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Abstract
This paper presents the design and fabrication details of a type of reflective curved micromirror with controllable static shapes. The fabrication of this device uses conventional surface micromachining technology and the MultiPoly process [1], which is a technique for depositing multilayers of LPCVD polysilicon in order to control the overall stress and stress gradient of the films. The inexpensive fabrication of these micromirrors allows for a range of designs that could address many new applications, including optical switches.  
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INTRODUCTION

Controlling the static shape of Microelectromechanical Systems (MEMS) components has been challenging but desirable for many applications, including optical MEMS. In general, stress gradient induced curvature is unwanted for MEMS micromirrors, because in many applicaitons optical efficiency is dependent on mirror’s flatness. Therefore, various techniques have been demonstrated to minimize the static mirror deformation. For example, thick single-crystal silicon is used to strengthen mirrors [2] and Argon ion machining is shown to correct the stress-induced out-of-plane deformation [3].

While a great deal of effort has been focused on making flat micromirrors, few attempts have been made to research micromirrors with 3D profiles [4]. Less noticed, but perhaps equally important in the long run, this family of mirror structures also has many interesting applications. One example is a high-speed deformable focusing element that could provide new capabilities, such as collimation correction and vibration compensation of poorly collimated beams in optical switches, sample height variation compensation in scanning confocal microscopy, and optimization of signal power in optical detectors. On the other hand, to achieve a spherical shape micromirror with controllable static curvature is the first step of design and fabricating an actuated shaped micromirror [5], which enables curved-to-flat transitions on micromirrors to achieve digital extinction function in optical switches application.

Furthermore, the curved mirror structure by itself is suitable for many potential applications including reflectors in ultrasonic imaging and ultrasonic transducers [6]; miniature microphones and speakers [7]; and biomedical research in human eyes, such as corneal surgery and manmade retinas [8]. 

As one of the most widely used structural material for surface-micromachined devices, polysilicon is typically deposited by low-pressure chemical vapor deposition (LPCVD). The intrinsic stresses of the polysilicon films vary with the microstructure. And the microstructure of LPCVD polysilicon films is dependent on the deposition conditions, such as deposition temperatures. Specifically, when the growth temperature is lower than ~560°C, amorphous films are formed. When growth temperature is in the range from ~560°C to ~600°C, crystalline films with fine grains are formed. At higher temperatures (from ~610°C to ~700°C), columnar films are obtained. Compressive stress is present in the amorphous and the columnar films, while the fine-grained films contain tensile stresses. 

CWRU researchers have developed a MultiPoly process [1] which uses multilayer deposition to precisely control the residual stress and stress gradient of large silicon structures. Polysilicon deposited at 570°C or 615°C, which individually possess intrinsic stresses but of opposite sign, are combined into multilayer films. By proper engineering of the individual layer thicknesses, films with controlled curvatures can be produced. This, in turn, leads to the capability of controlling the static shape of MEMS components. 

The approach of this work is to study the general controllability of the shape of a static circular mirror by researching different designs for the mirror structure, incorporating the MultiPoly process and multilayer plate theory, and studying the static shape by experiments. 

Design of static curved micromirrors

To make static curved micromirrors with different static shapes using MultiPoly, the multilayer film design is a key step. The idea is similar to a bimetallic mirror where the shape is controlled by computing stresses in different films, but the result is a static, thermally stable mirror—an inherent advantage of MultiPoly.
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Figure 1. Free body diagrams of individual layers of laminated films (after [9])

The multilayer micromirrors were designed using a mechanical model (Figure 1), where a linear elastic laminate analysis was applied [9]. Individual layers’ thicknesses are chosen by the calculation in the model so that the released micromirror can achieve prescribed curvature. In this experiment, 8-layer micromirrors with predicted radius of curvature equal to 8.3mm are designed. The total thickness is 5 microns with individual layer thicknesses (starting with the bottom 615°C layer) of 0.5, 1.0,0.3,1.0,0.35, 0.75, 0.5 and 0.6 microns.
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Figure 2. Micromirror structure before release. The basic structure is an 8-layer 5 µm thick MultiPoly film with a small anchor at the bottom
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Figure 3. Structure of the micromirror of Fig.1 after release (side view, not to scale, and the curvature is exaggerated)

Fabrication

Table 1 describes the detailed fabrication process. Only standard surface micromachining processing for polysilicon was used throughout this study.

Figure 2 and 3 are side view sketches of a 300um-diameter mirror before and after release. The micromirrors are anchored to the substrate at their centers. After released, the micromirrors curved up into spherical shapes. 

