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Abstract-The electromechanical coupling coefficient is 
an important figure of merit of ultrasonic transducers. The 
transducer bandwidth is determined by the electromechani- 
cal coupling efficiency. The coupling coefficient is, hy defini- 
tion, the ratio of delivered mechanical energy to  the stored 

opcratirig with an electrical input, the electromechanical 
conversion or coupling coefficient relates the amount of 
mechanical energy delivered to the load to the total energy 

in the device: 
total energy in the transducer. In this paper, we present the 
calculation and measurement of coupling coefficient for ca- 
pacitive micromachined ultrasonic transducers (CMUTs). 
The finite element method (FEM) is used for our calcu- 
lations, and the FEM results are compared with the ana- 
lytical results obtained with parallel plate approximation. 
The effect of series and parallel capacitances in the CMUT 
also is investigated. The FEM calculations of the CMUT 
indicate that the electromechanical coupling coefficient is 
independent of any series capacitance that may exist in the 
structure. The series capacitance, however, alters the col- 
lapse voltage of the membrane. The parallel parasitic ca- 
pacitance that may exist in a CMUT or is external to  the 
transducer reduces the coupling coefficient at a given bias 
voltage. At the  collapse, regardless of the parasitics, the 
coupling coefficient reaches unity. Our experimental mea- 
surements confirm a coupling coefficient of 0.85 before col- 
lapse, and measurements are in agreement with theory. 

I. INTRODUCTION 

APACITIVE rnicromachined ultrasound transducers C (CMUTs) have been demonstrated to work efficiently 
for both air and immersion applications [1]-[3]. A CMUT 
consists of inany metalized rneinbranes supportcd above 
a bottom electrode. The metalization on the membrane 
forms the top electrode. When an alternating current (AC) 
volt,age is added to a direct current (DC) bias voltage that 
applied between the clectrodes, a sinusoidal membrane vi- 
bration is obtained. If the biased membrane is exposed to 
an incoming acoustic field, electrical current is delivered 
to an external load. Basically, the CMUT converts electri- 
cal energy into mechanical energy and vice versa. When 

where E,,,,, = Eel,, + Emech. Traditionally, the subscript 
T is often used to define the conversion efficiency for piezo- 
electric transducers clamped in the direction transverse to 
the electric field [4, p. 331. The transducer motion is par- 
allel to the field. This is also the case for CMUTs because 
the membrane moves in the direction of the applied electric 
ficld, and the membrane motion in t,he transverse direction 
is minimal. Therefore, throughout the text, k$ is used to 
denote the coupling coefficient for CMUTs. 

The coupling coefficient is an important parameter be- 
cause it characterizes the transducer. For piezoelectric 
transducers, the transducer bandwidth, for example, is de- 
termined by k2 [4, p. 591. Thus, the evaluation of this pa- 
rameter has attracted the attention of many researchers. 

Hunt [5 ,  p. 1811 calculated k;, for condenser micro- 
phones in which the device is modeled by a parallel plate 
capacitor with a moving top electrode. In this model, a 
spring supports the top electrode and the bottom plate 
is fixed. A bias voltage is applied to the top plate; the 
bottom plate is kept at zero potential. Under the applied 
bias voltage, the top plate is attracted toward the bottom 
plate. This approach neglects the deformation of the mem- 
brane supported at  its rim and assumes the membrane is 
moving like a piston. Senturia [6, p. 1721 also calculated 
coupling coefficient by deriving small signal two-port rep- 
resentation for the parallel plate capacitor. For the parallel 
plate structure, the coupling coefficient is: 

(2) 
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when the bias voltage is zero, and z is the top plate dis- 
placement due to the applied bias. Initially, k$ is zero 
and increases as the displacement increases. When the dis- 
placement equals to one-third of the initial gap distance, 
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Vbisr E,  is the relative dielectric coefficient of the material. The 
series capacitance increases the collapse voltage and the 
membrane displacement at  collapse. Derivations for the 
collapse voltage are given in the Appendix. If there is a 
series capacitance to  the gap capacitance, collapse occurs 

