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Abstract—Multi-frequency ultrasonic transducers are highly 

promising devices in biomedical applications for providing both 

good imaging resolution and large detection depth. However, most 

conventional multi-frequency ultrasonic transducers are designed 

through integrating multiple single-frequency transducers, with 

complicated fabrication process, imperfect beam profiles and 

limited bandwidths. In this paper, a single-element multi-

frequency piezoelectric micromachined ultrasonic transducer 

(MF-pMUT) is proposed and investigated in terms of broadband 

property. Three rectangular-diaphragm MF-pMUTs with 

different length-to-width aspect ratios are fabricated with the 

microelectromechanical system (MEMS) technology and 

characterized both in air and underwater. All MF-pMUT samples 

exhibit at least two broad bands. After optimization of the aspect 

ratio, two smooth bands with comparable sound pressure level are 

achieved, providing -6 dB bandwidths of 112% /38% and 

corresponding central frequencies of 0.615 MHz /1.63 MHz. 

Benefited from such broadened multi-frequency property and 

simple structure design, the proposed MF-pMUT shows a great 

potential in ultrasonic detection, diagnosis and imaging 

applications as well as wireless acoustic energy transmission. 

 
Index Terms—Piezoelectric micromachined ultrasonic 

transducer (pMUT), microelectromechanical system (MEMS), 

mode merging, multi-frequency, large bandwidth 

I. INTRODUCTION 

LTRASOUND based medical imaging, detection and 

therapy have become an important and effective tool for 

applications ranging from clinical cardiology and 

obstetrics to remarkable human cancer treatments [1-3]. The 

conventional ultrasound generators based on piezoelectric or 

capacitive transducers usually can only work on one frequency 

band, which is generally at its fundamental mode. However, 

single-frequency ultrasound transducers typically suffer from a 

tradeoff between the deep penetration and high resolution. 

Although broadband ultrasound transducers have been widely 
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studied to improve the imaging resolution without lessening the 

detection depth, it is still challengeable to design one single-

frequency transducer with operation band covering both low 

frequency range of 0.5-3.5 MHz for high-intensity therapy and 

large detection distance, and high frequency range of 5-20 MHz 

for fine biomedical imaging resolution. Alternatively, multi-

frequency ultrasound transducers (MFUTs) have recently 

received increasing attention due to several advantages, 

including the improved signal-to-noise ratio [4], enhanced 

acoustic cavitation effect [5], high imaging resolution [6], and 

multi-functional applications [7, 8]. 

There have been several attempts to realize multi-frequency 

ultrasound operation based on multi-element or single-element 

transducer array [9-20]. Generally, it is much easier to control 

desired frequency bands through multiple single-frequency 

transducers because of independent optimization for geometric 

structure. For example, a MFUT can be configured with several 

single-frequency transducers by using bulk piezoelectric 

ceramic pieces in series [9-11]. This design has poor beam 

alignment and compromised elevational focusing. One way to 

improve the beam profile is to interleave different elements 

within the shortest wavelength in the horizontal plane [12, 13]. 

However, a primary difficulty for this design is that all 

dimensions of different fabricated membranes must meet the 

lambda pitch requirement. Another way to ensure good beam 

profile is to stack different device layers in the normal plane 

[14-16], but a frequency selective isolation layer for the stacked 

scheme is usually needed to suppress the crosstalk between two 

stacked elements as an acoustic filer [17, 18], which 

unavoidably increases the complexities of the transducer design 

and microfabrication. For the case with single ultrasound 

transducer, the multi-band operation can also be achieved by 

exciting its fundamental and harmonic modes [19-21]. Due to 

the weak resonances and limited pressure sensitivity at higher-

order modes, this multi-frequency operation relies highly on 

nonlinear contrast agent excitation. Although the multi-
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frequency mechanism can be realized by patterning the top 

electrodes into several segments and activating different modes 

via the electrically frequency switchable control circuit [22], the 

frequencies can only be generated within a narrow range and 

the interconnection for patterned electrodes needs to be taken 

into more consideration. The bandwidths for harmonics are also 

limited mainly due to small high-to-low modal frequency ratio, 

which is typically less than 3.5 and cannot meet high-resolution 

imaging requirements. Therefore, a simple and easy-to-

fabricate multi-frequency ultrasound transducer with large 

bandwidth is highly preferred. 

