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Abstract:
This thesis is an investigation into the feasibility of using deformable silicon nitride membrane mirrors
for focus control without introducing spherical aberrations. The mirrors are circular with sizes ranging
from 300pm to 1500pm diameter. Focus control is achieved by deflecting the membranes, while
maintaining a parabolic surface shape, as not to introduce spherical aberrations. The deflection of the
membranes is done electrostatically and uses two concentric actuation zones for spherical aberration
control. Variation in the membrane boundary conditions was investigated to determine the effect on
spherical aberration in the mirrors. The devices were built using a method which is a hybrid between
surface and bulk micromachining. The fabrication method enables the air gap beneath the membrane to
be precisely controlled to the desired depth. Devices 1500 pm in diameter displayed focal length
adjustments ranging from infinity to 39mm, corresponding to membrane displacement of 3.6 pm at
membrane center.
It was shown that spherical-aberration-free focus control was possible to achieve using the
two-actuation-zone configuration. The devices were found to have resonant frequencies in the
20-25kHz range, which makes the devices suitable for real time video rate focus control. Integration of
a device into a confocal microscope with object space numerical aperture yielded a change in focal
plane location of 75 pm, with insignificant impact on system performance. It was therefore concluded
that the devices are suitable for spherical aberration free focus control at relatively high frequencies.
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ABSTRACT

This thesis is an investigation into the feasibility of using deformable silicon
nitride membrane mirrors for focus control without introducing spherical
aberrations. The mirrors are circular with sizes ranging from 3OOpm to 1500pm
diameter. Focus control is achieved by deflecting the membranes, while
maintaining a parabolic surface shape, as not to introduce spherical aberrations.
The deflection of the membranes is done electrostatically and uses two concentric
actuation zones for spherical aberration control. Variation in the membrane
boundary conditions was investigated to determine the effect on spherical
aberration in the mirrors. The devices were built using a method which is a hybrid
between surface and bulk micromachining. The fabrication method enables the air
gap beneath the membrane to be precisely controlled to the desired depth. Devices
1500 pm in diameter displayed focal length adjustments ranging from infinity to
39mm, corresponding to membrane displacement of 3.6 pm at membrane center.
It was shown that spherical-aberration-ffee focus control was possible to achieve
using the two-actuation-zone configuration. The devices were found to have
resonant frequencies in the 20-25kHz range, which makes the devices suitable for
real time video rate focus control. Integration of a device into a confocal
microscope with object space numerical aperture yielded a change in focal plane
location of 75 pm, with insignificant impact on system performance. It was
therefore concluded that the devices are suitable for spherical aberration free
focus control at relatively high frequencies.
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CHAPTER I

INTRODUCTION

The first Microelectromechanical system (MEMS) device was made in the mid-1960s,
when a resonating MOS gate structure was built at Westinghouse [I]. It was not until the
late 1980s that the field of MEMS started gaining ground and the term MEMS, itself, was
not officially adopted until 1989 [2]. Since then, significant advancements have been
made in the area. The main reason for the fast development"of the technology is that
MEMS uses existing CMOS technology that has evolved over the last decades with the
rapid development of the microprocessor and memory industry [3]. As the minimum
feature size of MEMS structures normally is around a few microns, older CMOS
equipment can be used, which lowers production cost. Since MEMS devices can be
produced by batch processing, large volumes can be produced at low cost per individual
device.
Silicon has very good material properties (comparable to steel) and very durable
and versatile structures can be constructed from it. MEMS processes are CMOS
compatible, which makes it possible to create a monolithic integration with mechanical
and microelectronic parts on the same chip and reduce the part size of the system.
The ability to create mechanical structures with or without integrated electronics
on a small scale using silicon wafers has vast benefits in several applications. The
automotive industry, which has been the driving force behind the sensor technology of
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MEMS, uses MEMS accelerometers to control deployment of airbags. Because of the
small size and relatively low cost of the devices redundant sensors can be installed for
increased reliability with low overhead.
The information technology industry is another major contributor to the growth of
MOEMS

technology

(Micro-opto-electromechanical

systems).

As

fiberoptic

communication has grown with the expansion of the internet, small and reliable MOEMS
devices can be used in applications such as fiberoptic switches to reroute incoming
optical signals to any of a number of outgoing fibers.
Considerable attention has been dedicated to the development of adaptive optics
using MOEMS technology. The bulk of the adaptive optics is focused on correcting for
random aberrations in applications such as ground based telescopes used in astronomy,
where Earth’s atmosphere introduces random aberrations [4, 5]. These are complex
devices with large grids of actuators that control the surface shape of the mirrors. Some
devices are focused on correcting for one specific type of aberration and can therefore use
simple mirror shapes that are already known. These devices generally correct for one of
the primary (Seidel) aberrations of a system such as defocus [6, 7, 8, 9], spherical
y

aberration, and astigmatism [10]. Using compensating adaptive optics, correcting for
known aberrations, will enable cheaper lenses of lower optical quality to be utilized in
optical systems at a lower cost, but with performance comparable to more expensive
systems.
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In this thesis, deformable mirrors for focus control are presented. Previous efforts
toward focus control have been made based on a number of different concepts. Bums and
Bright [7] designed a thermally controlled focusing mirror capable of frequencies beyond
120Hz with a maximum power consumption of 480mW. Concentric rings of aluminum
on the polysilicon membrane surface' acts as a reflector and the largest ring, when
resistively heated, causes the membrane curvature to change due to the change in residual
stress of the materials. Zhu and Sun [6] demonstrated aberration free focusing using a 19channel deformable silicon nitride membrane mirror with a diameter of 1cm. The bottom
of the membrane structure has 19 independent hexagonal actuation zones, which causes
the aluminum-coated membrane to deflect due to electrostatic force caused by the applied
voltages. A lookup table is used to control the voltages of the actuators below the mirror
to maintain aberration free imaging at frequencies ranging up to hundreds of Hertz.
Vdovin and Sarro [8] produced mirrors with a clear aperture of 1cm, capable of focal
lengths ranging from co (flat mirror) to 0.25m at frequencies up to 75Hz. A 19-channel
actuation scheme similar to the one used by Zhu and Sun is employed by these
deformable membrane mirrors. Derivations of these mirrors are now commercially
y

available in sizes ranging from 5mm to 50mm, actuation schemes with 19 to 119
channels, and frequency responses of up to 500Hz.
Our devices are circular, low stress, silicon nitride membrane structures on the
order of a millimeter in diameter that are suspended across a pit in the bulk silicon
beneath it. They operate on the principle that a mirror with a cross sectional parabolic
surface figure acts as a positive lens. By deflecting the mirror to varying degrees, the
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level of curvature of the mirror changes, which moves the location of the focal point of
the mirror. Two topside gold electrodes electrostatically control the amount of deflection
of the mirrors and also make up the reflective surface of the mirrors. By adjusting the
control voltages of the two independent actuation zones, the membranes can maintain
zero spherical aberration. The target voltage range for surface control of the mirrors is
below 200V for a deflection of a few microns, which yields a focal length range from oo
to 0.04m. The devices have frequency responses in the 20-25kHz range, which makes
them suitable for real time video rate focus control.
The mirrors are intended for integration into a confocal microscope and Raman
spectrometer (CMaRS) probe that uses beam scanning to compose an image [11]. The
probe will be attached to a robotic arm in a rover-based vehicle for Mars exploration. The
robotic arm is used for moving the probe up to the sample. The final adjustment of the
focal plane is performed by the adaptive optics of the probe, which enables the probe to
image samples that are not perfectly flat by adjusting for optimal focus across the field of
view of the sample. At this point the focus control of the probe is done by a lens-mount
which is moved by a piezoelectric actuator. Integration of a deformable mirror would
decrease the overall weight and size of the system and the low power consumption of an
electrostatically controlled membrane mirror is ideal for applications with limited
available power.
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CHAPTER 2

THEORETICAL DEVELOPMENT

Target Specifications
A membrane device with a reflective surface with good optical quality is desired. In order
to maintain spherical aberration free imaging, it needs to maintain a perfectly parabolic
shape when deflected. Means of controlling the surface shape of the membrane to
maintain a parabolic shape need to be implemented, as the device is expected to deviate
from a perfectly paraboloidal shape under uniform pressure. The device is desired to be
able to achieve a large enough deflection to give 200pm of focus control for a given
system (discussed in chapter 6). The voltage required to achieve this actuation should
ideally be less than 200V to avoid electric breakdown of the device.

Parabolic Mirror
In order to maintain an aberration-free imaging system with a membrane device,
the surface shape of the membrane needs to be parabolic (assuming collimated incident
illumination). This is illustrated in figure 2-1, where a spherical reflector and a parabolic
reflector are shown together. In a) it is noted that the rays of a collimated beam do not
come to a perfect focus, but are in fact spread around the focal point by the spherical
mirror. This is known as spherical aberration. The incoming rays from the collimated
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beam are reflected by the parabolic mirror in b) and come to a perfect focus at the focal
point, f.

Figure 2-1. Imaging of a collimated beam by a
a) Spherical reflector
b) Parabolic reflector
For the paraxial case (rays close to the optical axis), a spherical reflector acts like a
paraboloidal mirror of focal length f = R/2 (R is the radius of the spherical mirror). Figure
2-2 shows the concept of how a reflective spherical surface acts as a positive lens. The
governing equation for imaging with a spherical mirror is
I
z,

I
z2

( 2- 1)

where Z\ is the distance from the mirror to the object, z? is the distance from the mirror to
the image, and R is the radius of the mirror. The conventions of the formula are as shown
in figure 2-2 a). The minus sign of the radius denotes a concave mirror. For a thin lens,
the corresponding equation is
( 2- 2)
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where z, is the distance from the lens to the object, Z2 is the distance from the lens to the
image, and f is the focal length of the lens. The conventions of the formula are as
displayed in figure 2-2 b).

