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1.0 Development of Nano-Scale Radioisotope Battery Models and Supporting
Radiation Testing of Components

1.1 Objective:
The objective for the FY06/07 fiscal year is the development of nano-scale radioisotope
powered battery models and supporting radiation testing of components.

1.2 Task & Accomplishments

This task focuses on the concepts of conversion technologies for radioisotope battery
designs and the further investigation of radiation resilience levels of candidate materials identified
during FY06 and FYO07 for fluorescence or 'direct' generation of free current electrons in
transducers. Physical testing of key energy conversion parameters were initiated and carried out in
order to augment MCNP and the EGS transport code programs and provide the realistic insights to
improvements in design of nano-scale radioisotope battery design. In FY07 such advances in
design are being computationally pretested via MCNP and EGS and with semi-analytical
formulations (when appropriate).

The UF development and design team continues the development of a nano-scale
radioisotope battery designs and design schemes that have the potential to provide sufficient power
for MEMS devices under development in cutting edge laboratories in the US. Studies of
fundamental mechanisms and simulation studies of stacked tandem cells optimized for indirect
conversion have led to the design concept of using super-1 kilo-eV induced fluorescence of
dielectric layers with transparent photovoltaic conversion devices. For all of our materials,
fluorescence and phosphorescence overlap in their function. While many standard phosphors
typically provide higher conversion ratios, radiation damage from most radioisotopes quickly
degrade this initial advantage for power conversion. Reported progress in the radiation tolerance of
phosphorescent materials has provided relevant examples and important guidance. There is such
supporting progress reported from research by A. L. Huston, B. L. Justus and co-workers at the
Optical Sciences Division, Naval Research Laboratory, 4555 Overlook Avenue, SW, Washington,
D.C. on Cu'"-doped glass. [1]. Fabrication and experimental testing of Cu'"-doped glass provides
a technology compatible with the semiconductor processing technology required by tandem cell
designs. Simulations via MCNP5, EGS, MCNPX (mcnpx for a's) of absorption of kinetic energy of
beta particles and alpha particles by the microscopic material medium consisting of appropriate
strata of materials to have transducing (or transducer-based) performances infer a realistic but
occasionally modest capability for power production by indirect energy conversion mechanisms.
However, indirect conversion of light produced from appropriate radiative energy dissipating
materials is supported by advanced photovoltaic devices with micron or sub-micron geometries and
robust conversion efficiencies (10-40%).

1.2.2 Design of Nuclear Batteries for Micro and Nano-Scale

Betavoltaic designs and indirect conversion designs appear to overcome many of the
problems of the repulsive field effect within a capacitive direct conversion device when the
dimensions of the empty gap or stratum of medium of dissipating energy conversion is not much
larger than 1/2 of the range of the average beta or alpha particle of the fuel source. This empty gap
or stratum of energy conversion surrounds the fuel source. A beta-powered capacitive conversion
device is basically a capacitor which functions as a battery in which the fuel source is the beta
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particle cathode and a cylindrical shell or other sheath remotely surrounds the fuel. See ref. [2] for
detailed description of a capacitive direct conversion device. The capacitive direct energy
conversion device has been discussed here mainly in order to contrast its disadvantage in excessive
size to betavoltaic designs and indirect conversion designs, which can be compacted roughly to the
scales of range of beta or alpha particles. It is explained in ref. [2] that capacitive nuclear batteries
need to exceed 1 cm in diameter when using tritium, Ni-63, or any other radioisotopic fuel. Any
such battery which is smaller than 1 cm is doomed to electrical efficiency below 1 percent.

There are two worthwhile avenues of development of microscopic and submicroscopic
configuration of nuclear batteries which we are pursuing: (M1) development of a beta-voltaic cell
and (M2) development of tertiary energy conversion devices which include fluorescence or
luminescence for the intermediate conversion of the kinetic energy of secondary electrons, f's, and
o's. Note that tertiary energy conversion and intermediate conversion fall under indirect conversion
in accordance of the terminology previously used in previous reports and related presentations.