Movable membrane 
op electrode 

when the membrane displacement is equal to one-third of 
the effective gap height which is defined in (4). Therefore, 

.... ........................... 
/ ' 1'4- 1; -~ - 

0 $" if the thickness ( d t )  corresponding to the series capacitance 
is chosen too large such that: 

_I 

( 5 )  
ut 
- > 2do, 
E r  

the capacitor may never go into collapse as the membrane 
d,= d,,,+di - - - Bottom electrode 

will simply touch the substrate at  high voltage, and the 
muimunl achievable k? will be less than 1 for the strut- 
ture. Hence, it is possible to fabricate devices that do not 
collapse but that still poses a k$ value close to 1 by care- 
fully adjusting the series capacitance. As will be shown 

Fig. 1. Parallel plate transducer. The effective dielectric constant 
of the insulation layer and the membrane material is Er, d, is the 
membrane thickness, d ,  is the mulator layer thickness, and & is the 
gap distance under zero bias. 

the electrostatic force gradient is larger than that of me- 
chanical force and the top plate collapses on the bottom 
electrode; at this point k; is equal to 1 [5, p. 1861. Later, 
Eccardt et al. [7] calculated the coupling coefficient and 
investigated the effect of parallel parasitic capacitance for 
CMUTs using the parallel plate approximation. However, 
Eccardt's analysis neglects the spring softening effect [5, 
p. 1811, [6, p. 1681. Due to the electrical field applied on 
the membrane, the apparent small signal spring constant 
is lowered by the electromechanical interaction. The soft- 
ened spring constant is given by [6, p. 1341: 

(3) 

where k3 is the spring constant of the membrane. De- 
tailed derivation for the spring softening is given in the 
Appendix. If the above change (3) is made in the analysis 
of [7], one obtains the same result as in (2) for parallel 
plate capacitors. 

In the above analyses, the membrane is assumed to he 
conducting and the gap is formed between two conduc- 
tors. However, the CMUT membrane usually is made of a 
dielectric material, and the electrode is placed on top of 
the membrane, In addition; there is a thin insulation layer 
covering the bottom electrode. Consequently, the gap is 
formed between the bottom of the membrane and the top 
surface of the insulation layer. The membrane and the in- 
sulation layer make up a capacitor in series with the gap 
capacitance as shown in Fig. 1. The series capacitance is 
independent of the membrane motion; it does not change 
as opposed to the gap capacitance. The effect of the se- 
ries capacitance can be included in the above analysis by 
defining an effective gap distance: 

whcre dt is the total thickness of the dielectric material of 
which the membrane and the insulation layer is made, and 

later, these results also apply to membranes supported at  
their edges. Addition of a series capacitance also has been 
studied in the literature for electrostatic actuators [8]. The 
negative feedback provided by the series capacitance sta- 
bilizes the actuator and enables the moving electrode to 
achieve a larger displacement beyond the collapse limit. 

Recent.ly, Fraser et al. 191 calculated k? for a CMUT 
membrane using a derivation based on Berlincourt [lo, 
p. 691 that relies on the use of the fixed (Cs) and free 
(CT) capacitance of the transducer. This derivation uses 
charge and voltage rather than electrical displacement and 
electric field as in [lo]. The resulting coupling coefficient 
agrees with the Hunt's [5] and Senturia's [6] calculations 
for parallel plate capacitors. The fixed capacitance is de- 
fined as the total capacitance of the transducer at  a given 
DC bias: 

The free capacitance is defined as the slope of the charge- 
voltage curve: 

and the coupling coefficient is given by: 

In this paper, we use Berlincourt's [lo] approach to cal- 
culate the coupling coefficient. First, the validity of the 
finite element method (FEM) modeling is tested using the 
known parallel plate transducer solution for k?. Next, the 
FEM model is used to  calculate the electromechanical cou- 
pling coefficient of the CMUT and the influence of parasitic 
capacitances on this coefficient. In the experimental part, 
theoretical results are compared to measurements of the 
coupling coefficient; and it will be shown that t,he mea- 
sured k$ values agree with the theoretical prediction of 
the coupling coefficient. 
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Fig 2 Finite element mesh used for the modeling of parallel plate 
cmacitor 

