa is measured at the surface of the CMUTs using this excitation. When
the membrane is in contact with the substrate, a charge build-up occurs in the
insulation layer. The charging phenomenon is a known issue and studied for CMUTs
earlier [25,86-89|. The amount of charge in the insulation layer is determined by

applying a bias voltage until the small signal output pressure becomes minimum.
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Figure 5.22: Measured (solid) and simulated (dashed) pressure waveforms at the
surface of the CMUTs when the transducers are excited with a 40 ns long, negative
160 V pulse on top of 160 V bias. The experiments and simulations are performed on
the CMUT with cell dimensions: a = 30um, t,, = 1.4pm, t;, = 0.2pm, t; = 0.4pum.

This bias voltage is then used as a correction value for the DC bias voltages reported.
Pulses with larger amplitudes have not been applied to the CMUTs due to charging
and dielectric breakdown considerations. The measured waveform compares well

with the FEM and equivalent circuit model simulations.

The positive cycle of the pressure waveform has a smaller amplitude and lasts
longer, while the negative cycle is larger in amplitude and faster in the time axis.
Transmitted pressure waveform obtained experimentally in Fig. 5.22 has a fractional
bandwidth of 106% between 3.2 MHz and 10.4 MHz, which is depicted in Fig. 5.23.
Note that the silicon substrate mode at 12.5 MHz is out of the transmission band

since the silicon wafer is approximately 330 pm in thickness.

The calculated electrical and restoring force curves indicate that higher voltages
maintain higher forces acting on the membrane for both the collapse and release
parts of a unipolar pulse cycle (see Fig. 5.1). During a release/collapse pulse cycle,

first the stored mechanical energy is radiated into the medium as a positive pressure
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Figure 5.23: Normalized transmission spectrum of the waveform in Fig. 5.22 gener-
ated en excited with 40 ns long, -160 V pulse on top of 160 V bias.

waveform followed by a negative pressure. The dynamics of a membrane during
such an excitation is discussed in Section 5.6. As discussed, the ringing following
the pressure waveform is observed in the circuit simulations and FEM simulations
as seen in Figs. 3.2 and 5.22, respectively. In the experimental results, the ringing
of the membrane is harder to identify because of the substrate ringing. But with
careful examination two harmonics in the first couple of rings can be identified.
The lower frequency oscillation, which lasts longer, is the substrate ringing with
~80 ns period. The higher frequency oscillation is the membrane ringing, which has
~40 ns period. Approximately 40 ns ringing period of the membrane measured in

the transmitted pressure waveform in Fig. 5.22 is consistent with the FEM result.



Chapter 6

Capacitive Micromachined

Underwater Transducers

Applications such as medical imaging, high intensity focussed ultrasound, intravas-
cular ultrasound, airborne acoustics, microphones and nondestructive evaluation
attracted attention for possible use of CMUTs. The operational frequency range in
focus has been mainly between 1 MHz to 30 MHz. Recently, potential of achieving
a large bandwidth and high efficiency from CMUTs attracted more applications at
lower frequency bands. Recent studies show that airborne CMUTs can achieve a
high transduction efficiency and bandwidth around 50 KHz [48].

Acoustical energy has been used underwater for commercial, scientific and mil-
itary applications. In lower frequency range (1 kHz — 100 kHz), acoustical systems
are utilized underwater and on surface platform applications, i.e., navigation sys-
tems, active and passive sonar transducers, seismic and environmental observation
systems. In the higher frequency range the applications are more limited due to the
higher attenuation underwater, which makes such applications are restricted in short
ranges. Most common practices are purse seining, Doppler Sonars and underwater

imaging systems.

In underwater acoustic applications, achieving a high acoustical power during the

transmit cycle and a high sensitivity during the receive cycle in a large bandwidth is

7
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b () | J, (KFz) [ a (mm) | 7, (um) | £ (umn)
A 380 84.9 4 4 —4.2 0.5
B 380 54.8 5 4—4.2 0.5
C 380 38.2 6 4—4.2 0.5

Table 6.1: Physical dimensions of underwater CMUTs.

not an easy task. In the case of building an array of transducers, building transmit
and receive elements along with the required interconnects to the dedicated transmit
and receive circuitry is another challenge. For low frequency applications production
of thin transducers is also a difficult task. We believe CMUTs can provide solutions
to those problems, since they offer properties such as wide bandwidth, ease of array
fabrication and integrating the dedicated electronics along with the transducers,
thanks to the microfabrication techniques utilized during fabrication. Recent studies
show that high power outputs can be obtained and high receive sensitivities can
be achieved using CMUTs. CMUT’s large bandwidth, high sensitivity, low cost
fabrication and ease of integration with electronics make it a good candidate for an
underwater transducer. However, extra care should be exercised in order to utilize
the full merit of the CMUTs. Especially, nonlinear behavior during transmit mode

should be taken into account.