Figure 2-2. Incident collimated beam on spherical reflector and thin lens.
a) Collimated beam is imaged at focal point of spherical reflector.
b) Collimated beam is imaged at focal point of thin lens.
Since Zi is at infinity for the two cases shown above, the location of the image is found to
be at R/2 for the spherical mirror, and at f for the thin lens. The radius of (2-1) depends
on the radius and the amount of deflection of the device. Figure 2-3 shows how the radius
of the spherical mirror was derived from the deflection and radius of the membrane
device. The formula for the radius of the spherical mirror (R) is
R

d2 + r2 r
~ — for d « r ,
2d
2d

where d is the deflection and r is the radius of the device in question.

(2-3)
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L
r = radius of device
d = deflection of device
R = radius of spherical surface

Figure 2-3. Radius of spherical reflector as function of device radius and deflection.
The resulting focal length as a function of center deflection of a device is shown in figure
2-4 for a TSOpm and a 1500pm diameter device. Since the devices are assumed to be
perfectly flat when no pressure is applied, the focal length of the membranes will be
infinite at 0 deflection. The same amount of center deflection of devices of varying size
will give different focal lengths. Assuming the same level of deflection for devices, the
smaller the device is, the shorter its focal length will be. The focal length will change
more rapidly with the initial deflection for a smaller device. This will result in a greater
range of focus adjustment for small deflections of smaller devices.
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Focal length of membrane devices

------ 1SOOum device
TSOum device

Deflection (um)

Figure 2-4. Resulting focal length of TSOfim and I SOOfam diameter device from deflection
at center of device.
Since a paraboloidal shape is desired to obtain a perfect focus, the surface profile
of the deflected membrane will have a deflection, which is proportional to the square of
the position away from the center of the membrane. Any deviation from perfect r2
dependence will therefore cause a non-parabolic shape and thereby introduce aberrations
to the system in which it is being used. In order to evaluate the performance of the
membrane, its surface shape will be fit to a polynomial of the form
y=a2r2+a4r4,

(2-4)

where y is the deflection of the membrane at a the radial location r. The a2 coefficient
shows the parabolic shape of the membrane (focal point location) and the 34 coefficient
shows the amount of spherical aberration introduced by the membrane. The focal length
of the parabolic mirror is given by
f

I
4a 2

(2-5)
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Higher order aberrations will be neglected, as the spherical aberration is the dominating
aberration due to non-parabolic surface shape of the devices. The maximum spherical
aberration of the device in waves is given as
Wspm.,

(2-6)

where r is the device radius and X is the light source wavelength.

Mechanical Behavior
The mechanical behavior of the device needs to be such that when pressure is applied to
it, the surface shape of the devices will be close to parabolic. The natural shape of a
membrane under uniform pressure is parabolic [4], so it is desirable to have the device
acting as a mechanical membrane. If the device acts more like a clamped plate, the
surface shape under uniform pressure will not be parabolic due to the rigid boundary
conditions of the plate.
The difference between membrane behavior and plate behavior for small
deflections is dependent upon the initial tensile load of the device. When the tensile load
is zero, the device behaves like a classical plate. As the tensile load increases, the
behavior goes toward that of a membrane. The device goes toward pure membrane
behavior as the tensile load goes towards infinity [12].
For the discussed devices, the tensile load is caused by the residual stress of the
silicon nitride layer. If the residual stress of the device is increased, the resonant
frequency is increased and the parabolic surface shape of the device is improved [9].
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Since the residual stress is a key part of the restoring force of the device, an increase in
the residual stress will increase the pressure needed to deflect the device.

Membrane Actuation
In order to deflect the membrane, reflective gold actuators are deposited on top of the
membrane. In addition to being a highly reflective surface and acting as a mirror, the layer
is used to deflect the membrane by means of electrostatic control. By grounding the
silicon substrate beneath the device, it acts as a counter electrode to the gold layer on top
of the devices when a voltage is applied to it. The deflecting force (F) acting upon the
device as a result of the voltage differential is defined as

2d:

(2- 6)

where so is the dielectric constant of vacuum, sr is the relative dielectric constant of the
material between the electrodes, Vc is the applied control voltage, S is the area of the
electrode, and d is the distance between the plates. Because of the aspect ratio between
the device radius and the gap beneath the structure as well as the small distance between
the membranes and the substrate, large forces can be obtained with relatively small
control voltages. Since the available range of control voltages remains the same
independent of device size, the larger devices will have greater force acting on them since
the surface area increases. The larger devices will therefore achieve greater deflections
than the smaller devices. However, a smaller device achieves a higher level of curvature
for small deflections (and therefore a shorter focal length).
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To achieve greater control of the surface shape of the deflected membrane, an
actuator scheme with a center circle and an outer annular ring was implemented on top of
the membrane structure (chapter 3). Simulations showed that it would be possible to
minimize the a< term of the deflected device, thereby achieving a perfectly parabolic
shape, using this actuation scheme.

Modeling
In order to understand how the device would react to different structural configurations
and varying pressure, finite element analysis (FEA) of simple plate models of the devices
was performed (code by Phil A. Himmer and B. Jeff Lutzenberger). The parameters
investigated were different pressure zones, varying edge support models with the options
of segmented support, and a thinned edge support ring around the perimeter of the
devices.
Because of the radial symmetry of the device, the FEA model was composed of a
36° radial piece of the entire device. Figure 2-5 shows the layout of the model. It has two
separate pressure zones that are marked as “Inner” and “Outer” in the figure and represent
where the different actuation zones will be located. These zones have different grid sizes
in the model. The outer zone has a finer grid than the inner as the change in displacement
will be smaller there and more resolution is necessary. The inner pressure zone is twice as
large (radially) as the outer zone, which is shown in the figure as it being 2Zg of the radius
and the outer zone makes up 1Z3 of the total radius. The device of the figure has a
segmented edge support with 10% duty width, where the nitride strips are located every
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36°. Consequently, the support strips being shown in the picture, are actually only half of
an edge support strip. The support also has a thinned region in the edge support of the
device, which will yield a more membrane-like pressure response of the devices. The
residual stress of the device was integrated into the model as a change in temperature of
the structure.

Figure 2-5. Finite element model of membrane structure.
The device was modeled as a silicon nitride plate with a thickness of 0.5pm, and 0.1pm at
the thin portion of the edge support. The material properties of the devices were given to
be 290GPA for the Young’s modulus and 0.24 for the Poisson’s ratio. By applying a
uniformly distributed pressure to each of the pressure zones (the electrostatic force of
each zone which will arise from applied voltages), surface shape was simulated.
The impact of the two different actuation zones was tested by applying pressure to
one actuation zone at a time and then both actuation zones at once. The test was carried
out on a variety of device sizes, with center deflections ranging up to 7pm. the resulting
deflection was post-processed in Matlab to find the surface shape of the membrane. The
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data was fitted to a function of the form r2a2 + Za4 (2-4) to know the amount of focus
control and aberrations.
The simulations of a ISOOjam device with segmented and thinned edge support gives a
representative view of the results of the simulations. The membrane was deflected to 7Jim
at the center of the device by pressure on the outer, inner, and both actuation zones
respectively. The resulting data of the simulations are presented in table 2-1. Figure 2-4
shows the resulting surface figures corresponding to the values of table 2-1. The a2 and a*
coefficients and the peak error of the curves were calculated using the central 80% of the
devices. The peak error is defined as the maximum deviation by the membrane shape
from the best-fit curve fitted a2r2 shape. It could consistently be shown that spherical
wavefront errors (caused by deviation from parabolic surface shape) were less than 1/10
at 852nm wavelength for pressure on the outer actuation zone. Because of the small
magnitude of the error, it was concluded that aberration free imaging would be possible.
The resulting surface figure curves are shown together with a parabolic curve in figure 24. The best fit to a parabola was obtained by pressure on the outer actuation zone.
Uniform pressure provides the second best fit and pressure on the inner actuation zone
has the highest deviation from the quadratic function. The simulations showed that the
surface shape of the membrane could be controlled by applying different pressure to the
two actuation zones.
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Table 2-1. Results from FEA simulations on ISOOjam device with segmented and thinned
support.
Peak Error
Actuation
a2
a4
Zone
(pm) (Z)
Inner
-1.90E-05 1.30E-11 0.38 0.45
Outer
-1.31E-05 6.26E-13 0.04 0.04
Both
-1.60E-05 6.75E-12 0.21 0.25

Quadratic
Outer

80% Aperture for Best Fit

O

100

200

300

400

500

600

700

800

Radial Distance From Center of Membrane (urn)

Figure 2-6. FEA Simulation results from actuation of 1500pm device by pressure on
inner, outer, and both actuation zones.
FEA simulations also showed that a plate model with an annular thinning of the edge
support resembles the behavior of a mechanical membrane (making it act more like a
simply supported plate than a clamped plate).
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CHAPTER 3

DESIGN

Material / Structural Choices / Fabrication Constraints
The device we are proposing to build is a freestanding membrane on the order of 1000pm
diameter with a surface possessing good optical properties, capable of a range of motion
of a few microns. As the membrane is deflected, it is desirable that it maintains a
parabolic shape, so as not to introduce aberrations to the optical system (as discussed in
chapter 2). In previous work [10], oxide was used as a sacrificial layer underneath a
polysilicon surface membrane with a single actuation zone. Etching the oxide forms an
air gap to allow deflection of the membrane. This conventional polysilicon surface
micromachining process is limited to relatively shallow pits underneath the membrane
when the devices are released (around 2 microns) because of the long times required for
oxide deposition and the quality of the deposited films. A new process was proposed that
forms a membrane of silicon nitride rather than polysilicon, which makes it possible to
etch the substrate silicon to create an air gap underneath a silicon nitride (SixNy)
membrane. By creating a larger gap under the membrane, a greater range of motion can
be attained and a larger amount of focus control can be achieved. The process is a hybrid
between bulk micromachining (where the bulk of the wafer is etched) and surface
micromachining (where layers are deposited on the surface of the wafer and make up the
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device). The cross-sectional pictures of the two different methodologies in Figure 3-1
illustrate the difference in range of motion of the different membranes.
Membrane Layer

Bulk Silicon
Polysilicon Device

Bulk Silicon
Air Gap

Silicon Nitride Device

Figure 3-1. Conceptual cross-sections of polysilicon device (surface micromachining) and
silicon nitride device (hybrid between surface and bulk micromachining).