11. FEM CALCULATIONS 

We tested FEM calculations on the simple model for 
the parallel plate capacitor depicted in Fig. 1. A com- 
mercially available software package, ANSYS 5.7 (AN- 
SYS Inc., Canonsburg, PA), is used for the modeling. A 
sketch of the FEM model is shown in Fig. 2. Planar ele- 
ments (PLANElZl, PLANE82) are used for the finite el- 
ement mesh. Because the geometry is symmetric around 
a line passing through the center of the membrane, an 
axi-symmetric model is assumed. The moving electrode is 
attached to the one end of a soft spring. The other end of 
the spring is restricted from movement. The stiffness of the 
moving electrode is set to be orders of magnitude larger 
than the spring constant of the spring. Consequently, the 
bending of the electrode can be ignored, and the electrode 
is assumed to be moving like a rigid piston under the ap- 
plied voltage between the electrodes. First, electrostatic 
analysis is performed to find the electrostatic forces on 
the membrane. Then, the displacement of the membrane 
due to the clectrostatic forces is calculated by perform- 
ing a structural static analysis. New displacement of the 
membrane is uscd to find the modified electrostatic forces. 
These steps are iterated until an equilibrium membrane 
displacement is reached. At thc equilibrium position, the 
capacitance of the CMUT is extracted using electrostatic 
analysis. This capacitance is later used to calculate the 
free capacitance and the coupling coefficient through (7) 
and (a), respectively. 

The calculated k$ is depicted in Fig. 3 for different par- 
allel parasitic capacitarice values. The solid curve (no par- 
asitic case) in Fig. 3 is the same as the curve defined by 
(2). To demonstrate the effect of parallel parasitics, we as- 
sumcd an external parallel capacitance, C,, to the actual 
device capacitance at a given bias voltage. In Fig. 3, CO 
is equal to the capacitance of the device when there is no 
applied bias. As the parasitic capacitance increases, the 

. . . .  . . . . . . . . . .  . . . . .  
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Fig. 3. Calculated coupling efficiency far parallel plate capacitor. C, 
is the parallel parasitic capacitance, CO is the device capacitance 
under zero DC bias. 

k$ curve becomes steeper close to collapse: For each para- 
sitic capacitance value, the electrode is placed on top and 
on the bottom of the membrane. This changes the series 
capacitance. In both cases, identical curves are obtained 
when the bias voltage is normalized with respect to col- 
lapse voltage. Therefore, the coupling coefficient appears 
to be independent of the location of the electrode in the 
vertical direction inside the membrane. The electrode loca- 
tion (or the series capacitance) changes the collapse volt- 
age. In addition, at the collapse, the maximum membrane 
displacement increases as the series capacitance increases. 

In summary, our FEM calculations for the parallel plate 
capacitor matched with (2) and thus verified our FEM 
model. It also showed that, regardless of the parallel par- 
asitic capacitance, the coupling coefficient always goes to 
unity. Parallel parasitics affect the shape of the k$ curve 
in such a way that, for a given normalized bias voltage, 
the coupling efficiency decreases as the parallel parasitics 
increase. 

For the calculation of k; of an actual CMUT membrane, 
the model depicted in Fig. 4 is used. The membrane is s u p  
ported at its rim as shown in Fig. 4. Therefore, this model 
includes the bending of the membrane. For this structure, 
the coupling coefficient is calculated for various electrode 
sizes. The results are shown in Fig. 5. When the electrode 
radius is less than half of the membrane radius, the cou- 
pling coefficient as a function of normalized bias voltage 
does not change significantly with the changing electrode 
size. As the electrode radius increases beyond one-half of 
the membrane radius, the coupling coefficient curve shifts 
down as shown in Fig. 5. But at the collapse, it still goes 
to unity. Increasing the electrode radius increases the de- 
vice capacitance or fixed capacitance. But the increase in 
the free capacitance is relatively slow compared to that 
of fixed capacitance. This is due to the fact that most of 
the membrane deflection is concentrated around the mem- 
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i Symmetry 
Axis 
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Vacuum gap Insulation layer 
Bias voltage I V-, 

Fig. 4. FEM mesh of a CMUT membrane. The membrane material 
is silicon nitride (Young's modulus of 320 GPa, Poisson's ratio of 
0.263, relative dielectric constant of 5.7 are used in the calculations). 
Black arrowheads on the bottom surface show the aero displacement 
boundary conditions on this surface. d, = 1 pm, do = 0.3 fim, 
radius = 50 pm, di = 0. Aluminum electrode thickness is 0.1 pm. 