In support of development of (M1), there has been investigation of SiC as a betavoltaic cell
with good initial performance. There has been an advocate of SiC for betavoltaic cells in
established circles, owing to its initially high performance [3]. However, the efficiency of diodes
constituted primarily of SiC does wane with respect to extended dose. Solid-state modified
diamond offers even greater potential as betavoltaic device. Diamond has the almost unique
property of self-repair crystal structure due to interstitial displacements from radiation. The
challenges to developing diamond based transducers hinge around providing both p-type and n-type
junctions for such a diode and providing a good conductive contact between the diamond based
transducer and the wire conducting electricity to and from the diode.

In support of (M2), there has been a review of and further experimental testing of the Cu+
doped quartz glass. Cu+ doped quartz glass has demonstrated the generation of green photons in
response to exposure to beta particles and even X-rays. Lead doped glass also has this property of
fluorescence resulting beta (or o) radiation dose [4]. ZnS and Mn and other materials also serve in
this way when doped properly with glass. A more exotic configuration of (M2) is to use Krypton or
other noble gas which emits UV light in response to irradiation from beta and/or alpha particles.
Use of a solid material such Cu+ doped glass in the more standard configuration of (M2) is easier to
construct due to its solid nature. Containing a sufficient amount of Krypton fluorescer mixed with
or surrounding a radioisotope such as Tritium is an additional burden contingent to use of this
exotic configuration with noble gas. This burden makes Kr-84 mixed with Tritium an unlikely
candidate for submicroscopic nuclear batteries.

It is illustrative to explain the components of (M2). A nuclear battery of type (M2) consists
essentially of: (C1) the radioisotopic fuel; (C2) a material surrounding fuel which undergoes
fluorescence or phosphorescence (in range of yellow thru possibly UV) in response to collisions and
ionizing irradiation from radiative particles; and (C3) transducers which absorb visible light and
efficiently convert it into electrical energy. It is component (C2), the 'fluorescer', which makes
(M2) type of nuclear battery unique. Immediately below, we shall explain performances and results
or (C1), the fuel from various candidates for radioisotopes. Then experimental results for Cu+
doped quartz as (C2) and prior scholarly knowledge of solid materials which can serve as (C2) shall
be discussed.

1.2.3 Discussion of Choices of Radioisotopes; Investigation of Components

Table 1.1 includes a list of potential candidates for fuel for radioisotopic power generators at
the nanoscale, micro-scale, or millimeter scale - at largest. It is very informative to inspect the
properties and performance capabilities of the radioisotopes selected as candidates. It is the emitters

7



of highly energetic beta particles which are not quite as suitable for the nano-scale, but still worthy
of consideration for helpful comparisons of proportional performances. Various properties of the
radioisotopic candidates are included in Table 1.1. With the exception of Cf-252, only isotopes
with half-lives greater than 5 years have been included, for the obvious directive of developing a
time enduring battery.

Isotope Density | Activityigram | Ci Density | Half-Life | Q-Value Emission
modes
H-3 2.52ee-02 * 4831 121.7 12.33 18.5 B
Ar-42 0.16 * 258.9 41.424 32.9 599.4 B
Ni-63 8.88 56.7 503.50 100.1 66.945 B
Kr-85 0.35* 391.3 137.09 10.756 687.1 B
Sr-90 2.54 138.1 350.77 28.79 546 B
Cs-137 1.87 86.81 162.33 30.05 1175.63 B
Sm-151 7.52 26.31 197.85 90 76.7 B
Pb-210 11.35 76.32 866.23 22.3 63.5 B
Ac-227 10.07 72.3 728.06 21.775 5021(a), a(l4) &
44.8(B) B(98.6) **
U-232 18.95 22.35 423.5 68.9 5413.55 o
Pu-238 19.84 17.12 339.7 87.7 5593.2 o
Pu-241 19.84 103.3 2055.4 14.31 20.82, B
Cm-244 13.5 80.9 1092.2 18.10 5901.61 o
Cf-250 15.1 109.3 1650.4 13.08 6128.44 o
Cf-252 15.1 536.5 8101.2 2.645 6216.87 o
g/cm3 Ci/g Ci/cm3 Years KeV Particle

Table 1.1 Properties of Radionuclide Sources for Fuel

* The gases in column 2 are at 100 atmospheres and standard temperature.