Silicon nitride is a material with good mechanical and optical properties, and is also
unaffected by the silicon etchant and insignificantly affected by the silicon dioxide
etchant. The structure has two metal electrodes on top of the membrane that serve as
reflective surfaces as well as a means of deflecting the membrane.

Proposed Device
Based on the discussion in the previous chapter, it is clear the surface profile of the
deflected membrane needs to be parabolic in order to achieve focus control while
maintaining an aberration-free imaging system. In order to achieve a parabolic shape
during deflection, some means of surface shape control need to be implemented. The
actuation zones and the boundary conditions of the membrane are areas that need to be
addressed in order to control the surface profile once the materials of the membrane are
chosen.
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Boundary Conditions In order to investigate the effect of boundary conditions on
the surface shape of the devices, several variations of edge support were implemented.
Each membrane device was designed with two different types of edge support,
continuous edge support and segmented edge support with 10% duty width. For devices
with circular geometry and segmented support, this implies that'36° of the total 360° of
the support consists of silicon nitride. The segmented edge support consists of equally
distributed strips with widths on the order of 10 pm. The segmented edge support
requires a lower actuation voltage as compared to its continuous edge support equivalent
as it has 90% less material that needs to be deformed at the perimeter of the device. This
implies that the membrane will achieve a greater range of deflection with the segmented
configuration than with the continuously supported version, using the same actuation
voltage. As the actuation voltage approaches the maximum for the structure (dictated by
the breakdown voltage of the actuation pads), the deflection of the segmented device will
be greater. However, the continuously supported device will have better frequency
characteristics as its support is more rigid.
In order to improve the curvature profile and lower the actuation voltage, a second
method for weakening of the edge support was introduced. The weakening consists of a 9
pm wide trench in the middle of the edge support portion of the membrane, resulting in
thinner material at that point. Figure 3-2 shows the conceptual design layout of a 300pm
circular device with weakened (thinned) support and segmented edge support. The
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weakening of the edge support is displayed as lines across the support where the edges of
the thinner portion of the support are located.

Figure 3-2. Design layout of a 300 pm diameter device with 10% duty width and
weakened edge support.
Actuation Regions In order to deflect the membrane, a metal layer is deposited on top of
the membrane. This layer acts as a reflective surface as well as a means to deflect the
membrane. By applying a voltage potential to the metal layer and grounding the substrate
(bulk silicon of wafer), a voltage potential difference is established between the
membrane and the substrate. An electrostatic attraction between the membrane and the
bulk material will arise and the membrane will deflect towards the substrate. In order to
achieve greater control of the surface profile of the membrane devices, a scheme using
two different actuation zones was introduced. The actuation zones consist of two metal
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regions (layered chromium/gold films) on the membrane, separated by a minimum lateral
distance of 5pm to prevent arcing between the different voltage potential zones. The
actuation zones of the circular devices consist of a circular center actuator and an outer
annular actuation zone. An example of these actuation zones is shown in figure 3-2. Since
the two regions are separated from each other, it is possible to control the surface shape of
the membrane by applying different voltages to the two actuators. Since, radially, the
inner electrode is twice the size of the outer electrode and is located in the middle of the
membrane, it is clear that the inner electrode will have a greater impact on the amount of
deflection achieved. The outer electrode will also affect the amount of deflection
achieved, but its main role will be to control the overall surface profile of the membrane
as it is located at the edge where the membrane is anchored. The role of each of the
actuation zones in the surface shape of the membrane will be investigated in chapter 5. By
creating a lookup table of the relationship between the inner and outer electrode voltages
and the resulting surface shape of a device, a computer can be used to control the voltages
of the actuation zones and thereby maintaining zero spherical aberration at different levels
of focus control' (by canceling the r4 term of the surface shape, as discussed in chapter 2
and chapter 5).

Etch Holes In order to etch a pit underneath the silicon nitride membrane, means for the
wet etchant to reach the material underneath it need to be provided. By introducing a grid
of small holes (on the order of a few microns in diameter) into the membrane structure,
the liquid etchant can reach the layers underneath the membrane. In the case of devices
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with segmented support, there are large holes (approximately 50 times the size of the etch
holes) present at the edges of these devices. The liquid etchants will therefore gain better
access to the materials under the membrane of these devices, as it is not limited to only
using the etch-holes as with the continuously supported devices. Therefore, the spacing
and size of the etch-holes play a vital part in the design of the continuously supported
devices.

Secondary Concerns
There are a few secondary considerations of the design that need to be considered. By
making the pit depth larger, the actuation voltage needed to deflect the membrane gets
larger. If the pit depth is too great, the voltage needed to deflect the membrane might be
too large for the device to work (see chapter 4). During the fabrication of the device.
Hydrofluoric Acid (HF) and Tetramethyl Ammonium Hydroxide ((CTT^NOH, TMAH)
is used to etch the oxide and the silicon respectively. Special consideration has to be
observed as the HF attacks the silicon nitride as well as the oxide, for which it is
intended. Furthermore, silicon etching generates hydrogen bubbles, which must be
considered during design as they might cause the membrane to fail if the etch is too
violent for the structure. The amount of deflection for a certain voltage will differ with
device size and type of edge support, therefore the optimal pit depth differs for each
device.
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' Final Device Idea
The completed device is a freestanding silicon nitride membrane with a metal layer acting
as reflector and actuation zone. There are two different actuation zones and by applying
different voltage potentials to the two zones, surface profile control is achieved. The
devices have a grid of small etch holes, which enables the chemicals in the release step to
reach the underlying layers. The membranes are made with two different edge support
versions, continuous support and segmented support. The devices with segmented support
require a lower voltage than their continuously supported counterpart to achieve the same
level of deflection. Weakening of the edge support is an option that will give a better
surface profile when actuated (and require a lower actuation voltage). The weakening of
the edge support consists of a trench in the supporting silicon nitride structure. In order to
be used in a wide range of applications and enable troubleshooting of the release process,
devices of varying size and edge support configurations were produced on the same die
(smallest part of wafer, containing all device variations). All devices on the die are made
both with segmented edge support and without. The circular devices were manufactured
with diameters of 300pm, 750pm, lmm, 1.25mm, and 1.5mm.
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CHAPTER 4

MAKING THE DEVICES

Process Flow
The membrane surface micromachining process is divided into two main parts:
o Fabrication at the nanofabrication facility at Stanford University (by Ph.D. candidate
Phillip A. Himmer [dissertation to be published in 2001]).
0 Postprocessing (Release) at Montana State University.
The initial fabrication step is where the different layers are deposited, patterned, and
etched. In the release step, the membrane layers are etched away from the surrounding
material layers and become a self-supporting device.
The micromachining process for a device is as follows:
1. A trench is etched in the bulk material of the silicon wafer, forming a perimeter about
the area where the final device will be located. This trench serves as a lateral etch stop
and prevents undercutting of the device.
2. A nitride layer is deposited which backfills the lateral etch stop trench. Nitride is then
removed everywhere (no mask used in order to reduce surface roughness over trench).
3. A 0.7 pm thick phospho-Silicate Glass (PSG) (8% phosphorus) oxide layer is
deposited where the device is to be machined. During release, this oxide layer is
etched first, forming a gap between the membrane and the silicon substrate. This
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enables the silicon etchant to reach the underlying silicon and etch a flat pit bottom
under the membrane (once the oxide is etched away).
4. If a thinned edge support is desired, a nitride layer is deposited and then
pattemed/etched where the weakening will exist. This step controls how deep the
weakening trench will be with respect to the entire membrane structure.
5. A nitride layer is deposited which makes up the nitride membrane structure. In the
case of a device with thinned support, this step defines how thick the thinned support
region will be. The membrane thickness will be the sum of the depositions in steps 4
and 5.
6. Metal layers are deposited, patterned, and etched. A thin chromium layer (50A) is
deposited first as an adhesion layer for the gold layer (IOOOA), which makes up the
reflective surface/actuation region.
7. Etch holes are patterned and etched in the metal layers.
8. Etch holes and support definition openings (for the devices with segmented support)
are patterned and etched in the nitride membrane structure.
9. Release step:
o

Oxide is etched away under membrane structure,

o

Silicon is etched away under membrane structure.

Figure 4-1 shows the described fabrication sequence of the membrane devices.
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Figure 4-1. Fabrication sequence for the membrane mirrors.
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Considerations When designing the devices, a process flow had to be fashioned where the
underlying layer is protected from the deposition, patterning, and etching of the
subsequent layers. The process has to take into account what each subsequent layer will
do to the previously deposited layers and ensure that the process flow will not damage the
previous layers or lead to undesired undercutting of structures (at time of deposition or
during subsequent depositions/etches). The main considerations of the membrane mirrors
(assuming fabrication is ideal) are their optical quality, and ensuring that the edge
supports are not undercut and thereby causing a non-parabolic surface during deflection.
The surface shape of a membrane under uniform pressure is dependent on the boundary
condition of the device [4]. Consequently, if the boundary is not circular, the surface
shape of the deflected membrane will be non-parabolic. Due to the crystal structure of
silicon, if no etch stop is present, the pit etched from a circular opening will be square (if
the etch progresses for some time). If the etch progresses for a long time, the resulting pit
will be an inverted pyramid. Since the pits being etched beneath the membrane devices
are relatively shallow compared to the diameter of the openings, the inverted pyramids do
not have time to form. Figure 4-4 d) shows an image of a square device with sloping sidewalls due to this effect. Since the pit is shallow compared to the overall device size, the
sloping side-walls are located under the support part of the device and do not interfere
with the operation of the device.
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Layout The layout tool used for generating the masks was Tanner Tools L-Edit. The
masks were made with a smallest feature size of 3 jam, and a minimum lateral feature size
of 2 jam (I jam between via hole layers). The membrane mirror design consists of 6
different mask layers (in order of lithographic steps):
1. Silicon etch layer for lateral etch stop
X
2. Oxide pad definition layer
3. Silicon nitride thinned edge support definition layer (optional)
4. Metal layer
5. Metal etch hole layer (No way of merging layers 4 & 5 in L-Edit)
6. Nitride etch holes and segmented support
Figure 4-2 shows the different mask layers discussed above. From figures 4-1 and 4-2, it
can be seen that some of the layers represent where material will be deposited, and others
show where material will be left out of the deposited layer.

