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Abstract. An analytical model is developed for evaluating the characteristic parameters of
silicon carbide (SiC) based capacitive micromachined ultrasonic transducer (CMUT) under
the effect of a high-k dielectric insulation layer. The performance of parallel plate structured
CMUT is investigated by considering various widths of the insulation layer, membrane
thickness, diameter, and bias followed by validation of results using finite element method
(FEM) simulation. Consideration of the fringing effect results in noticeable improvements in
device capacitance. This enhancement leads to improvement in displacement due to static
bias, signal, and coupling coefficient. The comparative analysis is carried out between
hafnium oxide (HfO,) and silicon nitride (Si3sNg4) insulation layers. CMUT having
HfO, insulation of 500 nm thickness exhibits resonance at 1.62 MHz and displacement of
405 nm. Approximately 20% enhancement occurs in displacement as compared with
Si3zNy4 as insulation.
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1. Introduction

Ultrasonic transducers are involved in medical imaging, which involves the usage of
ceramics, different crystals of polymer, piezoelectric, and piezo composite materials. To
overcome the shortcomings of piezoelectric transducers, micromachined ultrasonic
transducers (MUTSs) are introduced. Based on the variation of device capacitance CMUT
works and thus modulation of electrostatic force takes place. This capacitive device is mostly
involved in the emission and detection of ultrasonic waves [1-4]. The MEMS fabrication
technique allows for the creation of CMUTs with high flexibility, low-temperature
fabrication, downsizing, and, most importantly, good reproducibility. Significant
advancements in material science have made it possible to use a wide choice of MEMS
materials for fabrication, based on the prime needs in the various application domains. Metals
like Ni (nickel), Al (aluminium), non-metals like Si (silicon), Ge (germanium), polymers like
SU8, polyimide like diamond, SiC (silicon carbide), SizN4 (silicon nitride), and SiO, (silicon
dioxide) are utilised in membrane fabrication [5-8]. Many research have shown that the
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structure and composition of the membrane have a significant impact on resonance frequency.
Employing surface micromachining technology SisN, is used for fabricating both the
membrane and the insulating layer material. Si is used as the membrane in another SizNy-
based CMUT, and SiO; is used to form insulation layer in transducers fabricated by wafer-
bonding technique. [9-11].

Modeling a CMUT cell with a circular SizN;s membrane and varied electrode
configurations is used to investigate the effects of collapse and snapback voltage. The
CMUT's static finite element calculations were validated using a licenced FEM application
(PZFlex) [12-13]. Applying bias to the structure, an equivalent swing will take place due to
the membrane's displacement while operating in transmission mode. Electrostatic force holds
a non-linear relationship for the bias to the transduction gap [14], hence, to operate at a low
voltage effectively, transduction gap between top and bottom electrodes is to be reduced.
Considering all the limitations caused by fabrication, transmission of desired pressure at
operating frequency is only possible by maintaining a minimum transduction gap. During a
complete swing in transmission mode and a collapsed condition in receiving mode, the
distance between the top and bottom electrodes can be spanned, which results in an electrical
shock. As a precaution against being affected by electric shock, a dielectric layer must now be
presented. Due to electrostatic attraction force, the insulating layer must withstand the
generated electric field in the device.

In addition to this during collapsed mode also electrodes get separated due to this
insulation layer [14-15]. Inclusion of the insulation layer reduces both the electric field and
device capacitance as separation between two electrodes increases, so to retain the same
membrane displacement the choice of a dielectric layer is an essential factor for determining
the performance. The parameters can be rescued from having detrimental value by laying the
actuation layer patterning above the top electrode. In case of less separation gap, the
generated electrostatic pressure is a much smaller value compared to Van der Waals pressure.
When the top electrode approached the bottom electrode and made contact, it remained stuck
due to the low energy level, as the total removal energy reached a minimum level. This total
energy is made up of energy that has been restored due to the surface's deformation
and attraction.

Analytical modeling [16] is well demonstrated about a SiC-based CMUT having an
insulation layer of SisN4 having a 110 um diameter membrane. A resonance of 1.65 MHz is
exhibited by this CMUT array which consists of higher device capacitance, enhanced
displacement in the membrane, larger coupling factor, and lower collapse voltage as
compared to a non-insulated counterpart with the same device dimension. As a transducer, the
features of the insulated construction are desirable. All of the results are compared to FEM,
and there is a lot of consistency. The use of a high-k dielectric material improves the
effectiveness of creating a high electric field while keeping the transduction gap the same.
Moreover further increase of bias is not required for both in transmitting and receiving mode.

In this paper, a comparative analysis is done based on different high- k dielectric
materials [17-19] strongly supported by FEM simulation outcomes.