6.1 Designing an Uncollapsed Mode Underwater

Transducer

We have designed, fabricated and tested CMUTs as underwater transducers. Single
CMUT membranes with three different radii and 380 pm of thickness are fabricated
for the demonstration of an underwater CMUT cell. The results of the underwater
measurements are reported and compared with those obtained from an equivalent

circuit model.

In principle, CMUTs work with a fixed DC bias generating a static force deflect-
ing the membrane. Therefore, any external static force changes the operating point

of the device. Underwater hydrostatic pressure affects the operation of the CMUT
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Figure 6.1: Conductance graphs of single cell CMUTs as calculated using the equiv-
alent circuit simulations for CMUT dimensions given in Table 6.1.

membranes. In this study, we limit ourselves to the design CMUTs operating at
a depth of 0-2 m. We have designed three different sized CMUT cells (A, B and
C) for operation underwater. The gap height of the transducers is chosen in order
to achieve a reasonable operating voltage under 250 V for cell B. A highly doped,
low resistivity silicon wafer is used as the membrane. A thermally grown silicon
dioxide layer is used as the insulation layer between top and bottom electrodes of
the CMUT. The insulation layer should be thick enough, in order to prevent an elec-
trical breakdown. The dielectric strength of the thermally grown oxide is typically
~1000 V/ pum. The thickness of the isolation layer is chosen to be 500 nm in order
to maintain 250 V of operation voltage. The physical parameters of the designed
CMUT cells can be seen in Table 6.1, where f, is the airborne resonance frequency

of the membrane.

The conductance graphs of the single cell CMUTSs are calculated using the equiv-
alent circuit model developed in [57]. Each cell is simulated by applying 100 V

peak-to-peak sinusoid on 50 V DC bias. The conductance curves are calculated by
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Figure 6.2: Fabrication flow of underwater CMUTs performed at Bilkent University,
using an anodic wafer bonding technology.
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taking the ratio of the current and voltage of the driving source. In addition to the
single cell CMUTs, we have designed an array consisting of B type cells. We have

packed a total of 26 cells on a 3" silicon wafer.

6.2 Fabrication

For the fabrication of the underwater CMUT transducers, we have utilized anodic
wafer bonding technology. Anodic bonding is used to bond a silicon wafer to a
borosilicate wafer using proper pressure, electric field and temperature. A borosil-
icate wafer has mobile ions at the bonding temperature in order to maintain the
migration of ions and formation of a depletion layer at the interface. In this work

we have used commercially available Borofloat wafers!.

1Silicon Quest International Inc, CA, USA.
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Figure 6.3: A photograph of the transducers after wafer bonding and electrical
contacts are made. Single cell CMUTs (A, B and C) with three different sizes are
seen.

A highly doped, double side polished silicon wafer is used at the membrane side.
The thickness of the wafer determines the thickness of the membrane which is 380 pym
in this case (Fig. 6.2a). First, a gap underneath the membrane of 4.5 um is etched
using a RIE reactor (Fig. 6.2b). A 250 nm of chromium layer is used as the etch
mask during the RIE process. For passivation of the silicon surface 500 nm of silicon
dioxide is thermally grown in a diffusion furnace. The silicon wafer is kept in the
furnace at 1050°C for 1 hour in the presence of adequate water vapor (Fig. 6.2c).
The silicon dioxide at the back side of the silicon wafer is etched using the RIE
reactor (Fig. 6.2d).

Having completed the membrane side, the substrate side is fabricated on a

3.2 mm thick borosilicate wafer (Fig. 6.2e). This wafer is chosen to be quite thick in
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Figure 6.4: Conductances of the CMUT cells A, B and C measured by an impedance
analyzer (HP4194A). The measurements are made with 40 V DC and 1 V peak-to-
peak AC voltage.

order to maintain a rigid substrate. Since the smoothness of the borosilicate surface
is critical for the success of the anodic bonding, the substrate electrode is buried on
the glass wafer (Fig. 6.2f). An image reversal photoresist (AZ5214E) is patterned for
the lift off process. Before the evaporation of the gold electrode, the glass is etched
approximately by the thickness of gold to be evaporated. As the substrate electrode,
5 nm of chromium and 45 nm of gold are deposited by thermal evaporation. The

borosilicate and silicon wafers are cleaned in Piranha solution for 15 minutes.