■2
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Trench etching mask for lateral etch stop in
silicon wafer (surrounds devices according to
their geometry).

Oxide pad mask (provides etch stop for thinned
support definition etch and easier access for
silicon wet etchant during release).

Thin support definition mask (etches trench in
first deposited silicon nitride layer).

Metal mask for deposition o f Chromium
(adhesive layer) and Gold (actuation zones /
reflective surface) layers.

MOMTaMSTmTi
Metal via etch mask (due to limitations in the
layout software, this layer could not be merged
with the previous metal layer).

Nitride via and segmented support definition
layer.

3 0 0 U M

I O H I N C E D
Final layout of device (all layers included).

MONTANA STATE

Figure 4-2. Mask Layers of the membrane mirrors.
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Figure 4-3 shows an image of a released (freestanding) ISOOfam 10% device without
thinning of the edge support. Imperfections of the device in the picture are caused by dust
on the die.

Figure 4-3. SEM picture of 1500pm device with segmented but no thinning of the edge
support.

In figure 4-4, SEM images of released devices show what the final structure looks like.
The lateral etch stop is shown on the left side of a). The cross-sectional image shows
where the nitride is pinched off at the top and leaves an outline on the top surface of the
structure. A metal trace going across a back-filled etch stop trench is shown in b). The
image further shows the outline the back-filled etch stop trench leaves on the top surface
of the device. The thinning of the edge support and the raised edge outline the oxide pad
leaves in the membrane structure is shown in c). A broken square device with thinned and
segmented edge support is shown in d). It can be seen that the sidewall next to the lateral
etch stop is not straight. The sloping sidewalls of the pit beneath the square device are
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caused by different etch selectivity to the different crystal planes of silicon by the silicon
etchant (some crystal planes etch slower than others) [13].
a
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Figure 4-4. SEM images of membrane devices illustrating key features.
a) Lateral etch-stop and thinned support of circular device.
b) Metal trace crossing back-filled etch stop trench.
c) Close-up of thinned edge support.
d) Segmented thinned support of broken square device.

Release Process
Wafers were received at MSU with the previously mentioned processing completed.
Many times, the final layer of photoresist is still present on the wafers. To strip the
photoresist off the wafers, either Acetone or Piranha (3:1 Sulfuric Acid : Hydrogen
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Peroxide [H2SO4IH2Oa]) can be used. Piranha was the mixture of choice as it also
removes most other organic residue (and works more rapidly). When etching the PSG
Oxide, HF (Hydrofluoric Acid), or BOE (Buffered Oxide Etch) can be used. For the
nitride devices a fresh batch of 3:1 HF (52-55%):H20 solution was used for each die as
this concentration gave good yields, short etch times, and still maintained excellent
selectivity (Oxide vs. Nitride). For etching silicon, there are a number of anisotropic wetetchants available. For the membrane mirrors, KOH (Potassium Hydroxide in an H2O
solution) and TMAH (Tetramethyl Ammonium Hydroxide) were the main etchants used.

Considerations When etching, there are several things to consider. Concentration,
temperature, etch selectivity, and etch-time are the main factors. After investigating the
interaction between etch parameters, a final release process was conceived.
Cleaning Die: 15 minutes in Piranha at 70 °C (readout of hotplate).
Etching PSG Oxide: 15 minutes in a fresh batch of 3:1 HF (giving a final HF
concentration of 13% -13.75%) at room temperature.
Etching Silicon: ~2 hours in TMAH (10% solution by weight) at 50 0C (hotplate
readout).
In the process used to manufacture the membranes, when it comes time to etch the PSG
oxide, HF has access to gold, edges of chromium, nitride, and silicon. HF does not etch
gold, chromium, or silicon at all and has a very high etch selectivity when compared to
silicon nitride. By using a profilometer and microscope respectively, it was found that in
3:1 HF solution the lateral etch rate of oxide underneath the membrane is 2.83 pm/minute

I
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and the nitride etch rate is 11 AVmin5which means 3:1 HF has a 2600:1 selectivity (lateral
vs. planar). This shows that when the oxide is etched (15 min etch time), the nitride
membrane is weakened by 16.5 nm from both sides of the membrane (as the bottom gets
exposed). Devices with thinned edge support were made that had a center membrane
thickness of Ipm and a thinned edge support thickness of 0.5 pm. The thinned region of
the edge support of the membrane is thereby further thinned by 6.6% when the oxide is
etched.
TMAH does not etch anything on the membrane structure but the silicon, which
makes it an ideal silicon etchant. When etching the bulk silicon of the wafer, the etch
time depends on the desired pit-depth underneath the membrane or vice-versa. The
desired pit-depth depends on which device on the die is of interest (dictated by actuation
constraints such as breakdown voltage and device size and type). TMAH etching of
silicon has its peak around 2-5% concentration, depending on silicon characteristics [14,
15]. It was found that 10 % TMAH concentration gives good yield and has a reasonable
etch rate. Typically, with the etch hole configuration of the membranes (3 pm diameter, 30
pm spaced grid), two hours in TMAH (10 % solution) at 50 °C (hotplate readout) will
give a pit depth of approximately 13 pm. For the larger devices (1mm and above), a pit
depth of 10-15 pm is desired as it will produce deflections on the order of 1-3 pm (as
specified in chapter 2) for voltages under 200V and have enough clearance underneath
the membrane to keep it within stable operation. Stable operation can be defined as the
range of motion of the membrane where the electrostatic force is smaller than the
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restoring force of the membrane structure, keeps the membrane from snapping down to
the substrate of the die.
If the needed actuation voltage for a certain level of focus control is high, the possibility
of reaching the breakdown voltage of the actuation pads arises. The breakdown voltage is
the point at which current flows through the silicon nitride layers from the top layer metal
to the underlying silicon (the counter electrode). By monitoring the electrode current, it is
possible to determine whether breakdown is imminent. An experiment was conducted on
a contact pad that was not connected to a membrane. It was found that the current has an
exponential characteristic and for the given thickness of the layers, significant current was
observed for voltages above 150V (Figure 5-12).
When devices are released, the devices with thinned edge support have a low
yield. The 300pm devices have yield above 95% but the larger devices are rarely intact. It
seems that 0.5pm thickness for the thinned edge support region is not thick enough, as the
larger devices have such a low yield. Comparing the two different edge support
alternatives of the thinned support devices shows that segmented edge support devices
have lower yield than continuous edge support devices.
Devices without thinning of the edge support have higher yield. The membranes
have a uniform silicon nitride thickness of Ipm across the devices, which gives a more
robust structure. The 300pm devices have a yield greater than 95%, and the larger circular
devices have a yield of above 50%. As with the thinned devices, segmented edge support
devices have lower yield than continuous devices.
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Imaging of Release Process To investigate why devices are breaking during the release
step, a lens system (Navitar Zoom 6000) with a long working distance (9 cm) and a small
field of view (down to <300 pm) was acquired. The system was used to image the Oxide
etch and the Silicon etch as devices are failing during both steps. To protect the lenscamera system, it was encapsulated in a layer of nitrile rubber. The system was mounted
on a ringstand for flexibility. The imaging process of the two etches is different due to the
nature of the chemicals and the etch process itself. During the Silicon etching, hydrogen
bubbles are formed [14] that makes imaging from the top impossible (condensation on
the glass surface is also a factor). Here, the die is placed in a holder and the etching is
imaged through the sidewall of a square box made out of Pyrex glass. The setup for
imaging during Silicon etching is shown in figure 4-5. The major issues during the
imaging process are the illumination of the devices of interest and the reflection off the
fluid or the side of the beaker. Since HF etches glass, it can not be imaged through the
sidewall of a glass beaker, instead it has to be imaged from above in a beaker which is
resistant to the chemical. To protect the lens system from the fumes of the HF in the
plastic beaker below, a glass window is placed at the front of the lens system. As the
byproduct of HF etching of Oxide is water [15], no bubbling occurs when the oxide is
etched (field of view of 300um) and it is therefore possible to obtain a good image from
above. The lighting is however an issue, as the light has to come from above and reflects
off the sides of the beaker. The lens system has a coaxial illuminator that can be
connected by a fiber bundle to a light-source; alternatively semi-rigid gooseneck light
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guides can be used to provide diffuse illumination. Proper illumination takes some time
to set up and therefore images of the initial part of the etching sequence are hard to
acquire.

Teflon Holder

Die
Glass Lid

Zoom Lens System

Hotplate

CCD Camera

Pyrex Beaker

Figure 4-5. Setup for imaging of silicon etching process.