The reported MFUTs are mainly focused on piezoelectric 

micromachined ultrasonic transducers (pMUTs) and capacitive 

micromachined ultrasonic transducers (cMUTs). Although 

cMUTs can exhibit a wider bandwidth of over 130% compared 

with pMUTs [13], the ultrahigh bias voltage significantly 

restricts its biomedical applications due to the safety concerns. 

Furthermore, to obtain the acceptable sound pressure level 

(SPL), an extremely small capacitive cavity (typically < 200 nm) 

is required [23, 24], which requires highly complicated and 

precise fabrication process and degrades the device yield rate. 

The pMUTs with operation voltage of as low as only several 

volts, on the other hand, have excellent potential for practical 

medical diagnosis, therapy and imaging applications as well as 

portable electronics. One of the biggest challenges is its 

insufficient bandwidth due to the large acoustic impedance 

mismatch. To overcome this drawback, a broadband property 

can be achieved by applying and mixing multiple elements with 

different sizes [19], but the wide bandwidth is achieved from 

the whole array instead of an individual pixel. Another band 

broadening method was recently developed by our group. 

Through adjusting the length-to-width aspect ratio of a 

rectangular piezoelectric diaphragm to cover the first several 

adjacent modes within a narrow frequency range, a -6 dB 

bandwidth of 95% was achieved underwater [25]. However, the 

multi-frequency property for such rectangular piezoelectric 

diaphragm still has not been revealed and investigated yet. A 

more comprehensive study is required to demonstrate the 

difference and transition between vibration modes of the 

rectangular diaphragm and those of the square diaphragm. 

Because of the Poisson coupling between the bending 

motions in the longitudinal and transverse directions, there are 

some degenerated flexural vibration modes for a square 

diaphragm. When the square diaphragm becomes rectangular, 

the degenerated two-dimensional modes would be split into two 

sets of pure non-degenerated string modes, whose nodal lines 

are parallel to the length and width. These new string modes 

redistribute and form multiple separated frequency ranges, each 

of which covers several resonant modes. Therefore, in this work, 

a simple and easy-to-fabricate multi-frequency pMUT (MF-

pMUT) based on rectangular diaphragm is proposed and 

investigated in terms of the broadband property. By exciting the 

rectangular-shaped pMUT instead of square or circular pMUTs, 

the flexural vibration modes are asymmetrically redistributed in 

the modal spectrum and thus multiple separated frequency 

ranges are formed, producing multiple broad bands in a largely 

damped medium. Three MF-pMUT samples with different 

length-to-width aspect ratios are fabricated with the 

microelectromechanical system (MEMS) technology and 

characterized both in air and underwater, all showing at least 

two broad bands. The proposed MF-pMUT shows great 

promise in ultrasonic detection, diagnosis and imaging 

applications. 

II. DESIGN AND METHODS 

A. Multi-band mechanism of rectangular MF-pMUT 

In general, most flexural vibration modes dominating in the 

response spectrum of the square- or circular-diaphragm pMUTs 

are degenerated due to the highly symmetrical structure. These 

degenerated modes are spaced far away from each other and 

have very low output compared with that of the fundamental 

mode. However, when the piezoelectric diaphragm is designed 

into the rectangular shape with less symmetricity, the 

degenerated modes will be split into one pair of pure 

undegenerated string modes and redistributed in the spectrum. 

These new string modes with nodal lines parallel to the length 

and width can be adjusted by the length-to-width aspect ratio 

and gathered within a set of frequency ranges. The interaction 

and transition between mode shapes from square diaphragm to 

rectangular diaphragm can be explained in Fig. 1. It is worth 

mentioning that the degenerated modes through opposite 

combination would be missing in the response spectrum due to 

the cancellation of opposite motions. 