The prepared wafers are then bonded in a commercially available bonding facil-
ity? using their anodic bonding process (Fig.6.2g). The process has been performed

at 450°C at an ambient pressure of 0.1 pubar. 1000 V has been utilized as the bonding
voltage.

2 Applied Microengineering Ltd., Oxfordshire, UK.
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Figure 6.5: Absolute rms pressure spectra of the CMUTs A, B and C at 1 m. The
results are not compensated for the diffraction losses.

Since the borosilicate wafer is larger than the silicon wafer, the substrate elec-
trical contacts are taken from the exposed surface of the borosilicate wafer. For the
top electrode of the CMUT, an aluminum layer is evaporated on top of the silicon

membrane after the bonding process (Fig. 6.2h).

Although anodic bonding is a mature technology and already used in a large
variety of industrial products, there are still several aspects which should be in-
vestigated [90]. It has been mentioned in the literature that suspended structures
tend to stick to the glass wafer due to the applied bonding voltage [91]. In the case
of CMUTSs, collapse of the membrane is prevented by limiting the bonding current
in order to maintain a voltage smaller than the collapse voltage across the CMUT
cavity. Using limited bonding current and thin metal layers improved the bonding

area and quality.

A photograph of the bonded transducers are seen in Fig. 6.3. Having completed
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Figure 6.6: Recorded pressure waveforms for the cell B for 100V peak-to-peak sinu-
soidal burst excitation at 12.5 kHz and 25 kHz on 50V DC bias.

the microfabrication process steps in cleanroom, electrical contacts to the electrodes
are made using a commercially available silver conductive epoxy Eccobond 83C
(Emerson-Cuming). The transducers are mounted in a slightly larger holder using
Eccobond 45 epoxy (Emerson Cuming). An equal sized 2 mm thick rigid foam disk
(Airex) is fixed at the backside. This way the transducer is terminated by a low
impedance medium at the backside. After the curing, the exposed region of the
aluminum electrode, which is the active area of the transducer is painted in order

achieve electrical insulation for immersion experiments.

6.3 Measurements

Fabricated transducers are first tested in air. The conductances of the transducers

are measured by an impedance analyzer (HP4194A). The measurements are made
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Figure 6.7: Amount of fundamental and second harmonic components at different
frequencies for CMUT cell B when it is excited by 100V peak-to-peak sinusoidal
burst excitation on 50V DC bias.

with 40 V of bias and 1 V peak-to-peak of AC voltage. The conductances of cells
A, B and C are shown in Fig. 6.4.

The details of the experimental setup for the underwater measurements are given
in Appendix B. The amplitude of the applied signal is kept at 100 V peak-to-peak.
A 50 V DC bias voltage is applied in order to keep the excitation unipolar. The
absolute rms pressure spectra of the CMUTs at 1 m are depicted in Fig. 6.5 The
results are not compensated for the diffraction loss and given as normalized to
radiation at 1 m. The differences at the peak pressures of different CMUTs can be
attributed to differences in collapse voltages. Approximately, a 40% bandwidth is
achieved from the cell type B.
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Figure 6.8: Transmitting voltage response (TVR) of a CMUT array of cell type B for
100V and 200V sinusoidal burst excitation on 50V and 100V DC bias, respectively.

Similarly, an array of type B cells has been tested both in air and underwa-
ter. Airborne impedance measurements indicate too many unaccounted resonances.
Nevertheless, when immersed, we were able to achieve 300 Pa rms pressure at 1 m
away from the CMUTs with 100 V peak-to-peak excitation.

