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A Novel High-Sensitivity Dual-Gap Ultrasound

System-on-Chip Based on Standard CMOS
Process
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Abstract

Driven by the rapid growth of the |oT, smart healthcare, and nondestructive
testing, the demand for miniaturized, low-power, and high-resolution
ultrasonic sensors is becoming increasingly urgent. Currently, mainstream
transducers employ bulk piezoelectric ceramics. However, they suffer
from poor acoustic impedance matching with media like water or tissue,
bulky volumes, manual dicing assembly, and difficulties in high-density IC
integration. These drawbacks lead to high costs and limit applications in
wearables and in vivo imaging. Featuring a broad frequency spectrum, high
sensitivity, and simplified array design, Capacitive Micromachined Ultrasonic
Transducers (CMUTs) are considered as the rising stars to replace convention-
al probes. Combining standard semiconductor fabrication with an ingenious
post-processing technique, this work proposes a groundbreaking, globally
pioneering "dual-gap CMUT-on-CMOS" monolithic single-chip solution.

We have successfully implemented two distinct transducer arrays with
completely different gaps on a single chip. A 180 nm narrow gap Metal-Insu-
lator-Metal (MIM) structure serves as the highly sensitive receiving end;
its low operating voltage and high electromechanical coupling capability
enable the detection of weak echoes. Concurrently, a 400 nm larger gap
Titanium Nitride Composite (TiN-C) structure serves as the high-power
transmitting end to ensure sufficient acoustic pressure output. This dual-gap
design functions like crafting two collaborative resonant cavities within a
speaker/microphone system: the narrower gap provides high-sensitivity
reception, while the larger gap reinforces transmission energy. This optimizes
signal quality and energy efficiency while saving chip area.

Unlike conventional MEMS devices that rely on expensive custom photo-
masks and complex alignment steps, this work leverages the standard
0.18 um CMOS process provided by TSMC, requiring only simple back-end
maskless etching techniques for completion. We cleverly utilize existing
CMOS metal layers (Metal-3 and Capacitor Top Metal, CTM) as sacrificial
layers and adopt the built-in Titanium Nitride (TiN) anti-reflection coating
within the metal layers as the structural electrodes. This allows us to
precisely define microscale micromechanical structures without altering
standard design rules, significantly reducing manufacturing costs and
technical barriers while demonstrating tremendous mass production
potential.

Furthermore, this work successfully fabricates the micromechanical sensors
directly on top of the CMOS circuitry, achieving real vertical integration. As
illustrated in Fig. 2, the bottom layer of the chip integrates a transimpedance
amplifier (TIA), allowing the sensed signals to be routed to the circuitry via
the shortest possible path, minimizing parasitic capacitance and transmission
noise. Compared to conventional packaging approaches where the sensors
and circuits are manufactured separately and connected via wire bonding,
this design holds an absolute advantage in noise suppression.
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Fig. 2 Monolithic integration of CMUT and circuit achieves outstanding sensitivity.
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