 
Fig. 1. Mode interaction and transition between square diaphragm and 

rectangular diaphragm 

The schematic drawing of the proposed rectangular-

diaphragm MF-pMUT element is illustrated in Fig. 2, including 

a released supporting silicon layer, a silicon oxide layer and a 

piezoelectric diaphragm sandwiched between two metal 

electrodes. Though a rectangular pMUT model has been 

proposed by Wang et al. to study the relationship between the 

vibration modes and aspect ratio [25], the given expression in 

their work is only suitable for the simply supported boundaries 

instead of fully clamped case which is much closer to the real 

boundary condition, resulting in a large calculation error in the 

high-order modes. Here, we rebuild the rectangular-diaphragm 

MF-pMUT model with the fully fixed edges. To simplify the 

calculation of modal frequencies, the MF-pMUT is considered 
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as a single-layer uniform rectangular diaphragm with 

dimensions L and W (The length-to-width aspect ratio is RL/W = 

L / W). Based on the squared trigonometric functions to 

approximate the mode shapes [26], the modal frequencies can 

be derived by applying the Galerkin method: 
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where D is the flexural rigidity and can be calculated exactly 

for the multilayer laminated membranes [16], σ is mass density 

per unit area of the diaphragm, λ(m,n) is the frequency factor 

determined by the boundary conditions, m and n are the total 

number of the resonant peaks and anti-resonant troughs lying 

in the length and width directions, respectively. 

 
Fig. 2. Schematic drawing of the proposed rectangular-diaphragm MF-

pMUT element. 

When the aspect ratio RL/W is greater than 3, the frequencies 

will be dominated by the mode number n in the width direction, 

and the first [nRL/W] modes M(m, n)   in the length direction will 

be compressed close to their corresponding first mode M(1, n). 

Then the frequency factor can be described 
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Hence, due to the mode merging and synergistic effect when 

the MF-pMUT with a large aspect ratio operates in a largely 

damped medium, a set of frequency ranges will be formed in 

the response spectrum and each frequency range is centered 

around its first mode in the length theoretically. However, an 

optimization for the aspect ratio in the transducer design is 

necessary because the appropriate aspect ratio is helpful to 

gather more modes within each frequency range and benefits to 

broadband operation, while too large aspect ratio will in turn 

reduce the working bandwidth. The central frequency ratio 

(CFR) for the n-th and 1st frequency ranges can be 

approximately calculated by 
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For two specific bands, their CFR is only positively 

correlated with the aspect ratio RL/W, demonstrating the 

effective controllability of the length-to-width aspect ratio to 

the high-to-low frequency ratio. 

B. Device design and fabrication 

To target the dual-frequency ultrasound operation centered at 

around 1 MHz and 5 MHz which are widely used in biomedical 

imaging [11, 13, 15, 17], three rectangular-diaphragm MF-

pMUT array samples with length-to-width aspect ratios of 2, 4 

and 6 have been micro-manufactured on a silicon-on-insulator 

(SOI) wafer with 10 μm device layer and 1 μm buried oxide 

(BOX) layer, as shown in Fig. 3(a). Each MF-pMUT array 

contains 11 or 14 elements in series. The dimensions of three 

MF-pMUT elements are 250 μm (W) × 500 μm (L), 250 μm (W) 

× 1000 μm (L) and 250 μm (W) × 1500 μm (L), respectively. 

The cross-sectional view and top view scanning electro-

microscopy (SEM) images of three MF-pMUT samples are 

shown in Fig. 3(b)-(e). 

 

Fig. 3. (a) Photographs of three MF-pMUT arrays, (b) cross-sectional 

view and (c)-(e) top view SEM images of three MF-pMUT arrays. 

