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Abstract

Negative stiffness can provide a method of altering the stiffness of a device without changing its
geometry. The silicon/ silicon dioxide (Si/SiO2) membrane presented in this research utilizes buckling
resulting from compressive residual stress. A transversely actuated buckled membrane displays
properties similar to a linear regressive spring, which include a positive and negative stiffness region.
Cantilever beams were used to restrict the outward displacement of the membrane and force it to
actuate only in its negative stiffness region. Analytical equations were utilized to estimate the amount

of outward deflection by the membrane and to estimate the amount of reduced deflection required
for the device to display only negative stiffness characteristics. Devices were tested using a force
sensor actuated by a piezo controller. Interferometric imaging confirmed the cantilevers ability to
reduce the buckling displacement in the membrane up to 30%.

INTRODUCTION
Background

Buckling is commonly known as a type of failure method in a structural member, and it has been
studied as far back as the 18th century when Euler developed equations describing beam buckling.1
Buckling normally occurs within a long but thin structure loaded in compression in which, instead of
fracturing, the member drastically bows in one direction. Buckling in macro-scale structures is typically
avoided, while buckling in MEMS devices has been utilized in numerous applications. Buckling is sought
for a variety of reasons in MEMS. It can be used in devices to maintain a specific position without input
power, such as in memory.2 It has been used in the domain of microfluidics for valve mechanisms,3,4
and it can be used for actuators.5
Recently, buckling in MEMS has been used for its ability to display linear regressive spring constant
behavior,6 similar to behavior seen in the disk spring,7 which can be explained by the following.
Suppose that a buckled membrane is loaded normal to the planar surface. As the membrane is
deflected in the opposing direction of the buckling, the spring constant of the structure changes.
Initially, the membrane resists deflection, similar to a normal compressive spring with linear behavior.
Upon reaching a certain deflected distance, the membrane will begin to require a linearly decreasing
load i.e. less force required for further deflection. The goal of this research was to design a device
which could restrict the buckled membrane to only actuating in the negative stiffness region.

DESIGN

At the root of the design is the buckled membrane for which Silicon on Insulator (SOI) is used. The joint
silicon and silicon dioxide buckles when the supporting handle wafer is etched away. The compressive
stresses required for buckling are characteristic to SOI and formed during fabrication. During this
procedure, the oxide layer is thermally grown at high temperatures, and once cooled, the difference in
coefficients of thermal expansion generate large internal planar stresses in primarily the oxide layer.
Prior to release, cantilever beams formed from SU-8 photoresist are fabricated atop the thin, joint
layer of silicon and oxide. The purpose of the beams is to restrict the movement of the membrane to
within negative stiffness region. Although SU-8 has a low biaxial modulus of elasticity (5 GPa), it was
chosen as a structural material for the beams as it can provide thick layers of material quickly and at
low cost.8,9 A schematic of the proposed device is shown in Figure 1.

Figure 1. (a) Quad beam design. (b) Twin-beam design. The backside etch cavity and the approximate membrane
shape are also illustrated for clarity. The length and width of the membrane is also listed.
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The design consists of numerous geometric configurations of the beam in an attempt to experimentally
determine the appropriate design required to restrict the membrane. These configurations varied by
changing the length and width of the beam. The beam widths range from 100-250 μm and the lengths
range from 600-750 μm. All of the geometric configurations are used with both a twin-beam (Figure
1 b) and a quad-beam (Figure 1 a) design.

FABRICATION

A three mask process is required for the fabrication of the device. Two masks are required for the
movement restricting cantilever beams, while only one mask is needed for backside etch holes. The
process requires a 5 μm top silicon wafer (device layer) and a 2 μm oxide layer for optimal mechanical
properties. The beams are the product of a topside surface micromachining process, whereas the back
side etched holes require a simple bulk micromachining process.

Beam fabrication

The SOI is briefly submerged in a weak HF solution followed by a normal cycle in an oxygen asher to
remove natural oxide and promote SU-8 adhesion. A single layer of 1818 photoresist is spin coated on
the topside of the sample, Figure 2 (a). It is subsequently exposed using the anchor mask, and acts as a
sacrificial layer, Figure 2 (b). SU-8 is spin coated atop the previous layer of photoresist and exposed
according to the beam mask, Figure 2 (c, d). Following spin coating, the solvents are evaporated
through heating. Appropriate ultraviolet (UV) exposure promotes crosslinking of SU-8 by activating the
photoplastic material. An additional baking period, appropriately dubbed the post-exposure bake, is
required to crosslink and “set” the photoresist. A temperature ramping method is used to prevent SU8’s characteristically high stresses developed in the crosslinking phase.

Figure 2. Fabrication sequence for the SU-8 cantilever.
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Topside fabrication is accomplished following the backside patterning but before backside etching.