During the immersion experiments of cells A, B and C, we have observed small
peaks at the half of the resonance frequency as seen in Fig. 6.5. These peaks are
attributed to nonlinear behavior of CMUTs. The recorded pressure waveforms are
depicted in Fig. 6.6 for the cell B at 12.5 kHz and 25 kHz. As can be seen in the
waveforms, the radiation in the case of 12.5 kHz excitation has a strong component
at 25 kHz. That is because the second harmonic of the 12.5 kHz excitation coin-
cides with the resonance frequency of the cell. In Fig. 6.7, we show the amount of
fundamental and second harmonic components at different frequencies. The second
harmonic component becomes significant only when that frequency is around the
resonance of the cell. These small peaks at half the resonance are also observed in

our equivalent circuit simulations results shown in Fig. 6.1.
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We have fabricated and tested underwater CMUT transducers. The radiation
impedance seen by a single cell is lower than that seen by an array of CMUT cells.
Therefore, the bandwidth of an underwater CMUT array would be larger than
the bandwidths presented. It has been demonstrated that operation of CMUTs
as underwater acoustic transducers is possible and needs further investigation for

optimal use.

6.4 A Deep Collapse Mode Design Example

In addition to the previous discussion about capacitive micromachined underwater
transducers, deep collapse mode operation can be utilized for generating a high
power, high bandwidth pulse from an underwater CMUT. Such a high intensity, high

bandwidth pulse is required for echo-sounders and underwater acoustic imaging.

As a design example, we assume that the required pulse should have a center
frequency of 100kHz. Available voltage for the driving circuitry is limited to 500 V.
So, the insulation layer’s thickness is determined to be 1um, which would be enough

to withstand the maximum field.

After determining the insulation layer’s thickness, the gap height of the mem-
brane for achieving the high pressure output at the desired frequency spectrum
should be chosen. Referring to the discussion in Chapter 5, we should use a large
gap height in order to provide the low frequency operation. In this particular design,

we choose 3 um as the gap height.

For achieving the deep collapse mode for high intensity acoustic pulses, we choose
the parameter 7y as 5. Therefore the collapse voltage of the CMUTs should be around
100V. After a few iterations using the equivalent circuit, we see that the required
a/t,, ratio for this application is 18. Therefore, we calculate the dimensions of the

membrane as 1.4mm radius, 75um thickness.

Finally, the optimum pulse width is determined using the equivalent circuit sim-

ulation. For this particular example, the optimum pulse width is found to be 4.8 pm.
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Figure 6.9: Transient FEM and equivalent circuit simulations for the acoustic pulse
(top) and its spectrum (bottom) generated by the designed CMUT with dimensions:
a=1.4mm, t,,=75um, t,=3pum, t;=1pm. The electrical excitation is a 500V pulse
with 4.8us pulse width.
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In Fig. 6.9 simulated acoustic pulse (top) and its frequency response (bottom) are
depicted. The results of the equivalent circuit simulations are verified with tran-
sient FEM simulations performed on identical CMUTs and electrical excitations.
The good agreement between the FEM and the circuit simulation show that the
designed underwater CMUT is capable of transmitting acoustic pulses with a peak-
to-peak amplitude close to 3 MPa, and a spectrum around 100 kHz as required using

an electrical pulse with 500 V amplitude.



Chapter 7

Conclusions

This thesis focuses on the dynamic behavior of CMUT membranes both in the
conventional uncollapsed and collapsed states. The major purpose for understanding
the physics of membrane movement is to increase the power output capability of
CMUTs. In terms of performance, the limited power output capability of CMUTs

was their major drawback as compared to their piezoelectric rivals.

The static deflection profile of a membrane is the fundamental measure of a
CMUT under any external excitation. In this thesis, we derive the analytical ex-
pressions of the membrane displacement as a function of uniform pressure excitation
for both an uncollapsed and a collapsed circular clamped membrane. The analyt-
ical expressions and FEM simulation results fits perfectly. The deflection by an
electrical excitation, on the other hand, is given by a simple numerical approach
where electrical and mechanical forces work against each other. Forces acting on
a CMUT membrane are given as a function of a lumped membrane displacement
for both uncollapsed and collapsed states. The results of the numerical calculations
and FEM simulation results for electrostatic deflection of a membrane are in good
agreement with 1% of error. The deflection profile in the collapsed state and hys-
teretic snap-back behavior of CMUTs are predicted for the first time other than

FEM simulations by our numerical approach.