2. Structure of insulated CMUT with silicon carbide-based membrane

CMUT is a capacitive device having metalized membrane upon a top electrode and another
bottom electrode [20-27]. The insulating layer is developed by patterning the top electrode
just below the thin metalized membrane of 2 um and electrode diameter of 110 um forming
one of the electrodes over a tiny gap of 450 nm over the entirely doped Si in an insulated
element as shown in Fig. 1.
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Fig. 1. 3D model of insulated CMUT

3. Proposed analytical model
Considering the fringing effect by Landau and Lifschitz's approach [16], the gap capacitance

is C, and C; is the same for the insulation layer. This gives, the following equations
respectively
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Now Ceqf Is considered as the equivalent series capacitance due to fringing for both the

insulation layer and the air gap. As a result, an insulated structure's equivalent device
capacitance can be represented as
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Here, t, is denoted for the air gap, t; is the width of the insulation layer and the area of
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the electrodes is represented by A= zr?, where T, is the electrode radius. Permittivity of the
insulating layer is expressed as Kigg = ¢&;, the dielectric constant of the insulation layer is

K;.the gap permittivity value ¢, is 8.85 x 10™% C?/(N-m?). Generally, the electrostatic force
due to fringing can be expressed as
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A large bias is rendered along the signal to produce an observable amount of
electrostatic force at resonance. Mason's analysis can be used to determine the mechanical
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behaviour of the CMUT membrane. The motion of a membrane under strain will be
expressed as

{%}v“ —(T,) V2w, —P+tmpm(a;tvg”‘j=0. (5)
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Here ty, is the membrane thickness, Y, is Young's modulus of the membrane, oy, is the
Poisson ratio and wy, is the membrane displacement involving Mason's model, Ty, is the
membrane tension and py, is the material density of actuating material. For an insulated
element with a fringing effect, the peak displacement at the centre under static bias becomes
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The dynamic response is carried out due to the application of signal in the device and
is given by
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The description of the membrane's Z,, acoustic impedance is now essential for the
model's correct calculation. The measurement of effective mechanical impedance of the
membrane is carried out by the ratio of the applied pressure to the surface's average velocity.
Estimation of the volume velocity through the device is attained by integrating the velocity
given by W (rm,t) over the surface, considering the entire circular membrane.
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For a capacitive element, measurement of collapse voltage is quite an impacted factor
while operated at its best working point. The operating bias applied to the MUT determines its
performance. Different operating modes exist based on the membrane's behaviour under static
conditions, such as collapsed mode and conventional mode. The electrostatic force generated
by the applied DC voltage pulls the membrane towards the substrate, which is countered by
the membrane's mechanical restoring force. An increase in bias also enhances membrane
displacement. A voltage imbalance between these restorative and electrostatic forces occurs
over a specific voltage, causing the membrane to collapse down onto the substrate. The
mathematical analysis is initiated with the assumption that the sum of the capacitor and spring
forces actuates mass, hence the equation is expressed as

(10)

I:CAPACITOR + I:SPRING = FMASS ' (11)
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Hence, the collapse voltage can be expressed as
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&
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where K is the spring constant. The dimensionless factor coupling coefficient is a
characterization parameter that measures the energy transformation capability of the
transducer from one type to another. Most influencing parameters that have a great impact on
coupling coefficients are stress distribution, presence of the electric field, and cell geometry,
as well as the type of material, all of which influence coupling coefficients [16]. The dynamic
coupling factor is expressed as
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4. Results and Discussion

A mathematical model is used to investigate the capacitance behaviour, collapse voltage, and
coupling factor of the CMUT. For optimizing the device's energy conversion, sensitivity,
operating point, and efficiency, all the factors should be considered. A smaller gap and
thinner insulator suggest a closer distance between the pair of electrodes, resulting in a higher
voltage across the plates (field force) and charge composed on the plates (flux) for any
voltage applied across the two electrodes, resulting in larger capacitance. Materials with a
high dielectric constant have a higher permittivity than materials with a lower permittivity,
allowing them to suggest less field flux disagreement for a given field force. All of these
results may be deduced from a simple observation of ordinary capacitor plates, and the
analytical model can be used to calculate capacitance for any pair of unconnected conductors.
FEM simulation is used to verify all of the results. At a 55 pm membrane radius, the device
capacitance calculated for the CMUT is 0.163 pF, providing a force of 1.263 pN.
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Fig. 2. Capacitance of the device with varying width of air gap for a) r =55 pm, ;=500 nm,

b) r, =65 pum, ;=300 nm, ¢) r, =27.5 ym, ;=650 nm
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Figure 2 depicts the variance in device capacitance as a function of gap thickness. With
regard to gap thickness, the capacitance drops in a parabolic way. The device capacitance is
higher when the electrode radius is larger and the insulation thickness is thinner. As seen in
Fig. 3, the gap thickness increases the fringe capacitance.