** In column 6, the powerful alpha particle decay of Ac-227 cannot be ignored when inspecting
Ac-227. The weights of {BR (o), B.R.(B)} are {1.4% , 98.6%} respectively. For a, the initial
kinetic energy of the average emitted particle equals the Q-value. For [, the average initial kinetic
energy of the emitted particle equals 1/3 of the Q-value.

In Table 1.2, ideal performances and more properties of the selected radionuclides are given.
Table 1.2 is a continuation of Table 1.1. The ratio of radiated power (of a or beta) per mass of fuel
and the ratio of radiated power per volume of fuel are given. Also the maximum CSDA range is
given for the emissions of each of the isotopes. "Sig. y or x-rays" of column 7 stands for most
significant gamma ray or x-ray emitted from the given isotope.



Table 1.2

Performances and Properties of Radionuclide Sources for Fuel

Isotope | Half- Power/ Power | Rangein | Sig.yor | Q-Value | Emission
Life gram density | Simaterial X-ray modes
H-3 12.33 176349 4462ee-02 3.9ee-04 No 18.5 B

Ar-42 32.9 .305906 .04895 120 No 599.4 B

Ni-63 100.1 .749¢e-02 .06648 3.9ee-03 No 66.945 Suspe

Kr-85 10.756 .52999 185496 142 SMeV, v 687.1 B

Sr-90 28.79 .14860 .377449 .103 1keV, xray 546 B

Cs-137 30.05 20138 376586 259 67MeV, y 1175.63 B
Sm-151 90 .398ee-02 .02993 4.6ee-03 20keV, y 76.7 B
Pb-210 22.3 956ee-2 .108533 3.6ee-03 50keV, y 63.5 B
Ac-227 21.775 .04899 49336 2.5ee-03 15keV, y 5021(a), o & B, mr

44.83(B)

U-232 68.9 19.7326 13.57757 2.6ee-03 60keV, v 5413.55 o
Pu-238 87.7 .566920 11.24769 2.9ee-03 AMeV, vy 5593.2 o
Pu-241 14.31 426ee-02 .084466 4.3ee-04 .15MeV, vy 20.82, , mr
Cm-244 18.10 2.82709 38.1657 3.0ee-03 50keV y 5901.61 o
Cf-250 13.08 3.9649 59.8711 3.2ee-03 50keV y 6128.44 o
Cf-252 2.645 19.7326 297.962 3.4ee-03 2MeV vy 6216.87 o

Years Watt/g Watt/cm® cm keV or MeV keV particle

The columns in Table 1.2 containing the power per mass, the power density, and the CSDA
range of the given isotope are of special interest in considering the performance of nuclear battery
containing its fuel on a microscopic mother board or MEMS device. The power ratios are desired
to be large. But the CSDA range of emissions from the fuel should be as small as possible out of
our set of choices. Moreover, for powering a microscopic mother board or MEMS device, the
emission of gamma rays or bremsstrahlung generated x-rays should be less than 30 keV with a
frequency ratio, or branching ratio (B.R.) of less than 1%. More abundance of kilo eV photons or
harder photons would provide disproportionately larger shielding requirements. Note that 'mr’
stands for multimodes of decay from long-lived but unstable daughters of a given isotope in the
table. Because these 'mr' decays last for eons, their contribution to power is trivial.

Following with the goal of developing nuclear batteries which power MEMS devices and
function durably together with the MEMS devices, we favor the following isotopes: Ni-63, Sm-151,
and tritium. Outside of the final stages of this project and for nuclear batteries powering devices
which are on the millimeter scale or cm scale occasional emission of harder photons such as 100
keV and predominant emission of a's or B's with greater than 1 or 2 millimeters is acceptable do to
more room for placement of components and more room for extra shielding to protect from the
harder photons.