We demonstrate that the energy stored and radiated by a CMUT membrane

90
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increase drastically when it is in the collapsed state due to the nonlinear behavior
of the forces. We propose a new operation regime, the deep collapse mode, where
highly nonlinear forces are utilized during the transmission cycle, well beyond the
collapse point. In order to understand the dynamics of this mode, we have developed
a parametric equivalent circuit model for CMUTs and implemented a non-linear
circuit using LTSpice. Exact analytical equations are used to determine the relation
between the deflection of a CMUT membrane and the forces acting on the membrane.
The equivalent circuit includes the effects of membrane mass and the loading of the
immersion medium. The simulation of the equivalent circuit can be completed much
faster than FEM simulations, but the results are within 3% of each other. With an
arbitrary excitation of CMUT, one can deduce the time waveform of the acoustic
signal as well as the instantaneous position of the membrane. The comparison of the
results that are acquired from FEM simulations lasting more than an hour to that
from LTSpice simulations, which take a few seconds, is astonishing. The equivalent
circuit model is a very strong design and simulation tool for CMU'Ts under any
excitation. We note that the accuracy of the equivalent circuit can be improved by

adding a more exact radiation impedance model.

Using the equivalent circuit, we determine the effects of the physical and the elec-
trical parameters of a CMUT operation, in order to achieve the maximum pressure
output at a desired frequency spectrum. In that sense the effects of the insulation
layer, gap height, radius and thickness of the membrane are demonstrated on the
output pressure and frequency spectrum of the radiated acoustic pulse. The pa-
rameters of the electrical pulse applied to a CMUT in order to achieve a maximum
pressure intensity is discussed and clarified. Using the optimization results, design

examples are demonstrated.

Furthermore, the deep collapse mode is demonstrated with experiments per-
formed on fabricated CMUTs. The transmitted pressure waveform from a CMUT
is recorded by a calibrated hydrophone during the immersion experiments. Uti-
lizing higher restoring and electrical forces in the deep collapse region, we measure
3.5 MPa peak-to-peak pressure with 106% fractional bandwidth at the surface of the
transducer when the pulse amplitude is 160 Volts. This pressure output is achieved

with a negative pulse generated by a fast transistor in common-source configuration.
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The experimental results are compared to dynamic FEM simulations. We conclude
that the experimental results are in good agreement with simulations. As discussed,
the output pressure of a collapse regime CMUT with full-electrode coverage can
be further increased by using pulses with higher amplitudes, faster pulse genera-
tors, an optimal pulse shape and higher fill factors. We believe that CMUTs, with
their high transmit power capability in a wide band, become a strong competitor to

piezoelectrics.



Appendix A

Finite Element Method Simulations

The finite element simulations are done using ANSYS FEM Package (v12.1). A 2-D
axisymmetric model of CMUT is utilized. 8-node structural solid (PLANES2) ele-
ments are combined with electromechanical transducer elements (TRANS126) under
the bottom surface nodes of the membrane. A gap value (GAP) and a minimum
gap value (GAPMIN) are needed to generate ground plane nodes and determine
maximum possible deflection before contact. A contact stiffness factor, FKN=1 is
used to overcome convergence problems with a reasonable penetration at contact

interface.

TRANS126 elements do not accept an insulating layer between the electrodes as
in the case of CMUTs. Therefore, GAP and GAPMIN parameters are modified to

perform an accurate simulation. The modified parameters are defined as

ti ti
GAP =t,=t,+— GAPMIN = —
€

T 67’

A static pressure with a value of 100 kPa is applied on all top nodes of the

Young’s modulus, F 110 GPa
Poisson’s ratio, v 0.27
Dielectric permittivity, €, | 5.4
Density, p 3.1 g/cm?

Table A.1: Silicon nitride properties used in simulations.

93



APPENDIX A. FINITE ELEMENT METHOD SIMULATIONS 94

Axis of
4. Symmetry
F)
a >/
2
B -
2mm
FLUID29
Elements
} o Y
m:HHHH PLANE82 ==ttt <>§
¥ i e e e 2 2 Elements p=—t—t—t—t—ttbttts

i -

membrane in order to include the effect of the atmospheric pressure. A fluid loading
is included to the model for simulating the dynamic behavior of the CMUTs. A
fluid column of 2 mm height is created over the membrane using 2-D axisymmetric
harmonic acoustic fluid (FLUID29) elements. The fluid-structure flags are enabled
for coupling the structural motion as an acoustic wave in the medium. In order
to ensure the DC stability, the transient effects are turned off in the first step and
turned on at the rest of the simulation. The total duration of the simulation is fixed

to 1 usec and average pressure is recorded at 1 mm above the membrane surface.



Appendix B

Experimental Setup

B.1 CMUT IC Handling

Fabricated wafers are dices to 1 cm by 1 cm dies using a Disco DAD3220 Dicing
Saw. In order to protect the CMUT dies from the debris of the dicing saw, a thick
layer of photoresist is spun on the wafer and hard baked for 10 minutes at 120°C,

before the dicing operation.