~ i ~ ,  6, parallel plate approximation for a CMUT ,nembra,,e, curves 
with circles are obtained by adding parmitics to the 
calculation, 

Bias voltage I Vamp 
Fig. 7.  Calculated collapse voltage as a function of electrode radius. 

Fig. 5. Calculated coupling coefficient of the CMUT membrane for 
different electrode sizes. by the coupling coefficient of a parallel plate capacitor with 

the appropriate amount of parasitics added as depicted in 
Fig. 6. 

Note that, when electrode size increases, the collapse 
voltage decreases (Fig. 7). The decrease for small electrode 
sizes is more significant than for bigger electrodes. Hour- 
ever, when the electrode radius is as large as one-half of 
the membrane radius, a further increase in the electrode 
size does not decrease the collapse voltage considerably. 
Therefore, both in terms of low collapse voltage and high 
coupling efficiency, half electrode coverage is the optimum 
structure. This result matches well with the optimum gc- 
ometry suggested by Bozkurt et al. [ll]. In this study, it 
has been shown that half electrode coverage reduces the 
parallel parasitic capacitances and; therefore, increases the 
transducer bandwidth. 

brane center and deflection reduces closc to the rim. There- 
fore, the rate of increase of the free capacitance decreases 
as the electrode radius increases beyond half of the mem- 
brane radius. 

The coupling coefficient of a membrane when the elec- 
trode radius is less than half of the membrane radius can 
be well approximated using the parallel plate assumption. 
This is due to the fact that, for small electrodes, the ca. 
pacitance is located at the center of the membrane and 
changes as a parallel plate with the membrane moves. The 
k$ curves for a CMUT membrane and a parallel plate 
capacitor are depicted in Fig. 6. For a larger electrode ra- 
dius, the parallel parasitics of the membrane increases. The 
curve for a fully metalized membrane can be approximated 
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I ,  

Fig. 8 .  Measured capacitance of the CMUT as a function of voltage. 

111. EXPER~MENTAL RESULTS 

To validate the predictive power of the results obtained 
in the theory part of this paper, k; values were measnred 
on real devices. The obtained values then were compared 
to the theoretical estimates. We measured the coupling co- 
efficient of a CMUT fabricated for immersion applications. 
The total transducer area was 7 mm by 7 mm, and it was 
composed of more than 4900 membranes. The membrane 
thickness was 0.85 Wm, the gap height was 0.9 p i ,  and 
the insulator layer thickness was 0.16 pm. The radii of the 
mcmbrane and the electrode were 55 pm and 30 pni, re- 
spectively. The aluminum electrode was 0.3 pm thick, and 
the membrane was made of silicon nitride. 

The coupling coefficient was determined by using (8). 
The measurements were performed in vacuum. The CMUT 
resonated below 1.5 MHz. Therefore, the fixed capaci- 
tance was measured using a network analyzer (HP8751A, 
Hewlett-Pacliard, Palo Alto, CA) in a frequency band of 
4 MHz to 5 MHz, well above the resonance frequency. 
Higher order resonances were not observed in and around 
this frequency hand. The measured capacitance is depicted 
in Fig. 8. For zero bias, the expected device capacitance 
was 120 pF. The remaining Capacitance was due to the alu- 
minum electrode off the membrane and the connectors be- 
tween the network analyzer and the printed circuit hoard 
on which the transducer is attached. Therefore, the par- 
allel parasitics for our measurement setup was 120%. The 
jump around 47 V reveals the collapse voltage. One might 
expect a more sudden jump at the collapse; however, the 
device is composed of many membrancs. Collapse voltages 
of the individual merribranes might be slightly different due 
to the small changes in the membrane dimensions over a 
large area. This results in a more smooth transition into 
collapse of the overall transducer. The collapse voltage de- 
picted in Fig. 8 is determined by using the coupling co- 
efficient calculation. The voltage with the highest k; is 
taken to he the collapse voltage. The free capacitance was 