The fabrication process flow of the MF-pMUTs is shown in 

Fig. 4 and the detailed steps are as follows. Firstly, a 1 μm SiO2 

layer is sputtered on the top surface of the SOI wafer. Then, 200 

nm Pt/10 nm Ti thin metal layers are deposited as the bottom 

electrode (BE) by DC magnetron sputtering and a 1.9 μm 

piezoelectric PZT layer is formed using sol-gel process. After 

that, another 200 nm Pt/10 nm Ti thin metal layers are deposited 

and patterned as the top electrode (TE). To optimize the 

displacement sensitivity, a partially covered top-electrode with 

width of 220 μm is designed [27]. Lastly, the Si substrate and 

BOX layer are backside etched to release the diaphragm by 

deep reaction-ion etching (DRIE) process. In order to achieve a 

higher d31 coefficient, a unipolar pulse poling process is used 

after the device wire-bonding [28]. 
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Fig. 4. Fabrication process flow of the MF-pMUT 

 

Fig. 5. (a) FEM models of the square and rectangular pMUTs; (b) 

relationship between the modal frequencies and length-to-width aspect 

ratios; and (c) central frequency ratio varying with the aspect ratio. 

TABLE Ⅰ 

MATERIAL PROPERTIES OF THE PMUT 

Materials Young’s 

Modulus 

(GPa) 

Poisson 

ratio 

Mass 

density 

(kg/m3) 

d31 

(pC/N) 

Si 170 0.28 2329 / 

SiO2 70 0.17 2200 / 

PZT 81.3 0.329 7500 -123 

Pt 168 0.38 21450 / 

C. FEM simulations 

3-D finite-element method (FEM) models of the square and 

rectangular pMUTs with different aspect ratios were created 

using COMSOL Multiphysics v5.2a software to study their 

frequency properties, as shown in Fig. 5(a). The width of all 

pMUTs is kept at 250 μm. Material properties used for pMUT 

simulations are listed in Table Ⅰ. The relationship between 

modal frequencies and aspect ratios is shown in Fig. 5(b). As is 

aforementioned, with increasing the length-to-width aspect 

ratio, three frequency ranges are formed and gathered at the first 

three odd modes M(1, n) (n = 1, 3, 5) in the width direction. The 

central frequency ratio (CFR) varying with the aspect ratio is 

shown in Fig. 5(c). When the aspect ratio rises from 1 (square 

diaphragm), the central frequency ratio CFR(3,1) for the first two 

frequency ranges increases from 3.6 to over 5.6 according to 

simulations. Therefore, one advantage of the proposed MF-

pMUT is that the CFR for two bands can be changed by 

adjusting the aspect ratio, which is much more advantageous 

than the conventional transducers with only one fixed 

frequency ratio. 

 

Fig. 6. Simulated response spectra of MF-pMUTs with different 

length-to-width aspect ratios. 

The displacement-frequency spectra of the MF-pMUTs with 

different length-to-width aspect ratios were also simulated at 

the central point of the piezoelectric membrane and shown in 

Fig. 6. The degenerated modes of the conventional square 

pMUT are split into two parts, one of which approaches to the 

fundamental mode (1,1) while the other is kept at a higher 

frequency value as the aspect ratio increases. Due to the mode 

redistribution through adjusting the aspect ratio, two narrow 

frequency ranges are formed and each of them covers several 

flexural vibration modes. Hence, it is promising to achieve a 

broad band through the mode merging in damped medium for 

each frequency range. It is noted that the even modes are 

missing in the response spectrum because of the cancellation of 

opposite propagating motions [25, 29].  

III. RESULTS AND DISCUSSIONS 

A. In-air characterization 

To characterize the frequency-related performance of the 

MF-pMUTs, three microfabricated samples are firstly 
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measured under 1 Vpp voltage excitation using DHM-R2100 

holographic MEMS motional analyzer by Lyncée Tec. Ltd, as 

shown in Fig. 7(a)-(c). Compared with the COMSOL 

simulation results, all odd modes in the length and width 

directions are similarly excited. Besides, some even modes 

which should not appear ideally were also captured in the 

experiments. This may be caused by the asymmetrically 

distributed residual stress during the fabrication and 

polarization. Fortunately, these even modes integrated in the 

odd modes are beneficial to the broadband operation. It is 

noticed that all frequencies of three samples are slightly lower 

than simulations because of the deviation of dimensions, the 

residual stress and the air damping of the multilayer membranes. 