The die to be tested is removed from the plastic holder and cleaned in acetone
bath for 5 minutes in order to get rid of the photoresist laid for protection. Opera-
tional dies are determined by testing electrical properties of CMUTs using a custom
made probe station and a network analyzer (Agilent E5071C) calibrated at the tip
of the probes. A die, if operational, is then placed to a 40-pin ceramic dual-in-line
package (CERDIP) chip holder! with 1 cm by 1 cm cavity as seen in Fig. B.1. For
bonding the CMUT die to the chip holder a commercially available silver conductive
epoxy Eccobond 83C (Emerson-Cuming) is used. Since the silicon wafer has a very
low conductivity due to its high doping, a ground connection has been made through
the back-side of the CMUT die. The ground of the chip holder is later connected to
the ground of the measurement system in order to facilitate a good grounding and

reduce parasitics effects.

ISpectrum Semiconductor Materials Inc., San Jose, CA, USA.
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Figure B.1: A CMUT die bonded to a ceramic chip holder before testing. The chip
holder is soldered to a PCB for external electrical connections.

Electrical connections between the chip holder and the CMUT die are made
using a K&S 4700AD ball/wedge bonder?. The ball bond is made on the die side
and the wedge bond is placed on the gold coated pad of the chip holder. The chip

holder is later solderer to a PCB for external electrical connections.

B.2 Transmit Experiments

Transmit experiments in immersion medium are carried out in a vegetable oil filled
tank (see Fig. B.2) using CMUT arrays as the acoustic source and a calibrated hy-
drophone 1 cm away as the receiver. Vegetable oil has similar mechanical properties
to water, and can be used with electrically unisolated CMUTs, since it is a poor

conductor of electricity.

?Kulicke & Soffa Industries, PA, USA.
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Figure B.2: A schematic of the experimental setup used during the transmission ex-
periments. A calibrated hydrophone (ONDA HGL-0200) with a preamplifier (ONDA
AH-2010) is used for recording the transmitted pressure waveform.

The alignment of the hydrophone with respect to the firing CMUT is done by
maximizing the received signal amplitude using a precision mechanical stage con-
trolling the position of the hydrophone. The CMUTs are driven with a commercially
available pulser (Agilent 8114A) for the small signal experiments and with a fast
NMOS transistor (Supertex TN2640) in common source configuration for the large
signal experiments. All experiments are performed using a LabView control pro-
gram. The bias voltage is applied by a DC power supply (Agilent N5752A). For large
signal experiments, the control software triggers a pulse applied by the HP8114A to
the fast transistor. The amplitude of the applied pulse to the CMUT is controlled
by 8114A. Received acoustical signal by the calibrated hydrophone is transferred to
an electrical signal and recorded by a digital oscilloscope (Agilent DSO6052A) with

50€2 termination.
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B.2.1 Calibration

Pulsed electrical excitations are used in the CMUT transmit experiments, which gen-
erate a pulse shaped acoustical waveform. Since the calibration and loss mechanisms
are functions of frequency, any corrections and conversions should be performed in
the frequency domain and the resulting waveform should then be converted back to
a time domain waveform. Therefore we use the fourier transform of the recorded

electrical waveform in oscilloscope, v(t):

Vi(w) = F{v (1)} (V) (B.1)

The hydrophone is a calibrated receiver. Therefore the received electrical wave-
form at the oscilloscope can be converted to a pressure waveform as if generated at
the CMUT surface by proper conversions and corrections. The conversion from elec-
trical waveform to acoustical waveform requires four correction terms, hydrophone

sensitivity, effect of amplifier load and gain, attenuation losses and diffraction losses.

The hydrophone sensitivity, Hg is a function of frequency, w with the units of
V/uPa. The hydrophone, ONDA HGL-0200, is provided with a sensitivity calibra-
tion between 1—20 MHz into a 50¢2 load. In our experiments we use this hydrophone
with a 20 dB preamplifier, ONDA AH-2010. Because a hydrophone’s sensitivity de-
pends on the electrical impedance of the detector or amplifier it is attached to,
the overall sensitivity should be determined. If the hydrophone and pre-amplifier
impedances are primarily capacitive, as in our case, the overall sensitivity of the
hydrophone system, Hp is written as follows:
Cu