In order to follow up the data on alpha particle emitters, one should review and consider
some of the results of examples of simulation of radiation dose due to alpha particles from an Ac-
227 source. In Figure 1.1, a target of AlGaN is shown with local dose densities of alpha particle
collisions. This corresponds to local dose distributions as the number emitted particle approaches 1
billion.
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Figure 1.1. Ac-277 Radioisotope Source Penetration in AlGaN. The beam of fresh alpha particles
(originating from a point mass of Ac-277) is collimated trough a narrow tube
to the left of the 0 point of Figure 1.1.

In Figure 1.2, the graphic result of simulating the dose to the alpha particles from a slab of
Ac-227 is given. We see fairly good agreement of between the range of dose in Figure 1.2 and the
range of radiation predicted in Table 1.2. Remember that the week beta particles have a slightly
(not > 50% more) longer range than the a's from Ac-227.
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Figure 1.2. Dose distribution to slabs of Silicon due to a radiative source of Ac-227. The fuel source has a
width of 0.0003 cm (or 3um) along the z-axis and has a solid yellow coloring. In length, it extends from -
20pum to 20pm along the x-axis.

For every ten CentiGrays of dose in the bulk region imparted by the alpha particles to the Si
material, roughly five CentiGrays of dose in the same region is imparted by the more frequent but
low energy beta particles. Due to the compatible ranges of the B's and a's from As-277, the dose
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contributions from 3 and a add together fairly evenly between 5 and 12 pmeters from the Ac-227
source. The main simulation of dose distribution for Figure 1.2 was done via MCNPX.

Next we review graphically the dose profile imparted to a slab of AlGaN due to a point
source of Ni-63. In scenario of this graph, self absorption due to Ni-63 has been made negligible -
since the fuel has virtually zero thickness. Note that the average kinetic energy of a beta particle
emitted from Ni-63 is 17.4 keV.
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Figure 1.3. Electron energy deposition with depth for AlIGaN slab #AGNvzNi mono-energetically averaged
point source set at <E> of Ni-63.

The systematic simulations of for Figure 1.3 were done via EGSnrc, which generates dose
calculation from electrons more effectively than MCNP. Note that the range of the ensemble of
beta particles appears to be roughly -1600 nanometers (negative). If we include the full spectrum of
betas from Ni-63 rather than just monoenergetic electrons, the range displayed in the Figure will be
larger by more than a factor of three, in keeping with Table 1.2. This would add a modest tail
within Figure 1.3.

Discussion of energy imparted to a substrate of semiconductor (to make transducer) from
Ni-63 fuel sources shall be continued in Figures 1.8 and 1.9.

Let us return to the consideration of 'fluorescing' component (i.e. C2) of the (M2) type of
nuclear battery. It was mentioned that experimental investigation has been done on the performance
of Cu+-doped fused quartz glass as a fluorescer or in possible terminology as a phosphorescer.
Figure 1.4 is an example of the result of systematic irradiation in lab of Cu+-doped fused quartz.
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Figure 1.4. Fluorescence Spectra of Copper-Doped Fused Quartz

Useful energetic down-conversion occurs when beta particles or secondary electrons from
hard photons (or X- or y- ray) inelastically collide with the atoms in the medium of Cu+-doped
fused quartz glass. Due to principles of radiation dosimetry which also happens to include the
premise that much of the dose to material come from secondary electrons, the irradiation of the
sample of Cu+-doped quartz would give us similar results or results with even a stronger spectral
pattern. Clearly, a non-negligible percentage of the atoms in the metal doped glass respond to the
inelastic collision by emitting optical photons in the green energy range.
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Figure 1.5. Phosphorescence Spectra of Copper-Doped Fused Quartz
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The graph of Figure 1.5 is based on illustrative data found in publication [1] supported by
the Naval Research Lab. Within this report, we categorize any material which phosphoresces
within 1 hundredth of a second of ionizing radiative exposure as being fluorescent. Therefore, the
phenomenon shown in Figure 1.4 may be referred to fluorescence in this report. The result shown
in Figure 1.5 supports the response sub-millisecond luminescence activation function shown in
Figure 1.4. Figure 1.5 demonstrates the luminescent response of the Cu doped fused quartz to
pulses of radiative power.