Backside etch process

The thick side (handle) portion of the sample is patterned using SU-8 to protect areas where etching is
undesired. This design consists of a series of one millimeter squares and circles patterned using normal
photoresist deposition, exposure, and develop processes. Post exposure baking times are less critical
for this stage because internal residual stress will have little effect on the etching process as long as the
layer remains attached to the surface.
After photoresist processing, the bulk silicon is rapidly and anisotropically etched using the deep
reactive ion etching (DRIE) method. Etching selectivity permits using the oxide layer on the topside as a
natural etch stop. The resultant structure contains a thin layer of both silicon and silicon dioxide which
buckles out of plane. The complete process is shown in Figure 3.
Figure 3 Backside etch process. (a) intial sample, (b) SU-8 photoresist deposition and patterning, (c) DRIE
process, (d) instantaneous membrane buckling upon etch completion.
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THEORETICAL ANALYSIS
Theoretical analysis

Timoshenko and Gere established equations for modeling multiple buckling scenarios.10 Here the strain
energy method is utilized for estimating the buckled state. Through this method, the outward
deflection of the membrane is found by minimizing the strain energy of the system. These equations
consider the energy generated by both the strain energy of bending and the work done by the
compressive forces during buckling. Equation 1 and Equation 2 provide those two values, respectively.
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Where Wo is the center deflection, h is the thickness, a and b are the length and width, σx and σy are
the compressive stresses, and D is the flexural rigidity represented by Equation 3
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Popescu et al. simplified the mathematical expressions provided by Timoshenko’s and formed
equations used to estimate the deflection in a buckled structure.11 Adding the two energy equations,
solving the integrals, and simplifying the equations results in the total strain energy of the membrane
which is represented by Equation 4.
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This equation can be plotted to visually show the expected amount of deflection in the
membrane. Figure 4 graphically illustrates Equation 4 with the appropriate material properties used in
the equation.

Figure 4. Energy curve for the buckled Si/SiO2 membrane. The local minima indicate locations of buckled
equilibrium.
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The low points in the curve indicate the degree of membrane deflection upon release from the bulk
silicon substrate. To achieve the goal of this research, we desire to reduce the deflection of the
membrane to the location where the stiffness changes from positive to negative. In order to estimate
this location, we need to know the force/deflection characteristics. These indicate the point at which
the force required for further spring deflection switches from increasing to decreasing. Taking the
derivative of Equation 4 with respect to Wo/h yields an equation for the force and deflection.
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Equation 5 is plotted in Figure 5 and is used to estimate the amount of deflection in the membrane
required for it to be positioned at the point of changing stiffness.

Figure 5. Force and deflection plot. Relative crests and valleys indicate locations where the stiffness changes
from positive to negative. The location of snap through is also indicated. At this location the spring changes
states without returning to the original position.
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Figure 5 indicates the location at which the change in spring constant is expected to occur. It is at both
the locations indicated by the changing slope in the plot where the spring constant changes. Since the
membrane is bistable, the plot will be mirrored depending on the current buckled state of the
membrane.
In summary, Figure 4 estimates the buckled membrane to deflect approximately 22 μm, and Figure
5estimates that the deflection will need to be reduced to approximately 13 μm of deflection for the
membrane to reside at the location of stiffness change.

EXPERIMENTAL RESULTS AND DISCUSSIONS
Optical imaging

Optical images were collected initially to ensure the beams survived the fabrication, in particular, the
etching process. Additionally, scanning electron microscope (SEM) images were collected to observe
the final released state of the beams more precisely than through the optical microscope. Figure
6 and Figure 7 illustrate images of the finalized device taken using the aforementioned methods.

Figure 6. Optical depiction of the SU-8 cantilevers immediately following the backside etching process to release
the membrane.

Figure 7. SEM image of the fabricated device rotated at 45°. The four cantilever beams surround the postbuckled membrane. With a 1 mm edge length and a deflection close to 10 μm, the vertical deflection from
buckling cannot be seen.
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Figure 6 illustrate an item of interest. The background silicon appears to either be heavily damaged or
contain large amounts of foreign substance on the surface. We believe this to be a result of the DRIE
process, which may etch the underside of the sample, as well as leaving a residue from the sample
stabilization oil. To combat this effect, after the etching is finished the samples are carefully cleaned in
an attempt to remove this substance, without success. Additional soaking is desired, but lengthy
soaking times in solvents will attack the bonds at the anchors of the beams and weaken them.
While the optical images are quick and enable an initial check to ensure the integrity of the beams,
SEM images provide a clearer image with the ability to view the sample from an angle.
Although the beams appear more structurally sound than the optical image indicates, the beams show
signs of stress, most likely induced through the post exposure baking process. The tips are curved
down on nearly all of the beams, and some beams show signs of warping and deformities.

Interferometric imaging force/deflection measurements

Prior to force testing, the devices were measured under a white light interferometric microscope (IFM)
to measure the deflection of the membrane. Resulting images confirm that the beams restrict the
deflection of the membrane. Typically, an unconstrained membrane will deflect on the order of 12-14
μm, yet IFM measurements indicate the beams restrict the deflection to distances ranging from 7-12
μm. Figure 8 shows the cross-sectional deflection profile of a successfully released membrane as well
as the three dimensional rendition of the membrane.