The fringing effect is amplified by greater gap thickness, smaller electrode radius, and
larger valued insulation thickness. An average E. of 13.27% enrichment takes place for

t,= 650 nm, t;= 300 nm, and 16.79% for t,= 300 nm, t,= 650 nm.
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184 —¥— FEM Model (b)
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Fig. 3. E. with respect to air gap for a) r,=55 um, ;=500 nm, b) r =65 um, t;=300 nm,

C) r,=27.5pum, t,=650 nm

Figure 4 illustrates the electrostatic force as a function of insulation thickness, with the
electrostatic force decreasing as the insulation thickness of the dielectric layer increases. It is
critical to select the proper dielectric insulation thickness because it is one of the determining
factors in producing excellent accuracy and electrostatic force. Figure 5 further indicates that
the fringing approach improves electrostatic force significantly with respect to insulation
thickness. The fringing effect has a bigger impact above 300 nm of insulation thickness and

lesser in lower values. An average value E_ of 11.24% is observed by changing the
insulation thickness while designing is done.
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Fig. 4. For variable insulation layer thicknesses, electrostatic force is used
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Fig. 5. E, for varying thickness of insulation layer

Figure 6 illustrates that when the membrane radius is at its largest, the material
permittivity displacement is at its highest. The figure depicts the changing type of membrane
displacement as both parameters are increased. Displacement decreases as insulation
thickness increases, resulting in maximum displacement at the minimum insulation width and
maximum membrane radius, as shown in Figure 7.

The coupling capacitance reduces as the coupling distance (effective gap distance)
grows, diminishing the intensity of the output energy. The membrane in CMUT transports in
the presence of an applied electric field, with no transverse membrane vibration. In a CMUT,
the coupling distance is also influenced by the gap distance and insulator thickness. At a bias
voltage of 40 V DC, the coupling factor of the proposed structure is 0.384, indicating that the
CMUT's coupling efficiency is 38.3 percent. When the surface tension of the membrane
increases, the surface area of the membrane reduces, diminishing the coupling capacitance
and the coupling factor. CMUTSs have been shown in numerous investigations to work in both
the conventional and collapse modes. The predicted collapse voltage is 78.16 V, with a
coupling factor of 0.7, indicating that increasing the coupling factor has a substantial impact
on transducer efficiency. The collapse voltage characteristics indicate that the collapse voltage
decreases with increasing membrane radius and increases with increasing membrane
thickness. This is connected with the fact that when the membrane's spring constant
decreases, it becomes less stiff, and when it increases, it becomes stiffer, resulting in greater
elasticity. FEM simulation is also used to validate all of the data.
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Figure 8 depicts the variation of the membrane's spring constant and collapse voltage
with changing membrane radius. Because the collapse voltage has a linear connection with
the spring constant, an increase in radius reduces the spring constant. Furthermore, as
demonstrated in Fig. 9, a decrease in membrane thickness lowers the collapse voltage value.
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Fig. 8. Collapse voltage and spring constant as functions of a membrane radius
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Figure 10 represents the variation of 3D displacement as a feature of frequency and
membrane radius. The displacement of the membrane has maximum at the device's centre
point. The resemblance of the designed structure's resonance during AC actuation, where
resonance can be seen at 1.62 MHz [18], can be used for further validation. The resonance
displacement is a maximum of 50 A which matches the displacement shown in the
constructed structure and is validated by simulation results. The presence of several
resonances in CMUT is observed, as shown in the image. At first resonance, the maximum
amplitude is observed, with sole dependency upon material usage and geometrical features of
the device. The mechanical impedance is determined by the pressure-to-velocity ratio at the
membrane's centre. As shown in Fig. 11, by obtaining the displacement with a particular
pressure load, the variation of mechanical impedance can be measured. At the device
resonance frequency, overall impedance is reduced to a minimum.
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Fig. 10. 3D Frequency response of 110 um actuated membrane
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5. Conclusion

The general functionality of SiC membranes CMUT is demonstrated in this study, along with
its influencing factors. Higher sensitivity is achieved when the device capacitance is greater
than the force exerted by the membrane. To achieve a high-sensitivity CMUT, the
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transduction gap and insulator layer thickness must be extremely thin, with a wide membrane
radius, and the insulating layer material must have a high relative permittivity. A novel
approach to fringing field capacitance is also included in the characteristic study of SiC-based
CMUT. When compared to PECVD Si3Ng4, the performance of CMUT is superior in all
respects. This increase in CMUT parameters will surely improve its sensitivity for high-
frequency applications and in the acoustic medium. The AC response and impedance profile
of the CMUT element were simulated using Mason's model for circular-shaped devices.
Theoretical findings are supported by simulation findings, leading to even greater agreement.
The imitative analytical model for the vented capacitive element contains multiple
resonances. Because main resonance has a greater peak value displacement than secondary
resonance, it will take precedence over secondary resonance. Because of its matched
impedance to air and water, the device is suitable for both acoustic and air mediums. In this
case, the coupling coefficient is around 0.67, and it is higher for thinner but larger-diameter
membranes. In terms of membrane material, SiC outperforms SizN4 as a structural layer in
larger deformation and high-frequency implementations.
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