Results and discussion
Axisymmetric curved micromirrors of different sizes (from 300um to 1mm in diameter) were produced by MultiPoly film fabrication. Figure 4 is a scanning electron micrograph of two large circular micromirrors (diameter=700um and 1mm, respectively) fabricated from an 8-layer 5 µm thick MultiPoly film. Figure 5 is a top view interferometer image of a mirror with of a 9mm radius of curvature resulting from the designed stress gradient in the film. 

Table 1. Processing steps used to fabricate the shaped MEMS mirror

	
	Name
	Description

	1
	Si3N4  deposition - 100nm 
	LPCVD

	2
	LTO – 200nm 

Releasing oxide
	LPCVD



	3
	Photolithography 
	mask (anchor holes)

	4 
	Etch SiO2,

Strip PR

	Reactive ion etch (RIE) 

	6
	Polysilicon Deposition
	LPCVD, MultiPoly recipe

	7
	Masking Oxide Deposition
	LPCVD – 400nm

	8
	Photolithography 
	mask (structures)

	9
	Masking Oxide Etch
	 RIE using CHF3 and C2F6 

	10 
	Polysilicon Structure Etch
	RIE using Cl2

	11
	Release
	Dissolve release oxide in aqueous HF
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Figure 4. Scanning electron micrograph of two circular micromirrors fabricated from an 8-layer 5 µm thick MultiPoly film, diameter=700um and 1mm, respectively 
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Figure 5. Top view interferometer image of a 

micromirror. It curves upward with a 9 mm radius of curvature, calculated by curve fitting

The radius of curvature can be measured using an interferometer and calculated from the number of the interferometer fringes and the diameter D of the micromirror by


[image: image5.wmf]

(1)

where z=n×λ, n is the number of fringes and λ is the wavelength used by the interferometer. In this case, n =13, λ=540nm and D=500um. This static mirror has a radius of curvature of 9mm, which matches the prediction of 8.3mm well.

For some different designs of cirlular micromirrors, both axisymmetric dome shape (or spherical shape) and saddle shape have been observed. For example, Figure 6 shows two micromirrors fabricated with the same multipoly film (3.1 microns in thickness), but (a) is an axisymmetric multipoly micromirror with diameter=500 microns while (b) is in a saddle shape with micromirror diameter=700 microns. 
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(a)
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(b)

Figure 6. Two micromirrors with the same multilayer design and different shapes (a) D=500 microns, axisymmeric shape and (b) D=700 microns, saddled shape 

Applying thin plate theory with an energy-based Rayleigh-Ritz approach gives the explanation for the different shapes - whether spherical domed shape or saddled shape [10]. In fact, which shape occurs depends on the diameter to thickness ratio and individual layer thickness to total thickness ratio. Generally, reducing the mirror’s diameter and the individual layer thickness and increasing the total thickness will contribute to the stability of an axisymmetric structure. Another work [4] confirmed this approach by optimizing the stress layer thickness to the structure thickness ratio and making the micromirror in a stable spherical shape without buckling. 

With the increased total thickness comparing to previous saddle shape designs (total thickness= 3.1 microns), our 5-micron micromirrors fabricated by the same 8-layer MultiPoly film are axisymmetric for all four different sizes. 

Another interesting result is the distribution of the radii of curvature vs. the micromirrors’ sizes. Figure 7 shows the measured radii of curvature (best fit) vs. diameters of the micromirrors.

Although the linear laminate model provides only one radius of curvature for each multilayer design, it is only an estimation when geometrically nonlinear effects are small [11].  Specifically, a linear analysis over-predicts the out-of plane displacements. For smaller micromirror (such as D=300 micron and D=500um), closer agreement between the linear model prediction and the experimental results can be reached. But for larger micromirrors, the increases of the radii of curvature with the mirror size become more obvious. 


[image: image8.wmf]
Figure 7. Measured radii of curvature (best fit) vs. diameters of a total of 18 fabricated micromirrors on the same wafer. Variation within the same size group is shown using a bar and the mean value is marked with a square dot.

Summary

The design and fabrication of a static curved micromirror is presented. The measured radii of curvature agree to the prediction that was calculated with a linear laminate model  using the design parameters. Conventional surface-micromachining fabrication processes are used. Results of different static shapes and the distribution of radius of curvature vs. mirror sizes are discussed. 

A future study will use underlying electrodes to apply electrostatic force on the mirror structure and study effect on the shape of the actuated mirror. The placement of electrodes on the substrate will enable electrostatic actuation to flatten this circular structure or change its radius of curvature.  This device can then act as a reflector with variable focal length, which has applications in optical switching.
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