Furthermore, the edge-clamped boundary condition of the 

supporting layers in the simulation model does not precisely 

represent the dynamics of the fabricated MF-pMUT, which will 

result in a slight increase in the resonance frequencies. However, 

for the displacement amplitude, there is a large difference 

between the experiments and simulations because of the 

residual stress and air damping. This negative influence on the 

displacement gets much more significant when the rectangular 

membrane becomes larger, i.e., the length-to-width aspect ratio 

is larger. On the contrary, the simulated displacement would 

increase with the aspect ratio due to the larger area to perimeter 

ratio and resultant softened spring constant, as shown in Fig. 

7(d). 

 

Fig. 7. Measured and simulated frequency-swept displacement 

response of three MF-pMUTs: (a) Sample Ⅰ 250 × 500 μm2, (b) Sample 

Ⅱ 250 × 1000 μm2 and (c) Sample Ⅲ 250 × 1500 μm2; (d) simulated 

displacement varying with the aspect ratios. 

Electrical impedance characterization was also carried out 

using Agilent 4294A precision impedance analyzer to 

determine the resonant frequencies and the electromechanical 

coupling coefficients of three MF-pMUT samples with 

different aspect ratios. The measured frequency-swept 

impedance and phase are shown in Fig. 8. It is clearly seen that 

there are two wide frequency ranges covering 0.8 ~ 3.6 MHz 

low frequencies (Fig. 8(a), (c) and (e)) and 4.3 ~ 6.8 MHz high 

frequencies (Fig. 8(b), 4(d) and 4(f)), which are consistent with 

the above displacement-based results. However, owing to very 

low self-resonance frequencies (< 11 MHz) of all samples, only 

the first two frequency ranges can be observed. The 

electromechanical coupling coefficient is defined by resonance 

frequency and anti-resonance frequency, according to Eq. (6) 

[30]. Therefore, the in-air electromechanical coupling 

coefficients of three samples can be calculated, as shown in the 

Table Ⅱ. 




2 2
2

2

a r
eff

a

f f
k

f
                              (6) 

 

Fig. 8. Measured impedance and phase for three MF-pMUT samples: 

(a) low frequency range and (b) high frequency range of Sample Ⅰ with 

the aspect ratio of 2, (c) low frequency range and (d) high frequency 

range of Sample Ⅱ with the aspect ratio of 4, (e) low frequency range 

and (f) high frequency range of Sample Ⅲ with the aspect ratio of 6. 

TABLE Ⅱ 

IN-AIR ELECTROMECHANICAL COUPLING COEFFICIENTS OF MF-

PMUT SAMPLES WITH THE ASPECT RATIOS OF 2, 4 AND 6 

2

eff
k

 
Sample Ⅰ Sample Ⅱ Sample Ⅲ 

Mode (1,1) 3.26% 3.01% 1.52% 

Mode (3,1) 1.15% 1.61% 1.46% 

Mode (5,1) 0.86% 1.11% 1.47% 

Mode (1,3) 1.94% 1.19% 1.36% 

Mode (3,3) 0.66% 0.98% 0.81% 

B. Underwater characterization 

To further evaluate the acoustic performance of the 

rectangular-diaphragm MF-pMUTs, an underwater ultrasound 

transmitting testing setup is established. The experimental 

configuration is shown in Fig. 9, where the designed MF-pMUT 

element is connected to a high-frequency Agilent 81150A pulse 

generator and driven by a 4 Vpp electrical pulse signal. A needle 

hydrophone calibrated up to 20 MHz with 8 dB pre-amplifier 

and DC coupler (1.0 mm, SN2118, Precision Acoustic Ltd., UK) 

is utilized to receive the generated ultrasound signals at about 5 

mm distance. The Agilent MSO-X 4104A mixed signal 
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oscilloscope is used to display and FFT transfer the received 

time-domain signals. Duration of the exciting pulse is 100 ns. 