Hr(w) = Ga(w) Hs(w) Cu+Cc+Ca

(V/Pa) (B.2)

where, GG 4 is the preamplifier gain, C'y, Cc and C4 are the input capacitances of the
hydrophone, connector and preamplifier respectively. The hydrophone is connected
to the preamplifier by a right angle SMA connector (ONDA AR-AMAF) with a
capacitance of Cc=1.6 pF. The output capacitance of the hydrophone is C'y=10.3 pF

and the input capacitance of the preamplifier is C'4=7 pF. Therefore the pressure
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generated by a CMUT at the location of the hydrophone, py(t) is calculated as:

lt) = FHPy(w)) (Pa) (B.3)
P) = 4 (B.4)

To find the pressure at the surface of source CMU'Ts diffraction and attenuation
losses are compensated. The diffraction loss of a pressure waveform radiated from
a source with a rectangular shape of size, 24 by 2A is

_d
- Ro(UJ)

Dp(w) (B.5)

where d is the distance to the source and Ry is the rayleigh distance of the source,

which is given in [92] as:

AA? 4APf oA
_ Ay A (B.6)

A Co e

Ro(w) =

Substitution (B.6) to (B.5) the diffraction loss as a function of frequency can be
expressed as:

wdc

Dpw) = 2A2%w

(B.7)

The attenuation in the sunflower oil as a function of frequency is calculated using

the expressions and constants in [93] as:
Ap(w) = e = M5 (B.8)

where attenuation constant, « is defined in terms of the factors A; and n, which are
equal to 5.68 x 102 m~'Hz~! and 1.85, respectively, for sunflower oil. Therefore the
pressure waveform generated at the surface of a source CMUT, p4(t) is calculated

in terms of the received electrical waveform, v(t) in (B.1):

ps(t) = FH{Py(w)} (Pa) (B.9)
DL(UJ)AL((JJ)

P(w) = Puf@) Du(@) A () = V() x =5

(B.10)
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Figure B.3: A schematic of the experimental setup used for underwater experiments
performed at Bilkent University Lake.

B.3 Underwater Experiments

Underwater performances of the CMUT cells are tested in our open water testing
facility on Bilkent University Lake. The a diagram of the experimental setup is seen
in Fig. B.3. CMUTs are driven with multiple cycles bursts of sinusoids amplified
by a power amplifier. The signal generated from the signal source (SRS DS345) is
amplified (20dB) by a power amplifier (Krohn-Hite 7500). The radiated acoustical
energy is detected by a calibrated hydrophone (Neptune D70H).

The frequency response of CMUT cells has been determined by use of testing
software running on LabView. The hydrophone is kept at approximately 1 m away
from the radiating CMUTs. The received signal is corrected with the calibration

data of the hydrophone.
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B.3.1 Calibration

We represent the sensitivity of the hydrophone used in the experiments as a function
of frequency as Hg with the units of decibels relative to 1 V/uPa. Therefore the
source pressure level (SPL) at position of the hydrophone is defined as a function of

pressure:

PTmS
PL =201 B.11
S 0 log (1,uPa) ( )

where, P, is the root mean square pressure generated by the source at the hy-

drophone location with the units of Pascal an is expressed as:

‘/;“ms 1
10Hs/20 X 10Ga/20

Prms = x 1uPa (Pa) (B.12)

Therefore, SPL in terms of the electrical parameters is expressed as:
SPL = 20 log(V;ms) — Hs — G4 (dB re. 1uPa) (B.13)

where V., is the root mean square of the detected electrical signal at the oscilloscope
and G4 is the gain of the amplifier between the hydrophone and the oscilloscope in
decibels. SPL has the units of debicels relative to 1 uPa.

The performance of a source is quantified by the amount of pressure generated
relative to a reference pressure in decibels at a unit distance, which is called the
source level (SL). We shall calculate the sound pressure level at 1 m in order to find

the source level as:

SL = SPL + 20 log(d)  (dB re. 1yPa @ 1m) (B.14)
= 20 log(Vims) — Hs — G 4 + 20 log(d) (B.15)

where d is the distance of the hydrophone to the source in meters as seen in Fig. B.3.

Usually, the performance of a transmitting transducer is quantified by the
amount of pressure generated relative to a reference pressure in decibels at a unit
distance when a unit voltage excitation is applied to the transducer. This quantifi-
cation is called the transmit voltage response (TVR) and can be expressed as follows

using the above expressions:

TVR = SL — 20 log(Vi,) (dBre. 1puPa/V @ 1m) (B.16)
= 20 log(Vims) — Hs — G4 + 20 log(d) — 20 log(Viy,) (B.17)
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where, V;, is the root mean square of the input excitation voltage.

