Chapter 4: MEMS Design and Fabrication Techniques

4.1 Introduction

This chapter discusses the foundational principles of MEMS design and the fabrication
techniques that bring those designs to life. MEMS design involves a multidisciplinary
approach that integrates mechanical engineering, electrical engineering, materials
science, and microfabrication technologies. The objective is to ensure that the resulting
device is reliable, efficient, manufacturable, and fit for its intended application.

4.2 Principles of MEMS Design

MEMS devices must meet performance goals while adhering to constraints imposed by
microfabrication technologies, material properties, and application-specific
requirements.

e Design Objectives:

e Achieve desired mechanical or electrical functionality
e Optimize size, weight, and power consumption

e Ensure robustness and reliability over time

e Design Constraints:

¢ Limited material availability and mechanical behavior at the microscale
e Fabrication process compatibility and tolerance limitations

e Electrical and thermal effects at small dimensions

o Key Design Elements:

e Structural Geometry: Beams, cantilevers, membranes, and plates are the
fundamental mechanical elements.

e Sensing and Actuation Strategy: Selection based on intended interaction with the
environment (e.g., capacitive vs. piezoresistive).



e Material Selection: Based on mechanical strength, thermal stability, and chemical
resistance.

e Packaging Considerations: Impacts performance, signal integrity, and protection
against environmental factors.

4.3 Design Considerations in MEMS
MEMS design is influenced by both mechanical and electrical performance criteria.

e Mechanical Considerations:

e Stress and Strain: Structures must withstand internal and external forces without
permanent deformation.

e Resonance Frequency: Important for dynamic systems like gyroscopes and
accelerometers.

e Fatigue and Fracture: Cyclic loading may lead to failure over time; proper
modeling is crucial.

e Electrical Considerations:

e Signal Integrity: Ensuring low noise and accurate signal transmission.

e FElectrostatic Discharge (ESD): MEMS devices are vulnerable to ESD and must be
protected during handling and operation.

e Power Consumption: Especially critical in battery-powered applications such as
mobile devices and wearables.

e Thermal Considerations:

e Thermal Expansion Mismatch: Can lead to structural deformation or failure in
multi-material systems.

e Self-heating: From onboard electronics or actuators can affect performance and
longevity.



4.4 MEMS Fabrication Techniques Overview

Fabrication techniques for MEMS devices involve the controlled manipulation of
materials on the micrometer scale. MEMS fabrication draws heavily from integrated
circuit (IC) manufacturing while adding mechanical dimensions.

1. Bulk Micromachining

e Process: Material is removed from the substrate (typically silicon) to form structures.
e Application: Pressure sensors, diaphragms, cavities.
e Etching Techniques:

e Wet Etching: Using chemicals like KOH or TMAH.

e Dry Etching: Plasma-based methods (e.g., Reactive lon Etching, RIE).

2. Surface Micromachining

e Process: Structures are built up by depositing and patterning thin films on the surface
of the wafer.

e Sacrificial Layers: Removed to release movable parts (e.g., cantilevers).
e Application: Accelerometers, RF switches.

3. High-Aspect Ratio Micromachining (HARMS)
e Uses deep reactive ion etching (DRIE) or LIGA processes for tall, narrow structures.
e Application: Microgears, microturbines, microfluidic channels.

4. Wafer Bonding
e Purpose: To stack multiple wafers or seal microcavities.
e Types:

e Anodic bonding (glass to silicon)
e Fusion bonding (silicon to silicon)

e Adhesive bonding

4.5 Simulation and Modeling in MEMS Design

Simulation tools are essential for validating MEMS designs before fabrication.

e Finite Element Analysis (FEA): For stress, vibration, and deformation analysis.
e Electrical Modeling: To evaluate capacitance, resistance, and parasitic effects.

e Multiphysics Tools: Help analyze coupled mechanical, electrical, and thermal
behaviors.



4.6 Design for Manufacturability (DFM)

Effective MEMS design must consider manufacturability from the start.

e Design Rules: Defined by foundry capabilities (minimum feature size, aspect ratios,
etc.).

e Yield Optimization: Designs should tolerate process variations.

e Testing and Packaging: Must be factored in early to reduce post-fabrication failure.

4.7 Conclusion

MEMS design and fabrication are highly interdependent disciplines that require a deep
understanding of microscale behavior, material properties, and fabrication constraints. A
successful MEMS device balances performance, reliability, and manufacturability
through well-informed design decisions and precise fabrication techniques. As MEMS
technology advances, the integration of smarter design tools and more capable
fabrication processes will continue to enable new and innovative microsystems.