It is also possible to achieve fluorescing of doped glass at rather specific wavelengths of
light, but the magnitude of response is weaker than for fused quartz/glass. A very promising
phenomenon is that although the structural integrity of quartz declines significantly as a function of
dose, the ability of the doped quartz to fluoresce hardly declines at all after extended multi-monthly
radiation exposure.

In the remainder of this page, illustrations and descriptions are given of some of the work
done in the past year, including FY06/07 and also FY05/06 since the work in FY06/07 on the
semiconductor technology has continued from FY05/06.

cu' Doped Glass

> i

Cul nGaSez Photovoltaic

Figure 1.6. Test of Fundamental Radionuclide Conversion with Cu+- Ion Doped Quartz Glass and
CulnGaSe2 Photovoltaics. This test was conducted in order to evaluate the concepts of (C2) and briefly (C3)
of the (M2) tertiary energy conversion devices, which includes luminescence for the intermediate conversion

stage.
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Figure 1.7. Examples of Devices Irradiated: (from top clockwise) GaN, InP, AlGaAs, SiGe, SiC & ZnO.
These device samples were tested to evaluate radiation tolerance and damage thresholds in semiconductors.

Briefly let us go back to performances of (C1) the fuel of any betavoltaic cell or nuclear
battery of type (M1). Although Silicon based transducers still have challenges in terms of duration
of electricity converting performance, such transducers do perform reasonably well in the beginning
of lab trials. Let us consider a sandwich of two long slabs of Si which surround one slab of pure Ni-
63 fuel which is of variable width X. In Figures 1.8 and 1.9, the number of energetic electrons
absorbed by the Si slabs and the power imparted to the Si slabs as a function of X are studied. The
slab of fuel is slightly shorted perpendicularly to X-axis than the two Si slabs. One would address
the issue of self absorption of beta particles by the Ni-63 fuel.
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Figure 1.8. Graph of ratio of population of super-1 keV electrons imparted to the transducer substrate (of Si)
over the population of beta particles generated in the radioisotopic source versus thickness of the slab of Ni-
63. The super-1 keV electrons consist of primary beta particles as well as secondary electrons which are
energized electrons liberated by colliding beta particles or other secondary electrons. This figure and Figure
1.9 include the modeling results which are centered by the typically energy beta particle, which is at 17.4
keV (i.e. <E>).
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Figure 1.9. Graph of the Ratios of Power Imparted to the transducer substrate (of Si) over the raw power
generated by particular choices of thickness of Ni-63 fuel. Figure 1.9 depicts Power imparted to the Si
substrate over raw power from fuel with thickness X. The upper graph depicts the ratio of Power imparted
(to Si) from fuel with thickness X over Power imparted from fuel with thickness of .2um.



As is obvious from basic transport theory the ratio of power imparted to Si transducer over
raw radiative power approaches on as thickness approaches Oum. However, in a manner analogous
to exponential attenuation, the maximum power imparted by a slab of pure Ni-63 (which should
always have r = to 8.88 gm/cc) occurs when the thickness X of slab is 1.1 um. In terms of use of
only a single conversion process, the efficiency at 1.1 mm for X cannot be more than 24% since
76% of power ends up going back to heating up the slab of Ni-63.

1.4 Subsequent Objective

The overall goal is to develop a nano-scale radioisotope powered battery (i.e. a nuclear
battery) to provide a durable and uninterrupted power source for MEMS devices and microscopic
(and/or submicroscopic) circuit boards for enduring operation through multiple decades. This
objective is to be carried out through the development of nano-scale nuclear battery models, designs
of such devices, supporting radiation testing of components, and testing of functionality of
components. The subsequent objective is to build and test such a submicroscopic nuclear battery.
Our group is pursuing development of nuclear batteries of type (M1) and type (M2), which were
described in the beginning of Dessign of Nuclear Batteries for Micro and Nano-Scale.