Results Oxide Etch While etching the oxide in HF, there are some devices that are failing.
By using a fresh batch of HF for each die, the survival rate increased. Devices with
thinned support have a lower survival rate than the ones without (the devices are failing at
the transition region between the thinned support and the full thickness membrane
structure). Figure 4-6 shows a SEM image of a cross-section of a square device where the
thinned edge support has broken off at the two transitions to thinned edge support.
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Figure 4-6. SEM image of broken device, illustrating where devices with thinned edge
support break.
The devices do not always break at the edge; they can also fracture from pressure. Figure
4-7 shows an example of such a crack. The crack goes through the nitride, chrome, and
the gold layers and terminates in a via hole as the stresses are small there.

Figure 4-7. Crack in membrane structure terminating in etch hole.
With the devices that have no thinning of the edge-support, most of the devices are
surviving the oxide etch, but the largest devices (2mm elliptical and 2x1 mm square) are
still not making it through the silicon etch. It was found that, when the gold and chrome
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layers are etched away on devices with no thinning of the support, the devices are
surviving the oxide and silicon etch steps. The conclusion is that the tensile stress of the
metal layers is pulling the devices apart as soon as they become freestanding.
The anisotropic etching process of the oxide etches through the grid of etch holes
(and the openings at the edges for the devices with segmented support). Each etch hole
gives rise to a bowl shaped pit underneath the membrane and when the bowl shaped etch
fronts reach the underlying silicon, it acts as an etch stop and the etch fronts only progress
laterally. When the etch fronts meet, pillars are formed between the etch holes. At the
moment when the pillars are starting to etch away completely, a “wave” of collapsing
pillars is observed moving across the wafer (the entire sequence lasts a few seconds).
Figure 4-8 shows screen-captures from an oxide etch process of a IOOOpm 10% device at
the time the wave is propagating across the membrane. In a), the wave has just started at
the perimeter. The wave reaches the center actuation zone in b) and has moved to the
center of the devices in c). The device is freestanding in d). In all pictures of figure 4-8,
the periodic bright and dark sections at the perimeter are caused by the segmented edge
support. The dark parts are where there are nitride strips and the bright parts are due to a
small buckling of the membrane between these strips. The periodic pattern is visible in all
frames of figure 4-8 because the edges are being etched from the start due to the openings
at the perimeter and become freestanding, before the rest of the device. The cause of the
dimples on the membrane of figure 4-8 is not clear. When the HF etch was over, the die
was placed in water and the location of all dimples on devices on the die were mapped.
The die was inspected after the silicon etch and it was found that the dimples did not have
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an impact on where devices broke. The cause of the dimples is unclear, but they could be
formed by stiction to the bottom of the device.

Figure 4-8. Wave propagating across 1000pm 10% device as pillars beneath membrane
are etched away.
a) Wave propagates from perimeter of device.
b) Wave reaches center actuation zone.
c) Amount of remaining pillars is less than diameter of center actuator.
d) Device is freestanding.
Larger devices (1000pm and larger) with thinned edge support rarely make it intact
through the HF etch step. To investigate the effect of HF concentrations on device
survival rates, an experiment where dies containing devices with thinned edge support
were etched in HF was conducted. The concentrations were 3:1,4:1, and 5:1. No apparent
variation in yield was displayed.
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Results Silicon Etch While etching the silicon under the membrane, hydrogen gas is
formed as a byproduct. By stripping the metal layers off the nitride membrane, it is
possible to see how the larger bubbles are formed and how they exit from underneath the
membrane. It seems logical that a steady stream of bubbles would come out of each of the
etch holes (vias) if the bubbles forming are small enough. After imaging several of these
processes, it is clear that this is not always the case. Most of the time, there will be a
steady stream of bubbles coming out of a few of the vias. Sometimes the bubbles will
keep coming out of the same vias for a long time and then switch to other etch holes and
then occasionally back again. Underneath the devices with continuous support, the
bubbles sometimes start as a steady stream of bubbles coming out of a few etch holes.
Then the stream of bubbles will stop and a large bubble will start to form in the middle of
the device and expand out to the perimeter and when enough pressure has been built up,
one out of two things will happen:
°

The bubble will release the gas by explosive bursts of small bubbles through what
appears to be most of the vias at the same time.

°

The burst of bubbles will break the device and continue bubbling from the cracked
edge of the device. The device will most likely break at the edge. In the case of the
thinned edge support, the device will most likely break.

As it does not seem possible to image through the membrane onto the bulk silicon when
the device is in TMAH, it is hard to make any predictions as to why the bubbles form in
the manner they do. Figure 4-9 shows frames from a video of the described bubbling
behavior (up is to the left of the images). The images show a 1500pm continuously
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supported device without thinning of the edge support etching in 10% TMAH solution at
a temperature of 50°C. As shown, the bubbles start out as a steady stream in a). The
stream then cease in b). Pressure builds up beneath the membrane in c). The bright spot at
the top of the membrane indicates a buckling of the device since the lighting conditions
remained the same during the filming and there was no bright spot at that location in
before ( b ) ). The pressure is then released by an explosive burst of bubbles in d).

Figure 4-9. Frames from video of TMAH silicon etch (up is to the left).
a) Steady stream of bubbles coming out of a few vias.
b) Stream of bubbles cease.
c) Large bubble is forming beneath membrane.
d) Explosive burst, releasing hydrogen bubbles.
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On a wafer where devices have no thinning of the edge support, there are no
visible bubbles forming from some devices in the Silicon etch, even though bubbles are
forming at sides of die where silicon is exposed. There is no explanation why this occurs,
as the devices with the continuous support were manufactured in the same batch as the
ones with the thinned supports and these devices have clearly visible bubbles coming out
from under the membranes. The only thing differing in the manufacturing of the two
wafers was that the wafer with the thinned support had an extra patterning/etching step
where the thinned support pattern is deposited and then the nitride was etched away.
In an attempt to increase device yield, isopropanol (2-propanol, IPA) was added to
the TMAH solution. This was done in order to decrease surface tension in the solution.
IPA was added until the 10% TMAH solution was saturated. The bubbles forming were,
smaller and not as plentiful as for the 10% solution. As the etch progressed, the stream of
bubbles decreased and was found to have etched a mere 3pm after an hour at a
temperature of 50°C.
The bottom of the devices vary depending on whether the device has continuous
or segmented ;bdge support. Figure 4-10 shows what the bottom surface of the two
variations of devices looks like. For the segmented support, the silicon etchant has better
access to the surrounding chemical and it therefore etches more rapidly at the edge and
leaves a deeper ring in the silicon at the edge (approximately 3 pm deep). Since the only
access the continuous device has with the TMAH is through the vias, the etch is more
uniform and leaves a flat bottom across the entire device.

42

Figure 4-10. SEM images illustrating bottom profile of different devices.
a) Bottom of pit beneath device with segmented support.
b) Device with continuous support.
In a), small pyramids are visible in the deeper ring at the edge of the device. These
pyramids originate from incomplete dissolution of one of the etch byproducts and
structural defects in the bulk silicon. A smoother surface can be achieved by increasing
the TMAH concentration and lowering the etch temperature [16], which will be done at
the expense of longer etch times.

Summary
From the release process it was found that the thickness of the nitride layer has the most
influence on the survival rate of the devices. A device has to be able to handle the
combined stresses put on it by the metal layers. It also has to stand up to the stresses put
on it from the hydrogen bubbles during the silicon etch.
During HF etching, it was found that using a fresh batch for each die-etch
increased the survival rate. The concentration did not seem to influence the survival rate
to a great extent.
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For the silicon etch, a concentration of 10% by weight was used, as the etch rate is
fairly fast. A final temperature of 50°C was chosen, as the bubbling was moderate at that
temperature range. Using a rather fresh batch (around 2-3 dies per 100ml) for the etch
also increased the device yield.
Yields have gone up since initial wafers were tested, but devices are still failing
and only the smallest devices (300pm) have a 100% survival rate. The yield increase is
mainly due to thicker nitride membranes, a decrease in metal layer thickness, and using
fresh chemicals for each release.

Recommendations
Based on observations of the resulting devices, a slightly thicker membrane is desired
(especially in the case of the thinned edge support) to ensure the devices are making it
through the release step. To increase breakdown voltages, oxide pads beneath the bonding
pads will ensure safe operation of the membrane when the devices are released.
For the release step, fresh chemicals for each die is essential. This applies to the
HF as well as Ho the TMAH steps as the yields increased in both cases when fresh
chemicals were used. The addition of surfactants to the silicon etchant in order to
limit/stop hydrogen gas formation or to lower surface tension needs to be further
investigated. The size and spacing of the etch holes is another parameter that can be
explored.
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CHAPTER 5

RESULTING DEVICES

Optical ProfiIometer
As the deflection of the membranes is on the order of a few microns, a convenient means
of measuring the deflection and the surface profile is to use an optical interferometer.
When using an interferometric setup, the separation between two fringes (minimums that
show up as black lines) is one half of the wavelength of the light source. By adjusting the
device to be perfectly flat, the fringes of a circular (deflected) device show up as
concentric rings where each ring is separated by a height difference of 1Z2 wavelength. By
introducing tilt to the membrane, the fringes of the device will appear as lines going
across the device. With this configuration, as the membrane is deflected, the fringes will
move corresponding to the change in vertical position at that point and a measure of the
surface shape can be obtained by measuring fringe spacing. To determine the surface
profile of the membrane, a CCD camera is used with a frame-grabber on a computer to
capture images of the devices. The image is then processed using a Matlab program
(programmed by Phillip A. Himmer). Based on the fringe locations on the membrane,
second order and fourth order functions are fitted to the surface profile and the second
and fourth order coefficients of the membrane surface shape are obtained. Figure 5-1
shows examples of interferometric images, obtained using the interferometer setup.
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Figure 5-1. 1500 (im 10% membrane with no thinning of edge support
a) Perfectly flat die with 200V applied to both actuation zones
b) Tilted membrane (to give straight lines across it), OV applied
c) Tilted membrane, 200V applied to both actuation zones

Profilometer Setup The interferometer used is a Mireau interferometric Nikon M-Plan
IOx DI microscope objective. Figure 5-2 shows the schematic setup of the interferometer.
The light source used is a laser diode operating at a wavelength of 660nm which is
coupled into a multimode fiber to provide a Gaussian light source. The light is passed
through a beam expander (to capture most of the light from the source and to provide a
larger area of illumination) and a diffuser (to remove speckle from the image), and then
through a beam-splitter. It then passes through the Mireau interferometer, reflects off the
device under test (DUT) and back through the interferometer and reflects off the beam
splitter and is imaged on the CCD camera by a macro lens (Nikon AF Micro-Nikkor
105mm 172.8 D) that can be adjusted to provide different fields of view of the image
produced by the interferometer. The devices are placed on a 3-D translation stage with 2D tilting capabilities in order to control the behavior of the fringes. Actuation of the
membrane is done either by using probe needles to make contact with the bond pads or by
bonding wires to the pads (for a more permanent solution). Ground connection is made by
either using a probe to touch the substrate (at the location of a broken device) or by using

46
conducting silver epoxy to attach a strand of metal wire to the edge of the die. The wafers
are N-doped (phosphorus doping) and have a resistivity of 5-10 Q-cm. The probes/wires
are then connected to a pair of high voltage amplifiers that provides the voltage to the
actuation zones.
CCD
Camera

Macro Lens

T>
Intermediate
Image Plane

OUT .