Figure 8. Interferometric image of the restricted membrane, (a) The buckling of the membrane, (b) Surface
profile of the membrane indicating the buckling deflection.
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The featured membrane in Figure 8 is restricted to less than 9 μm. The vertical direction is exaggerated
for effect, and the cantilever beams reflect light poorly, so they appear imbedded in the silicon. This
image best illustrates the decrease in buckling provided by the force applied from the beams.

Force/deflection measurements

Further testing, used to confirm the force/deflection behavior of the membrane, was performed using
a custom testing chamber. The chamber was constructed in-house and normally used to fatigue test
micro contacts, but it serves the testing needs for this project. The fixture itself includes a movable
stage which positions a micro Newton force sensor screw style micro manipulators. Once in position, a
voltage actuated piezoelectric motor controls the small step movement of the force sensor during
testing. The entire system is housed within a Plexiglas container allowing for a nitrogen controlled
environment as seen in Figure 9. The test fixture allows a sample to be placed in the sample carrier on
the right side, while the force sensor is manually moved close to begin testing.

Figure 9. Test fixture with appropriate components listed. Micromanipulators are used for coarse adjustment,
while the piezo actuator controls small displacements.

The box is angled enabling close observation of the sample through a microscope. Input voltage to the
piezo electric motor and the force data are controlled through Labview, a software program
integrating several pieces of equipment and performing data collection.
With the force sensor carefully place in line with the top of the membrane, the piezo controller steps
the force sensor towards the beam. The force sensor measures the force reading at every step and the
collected force data can be plotted with respect to the distance the sensor advanced since the start of
the test. The program also allows us to specify the step size of the piezoelectric motor and the
maximum sensor force which will end the test to prevent breaking the force sensor. The resultant data,
force readings, are recorded at each step by the piezo controller generating load/deflection
characteristics of the membrane. In Figure 10 the force is plotted with respect to distance.

Figure 10. Experimentally determined force/deflection curve.
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The plot contains four separate tests conducted on a single membrane with four 200x700 μm
restricting cantilevers. The membrane’s deflection was reduced from 13 μm to 9 μm by the beams,
which was the amount predicted by analytics required for the negative stiffness region; however,
according to the results, an additional 6 μm of displacement was required to reach the location of
maximum force. At this location the membrane transitions to the negative stiffness region.
Unfortunately, the cantilevers merely reduced the force required to displace the membrane until snap
through from roughly 1700 μm to 700 μm. Further testing concluded that the cantilevers reduced the
force proportionally to their size, which influences beam stiffness. It is believed that a similar effect
would be found from depositing a layer of material over the entire surface of the membrane, which
would be stressed upon buckling and aid in reducing the force required to displace the membrane.
Results of this experiment indicate that the membrane needs to be displaced further to be isolated in
the negative stiffness region. Additionally, the deflection restriction mechanism (SU-8 cantilever in this
case) needs to be as stiff as possible to prevent it from interfering with the force deflection
characteristics. Whatever structure is used to restrict the membrane must only restrict its outward
deflection and not add an external force to aid in spring deflection. Ideally this would be a structure
with infinite stiffness, which is placed exactly the correct distance above the membrane to constrain it
to the beginning of the negative stiffness region. SU-8 has proved to be lacking in stiffness even with
the benefit of thick layer heights, unachievable by many other materials.
The offset of these curves is believed to be a result of the difference in starting locations between the
separate tests. Although it is possible the membrane experiences slight hysteresis during actuation
along its deflection path.

CONCLUSION

We have attempted to create a method to fabricate and test a negative stiffness, out of plane spring.
The spring is formed from a compressively buckled Si/SiO2 membrane which displays linear regressive
spring behavior. Restricting the spring is accomplished through the force applied by cantilever beams
formed from SU-8 photoresist situated atop the membrane, which were fabricated using a standard
SOI wafer. The beams range in both length and width, and the design includes both a twin beam and a
quad beam configuration to widely vary the amount of force applied to the membrane. SU-8 was
chosen as a beam material because of low cost and relative thickness which provide a higher returning
force to the membrane.
Successful fabrication of the device proved difficult at first. Large changes in temperature during the
post exposure baking step caused warping and stresses in the beams, reducing the uniformity across
separate samples and potentially reducing the effectiveness of the beams. Additionally, the backside
etching process deposited undesired substance on the topside of the device, potentially affecting the
performance. The devices were successfully fabricated, however, and initially proved to be serve the
intended purpose.
Results indicate that the beams succeeded in restricting the deflection of the membrane. A large
portion of the beams were fractured, and approximately only a third of the membranes retained the
original amount of cantilevers. Many beams showed signs of warping and out of plane deflection
indicating unwanted stress in the photoresist likely introduced during the post exposure baking
process. Of the surviving devices, interferometric microscope measurements indicate the cantilevers
reduced the deflection of the membranes up to 30%. However, force/deflection measurements
concluded the device fails to constrain the membrane to the negative stiffness region.
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