Bias Voltage / 

Fig. 9. The coupling coefficient obtained by using the capacitance 
curve shown in Fig. 8. The calculated curvc is obtained with C, = 
l.ZCo. ( d ,  = 0.85 pm, & = 0.9 @nil radius = 55 pm, d, = 0.16 pm, 

= 30 pm. Aluminum electrode thickness is 0.3 ~ m . )  

calculated using (7). To reduce the noise on the calcnla- 
tion, a polynomial was fitted to the measured capacitance 
and the derivative was calculated by using the fitted curve. 
The measured and calculated coupling coefficients arc de- 
picted in Fig. 9. The maximurn measured k; is 0.85. Close 
to collapse, it was difficult to determine the capacitance 
because even small AC signals could easily collapse the 
membranes, degrading the measnrement accuracy. 

An alternative method to measure coupling Coefficient 
uses resonance (fy ) and antiresonance (fR) frequencies. 
The coupling coeficicnt then is defined by the following 
relation [ 5 ,  p. 1401: 

2 

k$ = 1 - (2) (9) 

Resonance frequencies can be determincd by measuring 
the imaginary part of the impedance. As an example, 
Fig. 10 shows the measured impedance when the CMUT 
wm biased at 39 V. The resonance and antiresonance fre- 
quencies were 1.253 and 1.412 MHz, respectively. There- 
fore, the k; is calculated to be 0.21. To get the coniplete 
k$ curve, the bias voltage was swept from zero to 47 V. 
The resulting graph is depicted in Fig. 11. The FEM calcu- 
lated k$ and the calculated curve from capacitance mea- 
surement also are added to Fig. 11 for comparison pur- 
poses. Close to the collapse voltage, it was not possible 
to determine the resonance freqnencics as the membranes 
collapsed easily even for very small AC signals. The prob- 
lem is more prominent for resonance measurement than 
capacitance measurement because around the resonance 
the membrane can be set into large amplitude oscillatioms 
easily. This collapses the mcmbrane. Both measureinerit 
methods, however, gave the same values for k$ for volt- 
ages less than collapse voltage. 
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Fig. 10. Measured imaginary part of the input impedance of the 
CMUT. 
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connections between thc electronics and the transducer in- 
duce a similar effect. Although the lialf radius coverage 
is opt.imla1, this increases the collapse voltage, and thus, 
increases the bias voltage. However, this is not a critical 
problem because the collapse voltage does not increase sig- 
nificantly when thc electrode radius is as large as tlic half 
of the membrane radius. 

The series parasitic capacitance modifies the effective 
gap height; therefore, the membrane displacement at the 
collapse increases. Thus, by carefully adjusting the series 
capacitance, it is possible to build devices without collapse. 
At collapse, t,he membrane simply makes contact with the 
bottom siirface. 

Our measurements validated the FEM calculations. Ac- 
cording to the measurements, it is possible to bias the 
CMUT close to the collapse voltage to obtain high val- 
lies of coupling coefficient (k? = 0.85). Close to collapse, 
it was difficult to measnre the capacitance and resonance 
frequencies of the device as we performed experiments in 
a vacuum environment. However, when the device is im- 
mersed in a liquid and the membrane resonance will be 
heavily damped, one can expect to be able to measure 
higher coupling coefficients at voltages closer to the col- 
lapse voltage. 

As a final note: the coupling coefficient has a direct im- 
pact on the device bandwidth for piezoelectric transducers. 
However, this is not the case for CMUTs. The bandwidth 
and k$ relation is our current research topic. 