Optical Fiber

Mireau
Interferometer

Beam-splitter

Beam-Expander

Diffuser

Laser Diode

Figure 5-2. Optical profilometer setup using a Mireu interferometer objective lens.

Profilometer Measurement / Post-processing The tilt of the membrane is adjusted so the
fringes appear as lines across the device (more tilt equals more fringes). The amount of
fringes across the device is adjusted so it is still possible to distinguish fringes when the
membrane is fully deflected (640x480 pixel resolution of CCD camera). When the
fringes/device are in focus and have good contrast, an image is captured on the computer.
The image is read into Matlab and a line, specifying where data is to be obtained, is
placed in the center of the device perpendicular to the fringes across the device (spanning
the entire device). Matlab reads the gray-levels across the device where this line is placed.
The image is then converted into an intensity chart and the locations of the fringes are
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identified. The data is curve-fitted and second and fourth order coefficients are obtained.
The linear portion of the data is removed (this is the tilt of the mirror) and the remainder
is then fitted to a function of the form ag 2 + a4r4, where a2 shows the quadratic shape
(amount of focus control) and 34 shows the amount of spherical aberration introduced by
the membrane.

Optical Profilometer Results In order to gain a better understanding' of how far the
membranes could be deflected before becoming unstable, a I SOOpm 10% duty-width
perimeter support device was used to obtain deflection data as a function of input voltage.
The device has a pit depth of 12pm and no thinning of the edge support. A voltage was
applied to both actuation zones simultaneously, and the resulting surface shape was
derived from interferometer images in Matlab. The deflection at the center of the
membrane was calculated based on the curve fits in Matlab. Figure 5-3 shows a graph of
the resulting deflections at the center of the membrane as a function of applied voltage.
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Voltage

Figure 5-3. Deflection vs. Applied Voltage graph of a 1500pm device with 10% duty
width, no thinning of the edge support, and 12pm pit depth.

When a device becomes unstable, its position starts to fluctuate and if further pressure is
applied, it snaps down to the bottom of the pit. The device becomes unstable around
3.6pm deflection and snaps to the bottom of the pit at voltages above 230V. From figure
5-3 it can be seen that devices are snapping down at approximately a third of the pit
depth. When a device snaps down, it may return to normal operation when the voltage is
backed down, but sometimes it remains at the bottom of the pit.
Further constraints are imposed by the leakage current from the metal layer to the
silicon substrate. This issue is discussed at the end of the chapter.
A 1500pm 10% duty-width device without thinning of the edge support was used
to obtain surface shape data. This device was chosen as it is used for integration into the
CMaRS probe (chapter 6). When characterizing the device, a device with a pit depth of
12pm was used (the device was later found to have 2 broken hinges, but the effects on the
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results of this defect appear to be negligible). Experiments showed that a deflection of 9
ly2 fringes was obtained at 200V actuation on both actuation zones (Figure 5-1a), which
corresponds to a deflection of 3pm at the center of the membrane. When the device was
positioned to be flat, the entire device was covered by a single fringe, which implies that
the membrane has less than one fringe of initial curvature (I fringe equals 33Onm of
height difference). The surface shape at OV and 200V actuation is displayed in figure 5-4.
As the figure shows, the membrane has a small buckling upward with no applied voltage,
with a magnitude less than 0.1pm. In the curve for an actuation of 200V on both actuation
zones, the data on the left side of the membrane has fewer points than on the right side of
the membrane. When compared to the actual image of the membrane in figure 5-1 c, it is
clear why this is the case; the left side of the membrane is tilted up towards the
interferometer (which is the reason the rings are originating from the left edge).
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Figure 5-4. Surface profile data and curve fit of 1500pm 10% device without thinned
edge support, with 0V and 200V applied on both actuation zones

By applying pressure to only one actuation zone at a time, a better understanding of the
affects of each actuation zone is obtained. Figure 5-5 shows images of the membrane
when one actuation zone at a time is actuated. In a), the lines are straight at the edges and
curved in the middle, which is to be expected as all of the pressure is on the inner
actuation zone. In b), the lines of the device are straight in the middle and curved at the
edges, which follows from all of the pressure being applied to the outer actuation zone. In
c), 150V is applied to both actuation zones, making the lines uniformly curved. Figure 56 shows the obtained data and curve fits to the deflection of the device shown in the
images of figure 5-5. The curves confirm the surface shapes observed in figure 5-5. As

51
predicted in chapter 3, the surface shapes verify that applying pressure to the inner
actuation zone has most effect on the amount of deflection, and the outer actuation zone
mainly affects the surface shape at the edges of the device.

Figure 5-5. Images of 1500pm 10% device with no thinning of edge support
a) Actuation voltages: 150V on inner actuation zone, OV on outer.
b) Actuation voltages: 0V on inner actuation zone, 150V on inner.
c) Actuation voltages: 150V on both actuation zones.
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Figure 5-6. Surface profile data and curve fit of 1500pm 10% device without thinned
edge support, with 150V applied to inner, outer, and both actuation zones.
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By keeping the voltage of the inner actuation zone at a set value and changing the voltage
of the outer actuation zone independently, it was possible to obtain sets of voltage
potential pairs that caused the a^ coefficient values to change signs between the points
(the

04

coefficient passes through a zero point without spherical aberrations). By varying

the voltages of the actuation zones, a point can be reached for a certain level of focus
control, where zero spherical aberration is introduced by the membrane. Figure 5-7 shows
the location of these voltage pairs for a 1500pm 10% device without thinned edge support
and a 12pm pit depth. The curves of the figure binds the location in the outer vs. inner
actuation voltage space, where no spherical aberrations are introduced by the membrane.
At small deflections, the voltages required to reach the zero point are close to each other
(less than IOV between inner/outer electrode). As the deflection gets larger, the amount of
extra voltage required on the outer electrode gets larger as well (20V at 2.55pm
deflection). The overall trend is linear, which implies that the optimal balance of pressure
on the actuation zones for this size device is uniform pressure (same voltage applied to
both actuators). For smaller devices, like the 1000pm device, this is not the case [9]. As
the device size increases, the membrane goes towards its natural, parabolic, surface shape
when uniform pressure is applied [4],
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a Positive a4

■ Negative a4

In n e r V o l t a g e (V)

Figure 5-7. Actuation voltage pairs where spherical aberration goes through zero point.

Dynamic Measurements
In order to find out at what frequencies the devices can operate, the frequency response of
the devices were investigated. The setup for these measurements is basically the same as
for the interferometric setup. The difference is that the diffuser is taken out of the system
and instead of the macro-lens/CCD camera setup, a photo-detector is used (New Focus
Model 2001 Front-End Optical Receiver). The tilt of the device is adjusted so that a
single fringe is visible across the center of the device (occurs when sample is perfectly
flat). The device is then biased so that a new fringe starts to form and then a sinusoidal
signal is applied which causes the device center to “blink” by the change between a
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maximum and a minimum on the interferometer (as in center of membrane of figure 51a). A pinhole is placed after the beam-splitter to block out unwanted light and the photo
detector is placed at the image plane of the interferometer (“intermediate image plane” in
figure 5-2). The photo detector will now see the blinking behavior of the device, and the
amplitude of the output signal from the photo-detector is measured. The input signal is
monitored as well, to ensure that the output signal has the same frequency as the input
signal, compensate for roll-off of the amplifier and to ensure the signals are not distorted.
The amplitude of the output signal from the photo-detector is measured and plotted as a
function of the input frequency. Figures 5-8 to 5-10 show the frequency response of a
1500um 10%, ISOOum 100%, and a 3OOum 10% device. Each of the tested devices has a
pit depth of 12pm and no thinning trench in the edge support.
1500um 10% Device
9 o wo! I

TTTTT

lo g (fre q u e n c y )

Figure 5-8. Data from dynamic response measurement and low pass curve fit
of 1500pm 10% device. Curve-fit gave fo = 19.3kHz and Q = 0.4977.
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1500um 100% Device
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Figure 5-9. Data from dynamic response measurement and low pass curve fit
of ISOOpm 100% device. Curve-fit gave fo = 22.3kHz and Q = 0.503.
300um 10% Device

lo g (fre q u e n c y )

Figure 5-10. Data from dynamic response measurement and low pass curve fit
of 300pm 10% device. Curve-fit gave fo = 25.9kHz and Q = 0.564.
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Figure 5-11. Second order low pass curve fits to dynamic response measurements of
1500pm 10%, 1500pm 100%, and 300 pm 10% devices without thinning of support.
In Figures 5-8 to 5-10, the magnitude of the data obtained has a low pass filter type
frequency response. Even though the data set does not appear to follow an ideal low pass
response, a second order low pass response represent a reasonably good fit (figures 5-8,
5-9, and 5-10). The data set was normalized to a maximum output voltage of unity and
curve fitted to a second order low pass magnitude response of the form
(5-D

