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Abstract

As the core sensing units of high-performance sensor systems, Micro-Electro-
Mechanical Systems (MEMS) possess significant advantages such as small volume, fast
response, and high sensitivity, playing an irreplaceable role in major national strategic
equipment in aviation, aerospace, and weaponry. With the continuous innovation of
micro/nano processing and manufacturing technologies, utilizing high-frequency dynamic
response to achieve a leap in sensing performance has become the key to the development of
a new generation of MEMS devices. During the high-frequency dynamic process, device
performance is usually jointly determined by the geometric structure and dynamic
characteristics. Therefore, how to achieve high-resolution in-situ characterization of the
geometric parameters and dynamic characteristics of micro/nano devices has become an
important and urgent topic in the current field of micro/nano device characterization.

However, existing micro/nano device characterization technologies face numerous
bottlenecks. Traditional static characterization methods cannot capture the dynamic evolution
process, and the discrete detection of a single parameter is also insufficient to reveal the
essence of dynamic response under multi-parameter coupling, which severely hinders the
accurate evaluation and in-depth understanding of the performance of micro/nano devices.

Aiming at the above problems, this thesis, titled "Research on Laser Differential
Confocal Micro-vibration and Dynamic Raman Spectroscopy In-situ Detection Technology",
proposes a novel in-situ detection method based on laser differential confocal micro-Raman
spectroscopy detection technology. An in-situ detection system for laser differential confocal
micro-vibration and dynamic Raman spectroscopy is constructed, realizing for the first time
the multi-parameter in-situ detection and fusion imaging of geometric morphology, vibration
parameters, and dynamic stress.

The research content of this thesis is supported by XXX.

The main research work of this thesis is as follows:

1) Aiming at the difficulty of in-situ detection of multiple parameters such as geometry,

vibration, and stress in the ficld of micro/nano device characterization, a new in-situ detection
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method using laser differential confocal micro-vibration and dynamic Raman spectroscopy
is proposed. This method utilizes a laser differential confocal detection system to achieve
micro-imaging and vibration parameter detection, and combines it with a stroboscopic
illumination-based Raman spectroscopy detection system to achieve dynamic Raman
spectroscopy detection. It achieves the multi-parameter in-situ detection of geometry,
vibration, and stress of dynamic micro/nano devices for the first time, breaking through the
bottleneck of traditional characterization technologies in the in-situ fusion characterization
of multi-dimensional information.

2) Aiming at the problem of insufficient amplitude resolution in confocal micro-
vibration parameter measurement, an adaptive differential confocal micro-vibration sensing
model mapping method is proposed. Two vibration sensing models based on digital filtering
and deep learning are developed. Both can directly establish a displacement-voltage mapping
relationship from the vibration-coupled differential confocal axial intensity response curve,
achieving in-situ vibration measurement without the need for pre-scanning. Among them, the
deep learning model demonstrates stronger nonlinear fitting capabilities compared to the
digital filtering model. On this basis, by further combining the windowed Fast Fourier
Transform (FFT) technique, picometer-level vibration parameter demodulation is achieved.

3) Aiming at the problem of insufficient spectral spatial resolution in dynamic Raman
spectroscopy detection, a phase-resolved dynamic Raman spectroscopy detection method
with focus tracking is proposed. This method utilizes short-pulse stroboscopic illumination
technology to achieve phase-resolved detection of dynamic Raman spectroscopy, and further
integrates differential confocal technology to ensure that the Raman spectroscopy excitation
is always precisely located at the spot focus, thereby solving the challenge of high spatial
resolution detection of dynamic Raman spectroscopy for vibrating samples.

Based on the above research, the laser differential confocal micro-vibration and dynamic
Raman spectroscopy in-situ detection system was constructed, and system performance
testing as well as experimental verification were carried out. The experimental results show
that the geometric spatial resolution of the system reaches 320 nm laterally and 11 nm axially;
the spectral spatial resolution reaches 320 nm laterally and 1 pm axially. The time-domain

demodulation displacement resolution is better than 1.8 nm (k = 3), and the 1-dB dynamic
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measurement range is 180 nm. The frequency-domain demodulation amplitude resolution
reaches 0.09 nm/Hz"?> @ 1 kHz~100 kHz and 0.02 nm/Hz"? @ 100 kHz~93 MHz, with a
vibration detection bandwidth reaching 93 MHz. It can detect dynamic stress at 360 kHz, the
Raman spectral resolution is better than 0.6 cm™, and the repeatability of spectral shift
measurement is £0.02 cm™, corresponding to a stress resolution of 10 MPa @Si<100>. The
experimental results indicate that the “Laser Differential Confocal Micro-vibration and
Dynamic Raman Spectroscopy In-situ Detection Technology” studied in this thesis has
significant advantages such as high spatial resolution, high amplitude resolution, and multi-
parameter in-situ measurement, providing a brand-new technical solution for the

performance characterization of micro/nano devices.
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