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Abstract: We report on an optical ultrasound sensor with a 70 nm-thick opto-mechanical 

membrane. The device is made of a single silicon layer. The sensitivity and fractional bandwidth 

of the sensor are 0.41V/Pa and 62%, respectively. ©  2022 The Author(s) 

 

1. Introduction 

Ultrasound imaging is one of the most popular diagnostic imaging modalities with several advantages, including 

excellent anatomical spatial resolution, real-time capability, safety, and patient affordability. Conventional 

piezoelectric ultrasonic transducers convert acoustic pressure energy into electrical signals based on piezoelectric 

materials. However, these typical transducers have limitations including narrow bandwidth, limited sensitivity, 

small acceptance angle, bulky size, and high cost. To overcome these disadvantages, optical ultrasonic sensing 

techniques based on optical resonators have been introduced [1]. Recently, optical ultrasonic sensors based on 

photonic integrated circuits (PICs) have received a lot of attention due to their superior capability of ultra-sensitive 

ultrasound sensing and multi-functional form factor. However, their design is highly limited by their inherent 

structure. So far, the PIC-based ultrasound sensors are either using no external membrane (i.e., resonator itself 

vibrates) [2][3] or using a membrane made by non-conventional fabrication technique (e.g., wafer bonding), which 

provide very narrow design space [4]. Since the performances (e.g., bandwidth, resonance frequency, sensitivity) 

of the ultrasound sensors are highly dependent on the design of the membranes (i.e., thickness, length, shape), a 

new membrane structure with a large design space is highly required. In addition, as the sensitivity of the 

ultrasound sensors is directly related to the thickness of the membrane, it is desirable to have the thinnest 

membrane possible.  

Here, we report on a new optical ultrasound sensor design that allows easy fabrication while having a 

very thin membrane structure. Compared to previous work in [1], which has a 2 μm-thick membrane defined by 

a wafer bonding technique, our structure has a much broader design space as the dimension and shape of the 

membrane is defined by lithography and etching. We implemented a sensor with only a 70 nm-thick membrane 

having acoustic resonance at 6.5 MHz as proof of concept. The sensitivity and fractional bandwidth of the device 

are 0.41 V/Pa and 62 %, respectively. 

2. Design and Experiments

 
Figure 1. (a) Optical microscope image of our opto-mechanical sensor. (b) Cross-section along A-A' in (a). (c) Operating principle of the opto-
mechanical ultrasound sensor. 
 

Our device is fabricated on a 200 mm silicon-on-insulator (SOI) wafer with a 220 nm-thick silicon device layer 

and a 2 μm-thick buried oxide layer (BOX). The waveguides and opto-mechanical membranes, which moves in 

response to ultrasound pressure, are fabricated on the silicon device layer. The BOX layer under the cantilever is 

undercut in a hydrofluoric acid vapor etcher to release the cantilever into the air. Figure 1(a) shows an optical 

microscope image of our opto-mechanical ultrasound sensor. The sensor consists of an optical racetrack resonator, 

a bus waveguide, and opto-mechanical membranes. The round trip length of the resonator is 330 μm. The bus 

waveguide is coupled to the ring resonator to optically prove the resonance shift of the racetrack resonator in 

response to ultrasound pressure. The thickness and the length of the cantilever are 70 nm and 7 μm, respectively. 

A 300 nm-wide and 220 nm-thick silicon phase shifter block is attached to the tip of the cantilever. The phase 
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shifter block is located in proximity to the resonator with a 200 nm distance in between (Fig. 1(b)). The phase 

shifter block perturbs the effective index of the resonator by optical coupling. The cantilever moves up and down 

in response to acoustic pressure, and so does the phase shifter block as well. When the phase shifter block moves, 

the resonator's effective index is modulated, thus its resonance wavelength (Fig. 1(c)). By measuring optical 

transmission through the bus waveguide with a laser wavelength near the resonator's resonance, we can reconstruct 

the ultrasound signal incident on the cantilever.  

Figure 2(a) is an optical image showing the setup we used to characterize our device. The chip is 

immersed in deionized water (DI), and a grating coupler array is used to couple a laser and photodetector to the 

input and output of the bus waveguide on the chip. The distance between the transducer and the sensor is 15 mm. 

A tunable laser with a wavelength near 1570 nm was used to prove the resonator, and the resonator's free spectral 

range (FSR) is 1.65 nm. A photodetector having 125 MHz bandwidth (Newport 1811-FC) was used. The 

resonator's linewidth and corresponding quality factor are 0.11 nm and 15,000, respectively. An immersion 

broadband single element transducer (A309S, Olympus-IMS) centered at 5 MHz with the fractional bandwidth of 

52 % (3.7~6.3 MHz) was connected to the ultrasonic pulser (5072PR, Olympus-IMS) for ultrasound transmission. 

Figure 2(c) shows our sensor's measured time-domain received signal in response to the transmitted ultrasound 

signal. The time taken for the signal to travel between the transducer and the sensor is 8.7 μs (= 13.4 mm), which 

coincides with the setup design considering an incidence angle. The ringing signal observed from 10.1 μs is 

reflected signal from the fiber holding block. The acoustic pressure at the sensor's location is calibrated using a 

hydrophone (HGL-0400, Onda Corporation), and it was 0.99 MPa at 5 MHz frequency. From the peak value of 

the time domain signal, we estimated the sensitivity of our device, and it was 0.41 V/Pa. Figure 2(d) shows the 

frequency spectrum of the received signal. The center frequency was measured at 6.5 MHz with the bandwidth at 

3 dB of 3.1 MHz (= fractional bandwidth of 62 %). Please note that the sound source in this study has a limited 

bandwidth (= fractional bandwidth of 52 %). Thus, the bandwidth of our sensor is expected to become wider than 

the measured value. We will further evaluate the sensor properties by using the ultra-wideband photoacoustic 

source. 
 

In summary, we have introduced a new structure for an optical ultrasound sensor that has an ultra-thin membrane 

of 70 nm. Its simple structure and fabrication process allow the device to have a large degree of freedom in design 

and performance. We believe that the large design space of our new device concept will broaden the applications 

of optical ultrasound sensors. 
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Figure 2. (a) is an optical image showing the setup and (b) is the schematic diagram corresponding to (a). (c) shows the measured time-

domain received signal of our sensor and (d) shows the frequency spectrum of the received signal. 
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