In figures 5-8 through 5-10, it can be seen that the normalized amplitude of all of the
dynamic measurement data sets are falling off slightly before they start falling off
according to the ideal low pass response. The cause of the kink in the measured response
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is unclear. The resulting f0 and Q values of the curve fitted data are shown in Table 5-1
and the fitted curves of figures 5-8 through 5-10 are shown together in figure 5-11.
Table 5-1. Obtained f0 and Q values for various devices from curve fits of dynamic
r e sp o n se d ata fr o m d e v ic e s w ith 1 2 p m p it dept h.
3 0 0 a m 10%
fo
Q

25.9kH z
0.5 6 4

7 5 0 a m 10 %

■ 25.3kH z
0.419

1 0 0 0 a m 10%

1 5 0 0 a m 10%

1500am 100%

27.2kH z
0.5591

19.3kHz
0.4977

22.3kH z
0.503

The formula for calculating the first resonant frequency of a membrane is given as

2%

(5 -2 )

a

where a is the membrane radius, T is the in-plane tensile stress of the membrane, and p is
the mass density per unit length [17]. The in-plane stress of the membrane was obtained
by wafer-bow measurements and was determined to be IOMPa [9]. The measured self
resonance frequencies are very close to each other. Theory predicts that they should be
further apart, as the self-resonance frequency is inversely proportional to the device
radius. When comparing the 1500pm devices with different boundary conditions, the
device with continuous support has a higher self-resonance frequency. This agrees with
theoretical predictions that a device with a more rigid boundary condition will have a
higher resonant frequency. The self-resonance frequency of the 1000pm 10% device was
found to be higher than the 300pm 10% device, which also contradicts that
theoretical self resonance frequency

(fo)

fo oc

1/r. The

of a 1500pm diameter nitride membrane was

calculated for a membrane without metal layers using an initial in-plane stress of IOMPa
[9]. The frequency was determined to be 28.6kHz, which is higher than was measured. If
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the radius is decreased to 150pm, the corresponding frequency will be 143kHz. Even if
the in-plane stress was different, the 1/r dependence will still separate the resonant
frequency of the smallest device from the largest by a factor of 5. Clearly there are
parameters affecting the frequency response that are not accounted for.

Device Issues
Figure 5-12 shows a graph of the leakage current as a function of applied voltage on an
actuation pad that is not connected to a membrane. The figure shows that the current has
an exponential characteristic and is quite large for voltages above 150V.

100

Applied Voltage (V)

Figure 5-12. Graph of leakage current as a function of applied voltage on a bonding pad
(which is not connected to a device).

Due to the large leakage current, devices are failing at voltages below 200V. For the
current device structure, the only thing separating the bonding pad from the underlying
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silicon is Ipm of low stress silicon nitride. To control the leakage current, an oxide layer
I
can be placed beneath the bonding pads. Measurements of the voltage/current
characteristics on devices made using a similar process, but with Ipm thick oxide
(combined thickness of PSG and thermal oxide) beneath the low stress silicon nitride
layer, were conducted and it was found that the leakage was less than IpA for voltages up
to 300V.
With the current configuration, bonding pads are failing at the edges and in
extreme cases, traces are evaporated. After the pads have been used for some time, the
pads are starting to look corrugated and the contact to the actuation zone of the device is
lost. The leakage current causes devices to fail after having been used for only short
periods of time. This failure occurs before the device has a chance to reach 200V, which
gives a reasonable range of deflection. Some devices have been performing better than
others, so it is likely to be a case of non-uniform layer depositions during the fabrication
of the devices.

-ts
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CHAPTER 6

INTEGRATION INTO CMaRS PROBE

Mars Probe Setup
The Confocal microscope and Raman spectrometer (CMaRS probe) is a Raman
spectrometer / confocal image acquisition probe for space exploration, which has been
designed and built by D. Chelle Crowder. The device was initially made as a bench-top
prototype, but has now been made into a miniature system. The system is a confocal
microscope, operating at 850nm wavelength, with a field of view of 300pm. It uses a bi
axial silicon torsion mirror for 2-D beam scanning of samples. Focus control for the
instrument is currently achieved with a moveable lens whose position is controlled by a
piezoelectric driver. Using a deformable membrane for focus control in this instrument
eliminates a moving element (the objective lens) and the piezoelectric actuator, offering
the possibility of a substantially smaller and more robust instrument. The target level of
focus control of the instrument with an integrated deformable membrane mirror is above
200pm. This chapter describes effort to demonstrate feasibility of achieving focus control
in the CMaRS using a deformable membrane.
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Benchtop Integration
As an initial demonstration, a 750pm device with thinned and segmented edge support
was integrated into the tabletop CMaRS system [11]. The optical setup for the benchtop
setup is shown in figure 6-1.
Membrane
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Objective lens
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Polarizing
Beamsplitter
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A
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-0
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Raman
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Figure 6-1. Optical Setup of benchtop CMaRS integration.
Since the spot size of the beam at the plane of the membrane was 1000pm, a beamexpander lens system was used to de-magnify the spot to fit on the 750pm device. A
beam-splitter was used to image the membrane onto the scan-mirror without introducing
aberrations due to tilt of the membrane (discussed at end of chapter). Light enters the
system through the single mode fiber (SMF) to the left of the picture, is then collimated
by a lens, and passes a bandpass filter that eliminates Raman spectra introduced by the
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fiber. The light passes a dichroic beam-splitter and is reflected by a mirror to a polarizing
beam-splitter. The polarizing beam-splitter passes the light to a 3:2 beam-expander,
which de-magnifies the Imm spot size so it fits on the membrane. The membrane is then
imaged onto the scan-mirror by the beam-expander, using the polarizing beam-splitter. A
2:1 lens relay provides beam expansion and images the scan-mirror to the back focal
plane of the objective lens. This gives a telecentric system, where the scan-mirror and the
membrane mirror are imaged in the back focal plane of the objective lens. Light scattered
from the sample is collected by the objective lens and passed back through the system.
Rayleigh scattered light (light back-scattered at excitation wavelength) is passed by the
dichroic beam-splitter back into the SMF. Raman light (light back-scattered at
wavelengths longer than excitation light) is reflected by the dichroic beam-splitter and
exits the system through a multi mode fiber. The Rayleigh scattered light is used to for
confocal imaging and the Raman light is used by a spectrometer to determine what type
of material the sample consists of.
By applying 200V to the membrane, a deflection of 1.2pm was obtained, resulting
in a movement of the focal plane by 75pm. The movement was measured by imaging a
dielectric mirror, which was mounted on a translation stage, when the beam-scanning was
turned off. By monitoring the output optical power the locations on the micrometer (used
to translate the mirror that resulted in maximum output power), could be recorded. The
maximum power is found where the mirror is in focus. Therefore the locations of the
focal planes resulting from OV and 200V being applied to the membrane actuation zones
could be found.
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The edge response of the system was measured by imaging the edge of an chrome
target at OV and 200V applied voltage and then evaluating how well the system imaged
the edge. The target gives a well-defined edge where one side is bright (reflective
chromium layer) and the other side is dark. The evaluation was done in MatIab by
measuring the rate of change in the grayscale at the edge in the pictures. The slope of the
two curves, representing the gray scales in the two cases, was very close. The degradation
of the optical system was therefore minimal, as the edge response of the system was
virtually unchanged between the two cases. Figure 6-2 shows obtained images of a IOpm
period grating using the bench-top system at OV and 200V applied to the membrane. The
sharpness of the images is comparable in the two images and supports the edge response
measurement results.

Figure 6-2. Images obtained at focusing extremes of 750pm membrane
a) OV applied to membrane (no deflection)
b) 200V applied to membrane (1.2pm deflection)
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Miniature Probe Integration
The miniature system has housing dimensions of 9x3.9x3.3cm and a picture of the probe
can be seen in figure 6-3. The optical system of the miniature probe is nearly identical to
the system of figure 6-1. The difference is that the 2:3 beam-expander and the polarized
beam-splitter were left out. This was done because a membrane with a diameter of
1500pm was used and the spot size at the location of the membrane is 1000pm. Since the
device is larger than the spot size, there is no need to de-magnify the beam in the
miniature system. Instead of being imaged onto the scan-mirror as in the benchtop setup,
the collimated beam hits the membrane at an angle of 22.5° to normal incidence and is
reflected onto the scan-mirror, which is also hit at 22.5° to normal incidence.

Figure 6-3. Miniature system with membrane mount integrated.

Theoretical Treatment The optical components of the imaging system important to the
integration of the membrane device are the 4 lenses (collimating, 2:1 beam expander, and
objective lens) and the scan mirror. Figure 6-4 shows the beam-path of the system with
these components and the incorporated membrane. The first lens collimates incoming
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light from the optical fiber. The collimated beam then hits the membrane mirror at 22.5°
incident to normal and is reflected to the scan mirror, which also is hit at 22.5° incident to
normal. The light passes the 3 aspheric lenses, scatters off the target and is passed back
through the system. The working distance of the system is 2.7mm to the right of the
objective lens. The object space numerical aperture (NA.) is 0.2. The desired level of
focus control is above 200pm. When the membrane device is deflected, the system focus
moves towards the system. This is illustrated in figure 6-4 by showing the locations of the
focal planes of the system with and without focus control being applied.
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Figure 6-4. Lens configuration of miniature probe.