An innovatively small radioisotopic power generator at the nano-scale will have numerous
applications of importance. There also are military and security applications of MEMS devices
powered by nuclear nano-batteries. Making logical assumptions, you need not know top secret
information about warheads to speculate on how and what functions a MEMS nuclear power supply
device might contribute to the apparatus. Consider the range of following applications:

1 Independent trickle battery charger for key batteries aboard the RRW device,
Powering MEMS on/off switches,

Supplying small electrical charges to various components,

Warning lights to advise of system leakage,

Power supply to in-house corrosion detector — via locally active attraction of ions,
Power supplies can run MEMS logic circuitry,

Power to run a micro controller, and

Warning lights to monitor system integrity.

0N Dn WD

1.5 Future Work:

In great regard to development to type (M2), fluorescing nuclear batteries, progress has been
made the development of copper+-doped quartz as a fluorescing material (generating photons in the
visible spectrum —green) which responds to x-rays and beta particles. This is seen through the
experimental data of and work behind the data of Figure 1.4. The prior knowledge from Figure 1.5
also is helpful. Further in lab investigation will be made of Cu+-doped fused quartz/glass and of
quartz/glass doped with other metals such as Manganese. Doped glass will also be investigated to
some extent due to its radiationally desirable amorphous nature.

In terms of forecast for design of a (M2) type of battery, it is already realistic propose the
following robust scheme:
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Figure 1.10. A Radiation Hardenable Scheme for the Design of Nuclear Batteries of Type (M2) where a
solid fluorescing material such as Cu+-dope quartz is the indispensable link between the fuel and the
transducer. The transducer is to be designed to absorb green or yellow light. With enough shielding to lower
energy betas SiC could serve as this transducer. This need of the glass shielding in Figure 1.10 allows the
use of Ni-63 or a tritium composite for fuel.

In the review of Tables 1.1 and 1.2 within the section of “Discussion of Choices of
Radioisotopes.” It becomes apparent that three radioisotopes stand out as the most viable
candidates for a small nuclear battery to power MEMS devices. These three viable radioisotopes
are: Ni-63, and Sm-151, and trittum. It was discussed in that section that penetration distances of
the charged particles from the fuel should be a small as possible. Moreover, it was discussed that
emitted y-rays and x-rays should be as low and as infrequent as possible, with energies below 30
keV. Out of these three choices, H-3 and Ni-63 are the best choices. Tritium and Ni-63 do not emit
y-rays. Ni-63 emits bremstrahlung generated x-rays of energy around 10 keV and at lower energies
less than 0.3 percent of the time. Sm-151, somewhat unfortunately, does emit an occasional y-ray at
21.5 keV. Moreover, Ni-63 has a power to fuel mass ratio of 7.5-10~ Watt/gm rather than lower
ratio of 4.0-10” Watt/gm of Sm-151. This almost 2-fold advantage of power from Ni-63 combined
with the lower incidence of semi hard photons makes Ni-63 more desirable as a radioisotopic fuel
source.

If one does not consider the phase of matter nor quality of material, then tritium would turn
out to be the best candidate out of our 3 finalists of isotopes. It emits virtually zero superkilo-eV
photons. And has a grand power to fuel mass ratio of 0.176 Watt/gm. The unfortunate attribute of
tritium is that it naturally forms the gas molecule T,. Moreover, the lowly molar number of 6 of T,
lends itself to extremely low density at STP of approximately a mere 10 *gm/cm”’. In order to
develop a feasible nuclear battery which is fueled by tritium at the nano-scale or even the micro-
scale, it will be necessary to develop methods of compressed storage of tritium. One method is that
of extreme compression of the tritium into microscopic containers or containers at the millimeter
scale. Another method is to develop molecules such as radioactive cetane (C;6T34) or radioactive
octane (CgT}g). These molecules have liquid densities slightly greater than 1 gm/cm’. The
percentage of mass due to the trittum rather than carbon is over 33 percent. Storage of tritium in
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such molecules is one way to increase the density of tritium based materials to an order of
magnitude comparable to that of water. Another method to consider exploring is the storage of
trittum molecules in carbon nanotubes. The nanotube assemblies would have to be made compact
in order to achieve reasonable desirable densities such as 0.2 gm/cm’.
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2.0 Development of Techniques for 3-D Imaging and Visualization of MEMS