Fig. 11. Coupling coefficient by using resonance frequency rrreasnre- 
ment method. The calculatcd and measured curves i n  Fig. 9 also are 
added for comparison purposes. 

or 

APPENDIX A 

In this Appendix, we will show the detailed derivations 
for spring softening, collapse voltage; and coupling coeffi- 
cient ca1i:ulations by assuming a parallel plate capacitor. 
Referring to Fig. I the capacitance of a parallel plate ca- 
pacitor is given by: 

IV. CONCL~JSIONS 

We have demonstrated the calculation and measure- 
ment of the coiipling coefficient for CMUT membranes. 
Our FEM calculations showed that the coupling coeffi- 
cient goes to unity regardless of the series and the par- 
asitic capacitances at the collapse. For a given normalized 
bias voltage, the niaxinium coupling coefficient is acliieved 
when the membrane is moved like a piston transducer. 
Therefore, the optiminn geometry for a Ch4UT niembrane 
is achieved when the electrode covers lialf of tlic membrane 
radius. This geometry minimizes the effect of the parallel 
parasitic inherent to the membrane. As the electrode rd- 
d i u  is increased, the parallel parasitic increaxs, reducing 
the k?. External parallel capacitances due to, for example, 

where A is the area, EO is the permittivity of vacuiini, 
and cV is the relative permittivity of the insulator and 
the menibritnc material; do is t,lie initial gap distance un- 
der zero bias voltage; di and d, are the insulator and tlic 
membrane thickness, respectively. The electrostatic force 
applied on the top plate by the bottom plate is: 

where 1/2E is the electric field due to the cliarge on the 
bottom plate. We also assiimcd that +& and -Q are the 
charges on the top and bottom plates. respectively Be- 
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cause Q is determined by the inultiplication of the capac- 
itance and the applied voltage, the electrostatic force is: 

and the collapsc voltage is given by: 

8W2, 
Vcd = ~ FE:  -__ 1 C ( I )  "2, (A41 r 2 7 A ~  ' 

(A121 
2 d.R ~ x 

Small signal electrical and mechanical energies can be at a givcn bias voltage. The total net force on the t.op plate 
is given by: calculated as follows: 

(A131 
1 

Eel,, = 5 (C, + C ( X ) )  dV2, 
FN = 1 c O v 2  2 des ~ x - k , z ,  (A51 

arid 

1 where t.he second term in the right-hand side of the equa- 

attraction forces and mechanical restoring forccs are equal 
to each other, and the resulting FN is zero. Therefore, the 
relation between the applied voltage and thc displacement 
is given by: 

tion is the ineclianica,l force. At the equilibrinm, electrical Em,,h = -k:dz2. 2 ( ~ 1 4 )  

Note that above cnergy calculations are only valid a t  very 
low frequencies. The inertia of the membrane is not con- 
sidercd. If (A13) and (A14) are substituted in (l), one gets 
the coupling coefficient as: 

1 
k;, = ('415) 

(A6) 
2k,z  " = & ( d e f f  - 21, 

1 + (Cp+C(z ) )  dV " 
k; (XI 

where k, is the spring constant of the moving electrode. 
From (A3j one can calculate: where C, is the parallel parasitics. The find equation for 

Using (A5), the srnall signal spring constant of the sjstem 
at a given bias voltage is: 

Notc that, while calculating thc sinall signal spring con- 
stant, thc voltage should he assumcd to be constant, be- 
cause the main interest is the force gradient diie to a small 
perturbation in the displacement. If (A8) is further ma- 
nipulated, tlie sinal1 signal spring constant is given by: 

.4ko note that, according to Hunt 15, p. 1811, the softened 
spring constant is given by: 

kj, =IC, (1 - k ? ) ,  ( A W  

which is same as (A9). 
The collapse occurs when the gradient of the total force 

FN is negative. At that point, incremental increase in elcc- 
trostatic force overcomes the incremental increase in the 
mechanical force. By cquating (A8) to zero, it is found 
that the displacement is onotbird of tbe effectivc gap at 
the collapse voltage: 

Coupling coefficient also can be calculated analytically 
for parallcl plate capacitors using Ftascr's method. Fixed 
and free capacitances are given by: 

If (A17) and (AM) are used in (8), tlic coupling coeffi- 
cient of (AlG) is obtained. 
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