We shall note here that the expressions above are valid for sinusoidal acoustic
and electrical signals. Therefore they can be used for the measurement when a
continuous wave excitation or a burst excitation at the source is utilized. For a
measurement, where there is a pulsed excitation at the source, a correction method

similar to that discussed in Appendix B.2.1 should be used.



Nomenclature

e Attenuation factor

€0 Permittivity of free space

€r Relative permittivity

y Ratio of the maximum of an input excitation voltage to the collapse voltage
K Correction factor due to lumped displacement measures

A Wavelength of an acoustic wave in the immersion medium

v Poisson’s ratio

w Angular frequency

P Density

Po Density of the medium, where CMUT is coupled to

A Total radius of an array of CMUT cells

a Radius of a circular CMUT membrane

Aq Multiplier of the attenuation factor

a; Radial distance of a point force, F; from the center of a circular membrane
A Attenuation loss

b Contact radius of a collapsed CMUT membrane

103
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C Input capacitance of a deflected CMUT cell

Co Input capacitance of an undeflected CMUT cell

Co Speed of sound in the medium, where CMUT is coupled to

Cy  Input capacitance of an amplifier

Ce  Capacitance of the connector between a hydrophone and an amplifier
Cy  Input capacitance of an hydrophone

Cs  Sensitivity of a CMUT receiver

D Flexural rigidity of a CMUT membrane

d Distance between the source and the receiver in an acoustic experiment
Dy Diffraction loss

E Young’s modulus

E;  Kinetic energy of a CMUT membrane

E, Potential energy stored in a deflected CMUT membrane

Ey... Breakdown field of the insulation layer material

F Lumped force on the membrane surface
E, Lumped electrical attraction force on a CMUT membrane
E; Electrical attraction force between the electrodes at a radial distance, a;

F, Lumped restoring force generated by a deflected CMUT membrane
fr Resonance frequency of a CMUT membrane in vacuum

Fatrm Force generated by atmospheric pressure on a CMUT membrane
F,e: Net total force generated on a CMUT membrane

G4 Gain of an amplifier
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Hg

Hr

Ds

P, out

Prms

4z

Ry

Sensitivity of a hydrophone

Sensitivity of a hydrophone including the effects of amplification and loading
Inductance representing the mass of a CMUT membrane in an eq. circuit
Mass of a CMUT membrane

Exponent of the attenuation factor

Uniform pressure over a CMUT membrane

Atmospheric pressure

Spectrum of the pressure waveform at the location of a hydrophone
Pressure waveform at the location of a hydrophone

Spectrum of the pressure waveform at the surface of a CMUT transmitter
Pressure waveform at the surface of a CMUT transmitter

Average acoustical pressure at the surface of a CMUT

RMS voltage recorded by a hydrophone

Charge, which represents the displacement in an equivalent circuit

Radial distance from the center of a CMUT membrane

Rayleigh distance

Intrinsic stress of a mechanical film

Height of the cavity underneath a CMUT membrane, gap height

Effective gap height

Insulation layer thickness between the top and bottom electrodes of a CMUT
Thickness of a CMUT membrane

Velocity of a CMUT membrane
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Uy
Vatm

Vavg

‘/col

Vi
Vma;r
‘/out

‘/rms

/UT‘T)’LS

Lavg

'CET‘T)’LS

Zring
SiN,
SL

SPL

Spectrum of the voltage waveform reccorded by an oscilloscope
Voltage waveform recorded by an oscilloscope

Voltage source representing the force generated by atmospheric pressure
Average velocity of a CMUT membrane

Collapse voltage of a CMUT membrane

Controlled voltage source representing the electrical attraction force
Applied voltage signal to a CMUT

Maximum value of the amplitude of an input excitation voltage
Output voltage, voltage across Z, of the transmit equivalent circuit
RMS voltage recorded by an oscilloscope

Root mean square velocity of a CMUT membrane

Controlled voltage source representing the restoring force
Displacement of a CMUT membrane

Average displacement of a CMUT membrane

Root mean square displacement of a CMUT membrane

Radiation impedance seen by a CMUT

Radiation impedance of a ring shaped piston transducer

Silicon nitride deposited by a PECVD reactor

Source Level of an acoustic source

Source Pressure Level of an acoustic source

Time
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