 

Fig. 9. Testing setup for underwater acoustic experiment. 

 The received signals are shown in Fig. 10(a)-(c). Though 

there are some fluctuations within each frequency band due to 

low noise-to-signal ratio, it is clearly shown that there are at 

least two frequency bands for all samples, corresponding to the 

first two frequency ranges as predicted in the analytical model 

(Fig. 5 and 6). Among three rectangular MF-pMUT samples, 

Sample Ⅰ with a small aspect ratio shows -6 dB bandwidths of 

118% for the first band with central frequency of 0.685 MHz, 

36% for the second band with central frequency of 1.415 MHz, 

and 18% for the third band with central frequency of 2.095 MHz. 

However, due to the large modal frequency spacing and 

imperfect mode merging between the first two odd modes (1,1) 

and (3,1), there are two remarkable ripples beyond -4 dB in the 

passband. Sample Ⅱ with a medium aspect ratio, which 

similarly shows two large -6 dB bandwidths of 112% and 38%, 

however, has a much smoother passband because of good 

overlapping of at least the first three odd modes. The central 

frequencies of the first two bands for Sample Ⅱ are 0.615 MHz 

and 1.63 MHz, respectively. With the length-to-width aspect 

ratio continuously increasing, Sample Ⅲ exhibits a greatly 

compromised -6 dB bandwidth owing to the over-compression 

for the modes merged within each band. For the comparison, 

the frequency bandwidths of previously reported MFUTs are 

summarized in Table Ⅲ. Therefore, from the perspective of 

device design and working bandwidth, the rectangular-

diaphragm MF-pMUT is much superior to the conventional 

multi-frequency piezoelectric transducers. When the designed 

MF-pMUT is used for imaging applications, some filters aimed 

at different bands could be employed through an electrically 

switchable filter circuit to further improve the axis resolution. 

TABLE Ⅲ 

FREQUENCY BANDWIDTHS OF PREVIOUSLY REPORTED MULTI-

FREQUENCY ULTRASOUND TRANSDUCERS 

Device Type 1st Band 2nd Band Ref. 

Multiple bulk 

transducers 

18% 67% [11] 

Multiple pMUTs 37% 23% [15] 

Multiple pMUTs - 52% [17] 

Multiple pMUTs 55% 34% [19] 

Multiple cMUTs 130% 90% [13] 

Single pMUT 118% 36% Sample Ⅰ 

Single pMUT 112% 38% Sample Ⅱ 

Single pMUT 70% 22% Sample Ⅲ 

 

 

Fig. 10. (a)-(c) Received time-domain acoustic pulses and their FFT 

spectra measured at 5 mm depth by hydrophone. MF-pMUT samples 

are excited by 100 ns pulse signals with amplitude of 4 Vpp. 
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IV. CONCLUSION 

In summary, a broadband and multi-frequency operation is 

obtained using the single-element rectangular-diaphragm MF-

pMUT without complicated fabrication processes and matching 

layers. Three MF-pMUT samples with different length-to-

width aspect ratios are fabricated and characterized both in air 

and underwater. Configured with a small aspect ratio, the MF-

pMUT exhibits two wide bands while its first band suffers from 

several fluctuations due to the imperfect mode merging. On the 

other hand, a better multi-frequency and broadband ultrasound 

operation can be achieved when the MF-pMUT is designed 

with a medium aspect ratio. Two smooth bands with the -6 dB 

bandwidths of 112% and 38% are obtained in this work, which 

are significantly larger than those of previously reported multi-

frequency piezoelectric transducers. Because of the very simple 

design and advantageous behaviors, the rectangular-diaphragm 

MF-pMUTs promisingly facilitate diversified ultrasound 

applications, especially in modern medical detection, imaging 

and therapy. 
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