2.1 Purpose and Applications

The National Nuclear Security Administration (NNSA) relies on employing high technology
devices and components to execute its mission and ensure national security. There is a clear
emphasis toward the miniaturization of many of these devices, with an emphasis on the
development on Micro-Electro-Mechanical Systems (MEMS). As the scale of fabrication of
MEMS devices decreases, the level of sophistication of device architecture and operations continues
to increase. MEMS devices are evolving to complex 3-D structures with increasingly demanding
fabrication and assembly requirements. The small size and reproducibility required during
assembly has progressed to the point where robotic controlled processes are necessary and the long-
term durability of MEMS in critical components remains to be evaluated. Non-invasive inspection
and characterization of 3-D visualization in support of these areas is being investigated in order to
provide an increasingly quantitative basis for quality assurance, image guided robotics assembly
and tools for the characterization of operational tolerances and wear of these devices. The
visualization task originally addressed the evaluation of 3-D imaging techniques for quality
assurance applications. Specific consideration of utilizing micro-CT was investigated because it
offers 3-D imaging capabilities without the deleterious effects of electron beams used for SEM, the
tradition technique of choice for imaging MEMS devices.

This task is directed toward the development of techniques for 3-D imaging and
visualization of MEMS for the following purposes and applications:

1. Non-destructive evaluation of MEMS devices and components for quality assurance
including the evaluation of:

- Production quality and tolerances,

- Durability and wear as related to component design, and

- Component tolerances throughout their service life.

2. Visualization for MEMS assembly with a focus on robotic guidance for positioning and
component assembly.

The tasks focus on those applications where 3-D imaging techniques are required by the
complex morphologies of individual devices, or limited optical inspection by intervening structural
components upon assembly. X-ray imaging techniques have, and continue to be, extended to
examine very small scale objects. This work investigates the extension of these techniques to these
particular applications.

2.2 Micro-CT Applications

In the previous years simulations were performed in order to determine the optimal
materials, beam energies, reconstruction filter, and interpolation method the simulations were run
using a sample MEMS device. The results demonstrated the feasibility of performing micro-CT on
MEMS components. Subsequently MEMS components fabricated using the LIGA techniques and
the Sandia National Laboratory (SNL) were empirically examined using micro-CT. In this year the
raw data from these scans was run through a variety of computational simulations to verify the best
choice of filter and interpolation method when reconstructing micro-CT images. The results of the
simulations based on the empirically collected micro-CT data correlates well with the previously
performed simulations based on modeled data.
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2.3. Reconstruction Algorithms applied to Empirical Data

The raw sinogram data from Scanco was imported into Matlab in order to verify the
previous simulations regarding optimal reconstruction methods. In these tests, the raw data was
reconstructed using the previously tested filters and interpolation methods. The contrast-to-noise
ratio was calculated for each filter and interpolation method using the procedure previously
described for the initial simulations. The values of the contrast-to-noise ratios were then compared
to verify the previous simulations with empirically collected data. The results of these tests are
shown in Figures 2.1 through 2.4.

As shown in Figures 2.1 and 2.2, the Ram-Lak and Shepp-Logan reconstruction filters
provided the best contrast-to-noise ratio, while the simulation predicted that Shepp-Logan and LP
cosine filters would produce the highest CNR. Although the results based on the simulated and
empirical data sets vary slightly, the general trend of the filter performance remained the same. The
CNR values for all experimental results were improved as compared to the initial simulations.

CNR
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Figure 2.1. CNR for various reconstruction filters | Figure 2.2. CNR for various reconstruction filters based
based on a simulated MEMS device. on a micro-CT data of a MEMS component.

Figures 2.3 and 2.4 verify the initial simulations’ predictions that the spline filter provides
the best image contrast ratio. It should also be noted that, as with the results of the reconstruction
filter, all CNR values were higher for the simulations using the experimental scan data as compared
to the initial simulations. The slight discrepancies in both the filter and interpolation method data
are most likely attributable to the smaller x-ray focal spot size used in the Scanco scanner as
compared to the arbitrary size utilized in the initial Matlab simulation. Other contributing factors
could include slight differences in experimental setup and scanner geometry between the
simulations and the Scanco system.