The location of the focal plane for the paraxial (on-axis) case was calculated using
ABCD matrices with a Gaussian beam input [18]. The beam was assumed to be perfectly
collimated and the location of the waist of the incoming beam was assumed to be at the
plane of the membrane mirror. Since the lenses are to be considered optically thick, all
surfaces and distances traveled in glass were included in the matrices. Figure 6-5 shows a
graph of the movement of the focal plane as a function of membrane deflection (at center
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of device) for the system with an integrated 1500pm device. It is predicted that the
desired 200pm of focal control can be achieved with a deflection of approximately 4pm
with a 1500pm device. As mentioned in chapter 5, a maximum deflection of 3.6pm was
obtained for a device with a 12pm pit depth at a voltage of 230V. This deflection would
give a range of focus control of 150pm. In order to achieve a 4pm deflection, a 16pm
deep pit would be needed in order to keep the device from snapping down due to the
electrostatic force being larger than the restoring force of the membrane (see chapter 5).
With a larger pit depth, the device will demand a higher actuation voltage to achieve the
same level of deflection.
Focus control of 1SOOum Device

Membrane Deflection (um)

Figure 6-5. Focus control of miniature system as a function of center
deflection of incorporated 1500pm device (paraxial case).
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Integration A mount on which to place the device was machined out of aluminum. An
example of a mount is shown in figure 6-6 a). The two 1500pm devices of the die were
cut out of the original die (to reduce size) and attached to the mount using fast bonding
adhesive. Strain relief was provided for the wires by adhering them to the mount (the
mount of figure 6-3 has its strain relief at the top of the mount in the form of a shim that
holds the wires down). The wires were soldered to OQ resistors and wire-bonded to the
bonding pads for strain relief of the bonding pad wires. The ground connection to the
substrate of the die was made using silver paint and is shown in the upper left comer of
figure 6-6 b) (and to the left of the die in a )).

Figure 6-6. Membrane mount for integration into CMaRS probe.
a) Mount with small die containing two 1500pm devices.
b) Wire-bonds from OQ resistors to bonding pads of 1500pm 10% device.
The mount was placed in the miniature probe (figure 6-3) and adjusted to have the beam
strike it in the center of the device, while also arriving at the center of the scan-mirror and
following the center line of the subsequent lenses. Since not all degrees of freedom of the
membrane (x,y,z, and x/y tilt) could be adjusted, the final alignment was slightly off.

I
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The device that was finally used was a I SOOjam device with segmented, but not
thinned the edge support, which had a pit depth of 13pm. 150V was applied to both
actuation zones and the resulting focal control and edge response of the system was
obtained using the same method as for the benchtop system. The deflection resulted in a
movement of the focal point of 23pm. The predicted movement of the focal plane for a
Ipm deflection on a 1500pm device is 30pm, but that is for the paraxial case of an ideal
system. The predicted deflection of a membrane with segmented, but not thinned, edge
support and a 12pm pit depth is Ipm for 150V applied to both actuation zones (figure 53). The integrated device had a pit depth of 13 pm, which causes the device to have a
deflection of less than I pm. Because of this and the misalignment of the system some
deviation was expected. The obtained focus control is within the error margin and shows
that the membrane can be used for focus control in the miniature system.
Edge response data was taken at 150V and 0V applied to the membrane actuation
zones. The system without an integrated membrane had an (20%-80%) edge response of
0.48pm. The same system with the membrane in it had an (20%-80%) edge response of
-2

1.5pm for the membrane at 0V and at 150V; which is a degradation of the edge response
of the system by 3 times.
To get an idea of what level of aberrations are introduced by the membrane due to
the tilt of 22.5° at Ipm deflection, the resulting coma and astigmatism were calculated. It
was found that coming in at 22.5° to normal incidence causes 0.002 waves of coma and
0.36 waves of astigmatism at 852nm wavelength [19],

I
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Since the edge response was the same whether or not the membrane was
deflected, it was concluded that the dominating factor in the degradation of the edge
response is the misalignment of the membrane. The influence of the introduced
astigmatism on the edge response was negligible compared to the misalignment of the
mirror, since it had no measurable effect on the edge response measurement.
After a few minutes at 150V applied voltage, the device started to become
unstable. If the device were to be used further, the data would not be reliable. No voltages
higher than 150V were applied to the device as it would eventually fail due to the
influence of the leakage current (and would not give an accurate view of the membrane
mirrors performance if data were to be obtained before device failure due to the
instability).

Summary
A 750pm membrane device with thinned and segmented edge support was integrated into
a benchtop setup of the CMaRS probe. The device was imaged onto the scan-mirror of
the system and? did therefore not introduce any aberrations to the system. The systemdisplayed 75 pm of focus control, resulting from a device deflection of 1.2pm. The
system’s edge response was practically unaffected by the level of focus control of the
system caused by the deflected membrane. The integration of the 750pm device into the
benchtop system showed that it is possible to use the deformable membrane mirrors in the
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CMaRS system to achieve focus control without noticeable degradation of the imaging
properties of the overall system.
Integration of a 1500pm membrane with segmented, but not thinned, edge support
into a miniature CMaRS probe was performed. The device was not imaged onto the scanmirror, but was placed at an angle of 22.5° to normal incidence to minimize system size.
The system displayed 23 pm of focal control, resulting from a membrane deflection of
lpm. The :edge response of the system was 0.48pm before the membrane was integrated.
The system with the membrane integrated displayed an edge response of 1.5 pm
independent of the level of focus control caused by the membrane. The aberrations
introduced by the membrane to the system due to the tilt of the membrane and a center
deflection of lpm was calculated to be 0.36 waves of astigmatism and 0.002 waves of
coma at 852nm wavelength. Since the edge response of the probe with the membrane
integrated was the same independent of membrane deflection, it was concluded that
misalignment of the membrane was the primary cause of the increase in edge response.
The aberrations introduced to the system due to the tilt had no measurable affect on the
edge response. The 1500pm device used in the probe broke due to leakage currents of the
bonding pads before measurements at higher level of focus control could be performed.
If the device used for characterization in chapter 5 would have been integrated
into the CMaRS probe, it would have yielded a change in the location of the focal plane
of 150pm. It was shown that the leakage current which ruined the device that was
integrated into the probe could be have been controlled if a thermal oxide layer had been
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placed beneath the silicon nitride of the device (chapter 5). With this modification,
voltages of above 300V could be placed on the bonding pads without causing the device
to become unstable. With a larger pit depth beneath a 1500pm device, it could then be
deflected to 4pm at the center and thereby producing a change in focal plane location
corresponding to the desired 200pm. The needed actuation voltage for a device with
segmented edge support to achieve a 4pm deflection would be above the 200V which was
initially desired, but if a thinning at the perimeter of the device was implemented, the
required voltage could be brought down.
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CHAPTER 7

'

CONCLUSIONS.

Silicon nitride mirrors were built using a procedure, which is a hybrid between surface
and bulk micromachining. It was demonstrated that a 1500pm device was capable of
producing focal lengths from 39mm to infinity (perfectly flat). Further characterization
verified that the silicon nitride membranes could be used as adaptive focusing elements
without introducing spherical aberrations. This was accomplished by utilizing two
actuation zones with independent control voltages. The devices displayed resonant
fiequencies in the 20-25kHz range (device and boundary condition dependent). A 750pm
device was integrated into a 0.2 N.A. benchtop 'confocal microscope and yielded a change
in the location of the system’s focal plane of 75pm from a membrane deflection of
1.2pm. The edge response of the system was only marginally changed with the focal
plane movement. The frequency response of the devices show that they are suitable for
video rate focus, control.
There were problems encountered during the release and testing of the devices. A
percentage of devices are failing in the oxide and silicon etch steps. Also, when devices
are tested, they are failing due to large leakage currents of the bonding pads. Future work
should address these issues.
Current work combating some of these issues includes ion implants on the bulk of
the silicon for better and easier substrate connections. A thermal oxide layer beneath the
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silicon nitride layer is also being implemented to lower the leakage currents of the
bonding pads. Devices are being implemented on Silicon on Insulator (SOI) wafers,
where the pit depths below devices are determined by the thickness of the silicon layer
above the insulating oxide layer. The reason for using SOI wafers is that the bottom of
the electrode (counter electrode) will be perfectly flat and the pit depth is well defined
since the buried oxide of the wafers acts as an etch stop to the silicon etchants.
During the oxide etch, some devices are failing as soon as they become
■freestanding. Future work on this project should include investigations of the thickness of
the membranes and especially that of the thinning of the edge support. The metal layers
dictate the minimum thickness of the membranes, as the tensile stresses of these layers
are pulling the devices apart as soon as they become freestanding. Unfortunately, the
thickness of the metal films are already close to their minimal values (dictated by
adhesion and optical quality constraints for chrome and gold respectively). Surfactants to
the oxide etch can be investigated as it might be possible to etch the oxide more gently
without losing the selectivity to silicon nitride.
The effect of surfactants to the silicon etchants should also be further investigated
in order to increase yield. Decreasing hydrogen gas bubble size and formation beneath
the membrane and ideally eliminating it altogether is desirable. Increase in yield is likely
to occur if the etch holes are larger or more closely spaced, or both. This would, however,
affect the optical quality of the membrane, as the effective mirror surface would become
smaller. If more hydrogen gas is able to escape from beneath the membrane, it will be

74
possible to decrease the thickness of the membrane and a higher level of deflection at
actuation voltages below 200V can be achieved.
Continuing CMaRS probe integration trials should be conducted to verify that
integration with a better edge response is possible^ limited only by the astigmatism due to
the tilt of the membrane. Ideally, the layout of the probe should be altered to
accommodate tilt-free integration of a deformable membrane device to eliminate the
astigmatism caused by the tilted membrane.
The anomalies of the frequency response of the devices need to be investigated;
FEM modeling of the resonant frequency of the structures should be performed to give a
better view of what can be expected of the devices. One area, which has not been covered
in this thesis, is that of the charge mobility in the silicon nitride layer leading to long term
drift of the devices. If device operation is to remain constant over longer time periods,
this property needs to be investigated.
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