20




Effect of Interpolation Method on Contrast-to-Noise Ratio in Effect of Interpolation Method on Contrast-to-Noise Ratio in
Simulated Micro-CT Images Reconstructed Micro-CT Images
4.49 9.6
4.48
4.48 9.49
95
447 447 4.47
9.4 -
4.46 932
g 445 | 444 g 93 9.27
o
4.44 4 © 92
243 443 9.13 9.13
9.1
4.42 -
4.41 4 1
4.4 + T T T T 8.9 + T T T T
neighbor linear spline pchip cubic neighbor linear spline pchip cubic
Interpolation Method Interpolation Method
Figure 2.3. CNR for various reconstruction Figure 2.4. CNR for various reconstruction
interpolation schemes based on a simulated interpolation schemes based on a micro-CT data of a
MEMS device. MEMS component.

The results of micro-CT imaging with MEMS components of various architectures show
promise for utilizing this method of imaging for nondestructive quality assurance of such devices.
Overall component structure is readily visible in 3D-rendered reconstructions taken at a 12 micron
resolution, with finer details visible in higher resolution scans. Traditional 2-D presentations
readily permit quantitative evaluation of the presented spatial dimensions, but 3-D renderings can
enhance the visualization of component morphology and topography simulations and experimental
micro-CT images. Both Shepp-Logan and RamLak filters were shown to provide maximal CNR in
reconstructed images, and overall contrast levels from experimental scans were found to be much
higher than anticipated from original simulations for all filters. The fact that actual scanner
performance exceeded that predicted by computer simulations further demonstrates the feasibility of
extending micro-CT visualization techniques to more complex MEMS devices.

2.4 Micro-Tomosynthesis (DmTS) Applications

Currently we have performed a thorough investigation of micro-CT performance as applied
to the 3-D visualization of MEMS and have optimized a number of micro-CT capabilities, while
also identifying micro-CT limitations as applied to our overall goals (NDE of MEMS components
and Visualization for MEMS assembly).

Micro-CT has been demonstrated to be a useful tool for the NDE of MEMS components,
with continually improving limits on spatial resolution, currently down to about 300 nm (perhaps it
will soon be referred to as nano-CT). We have, however, identified issues that limit the
applicability of micro-CT, particularly for applications involving “in-service” inspection of MEMS
and the visualization for robotics guided assembly. These problems arise due to limited physical
access to the device, and long times required for image acquisition and reconstruction, when
imaging objects via micro-CT.

Some specific limitations include:

e Small sample space (high resolution micro-CT require samples smaller than about 11

mm diameter).
e Long acquisition times (15-90 minutes)
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e Severely limited physical access since the sample object rotates within the x-ray
source/detector geometry.

These limitations likely make it necessary to remove MEMS components from service, and
also that some components are significantly disassembled in order to perform NDE inspection. In
addition the image acquisition, visualization and feedback, are likely to be too slow and
cumbersome for effective robotics assembly of MEMS devices.

In order to overcome these limitations we are developing a novel, alternative imaging
approach. This extension of digital tomosynthesis to microscopic imaging has not, to our
knowledge, been performed using readily available radiation sources. A research group at the
European Synchrotron Radiation Facility (ESRF) has demonstrated the technological potential of
this technique using monochromatic and white synchrotron radiation. We have performed a
feasibility study that indicates that DTS performed with a micro-focus x-ray source (20 micron
focal spot) and a digital flat panel imager of currently available technology should permit the 3-D
acquisition with image slices of 10 micron. While DmTS generally sacrifices low-contrast image
quality compared to micro-CT, the information content of the image is equivalent over a limited
angular range. The fewer angular projections required for DmTS (compared to micro-CT) permits
both more rapid image acquisition and more rapid image reconstruction. Perhaps most importantly,
the open geometry of the system better accommodates robotic manipulators for device assembly.

A brief list of advantages of DmTS over micro-CT includes:

* Open geometry accommodates robotic guided MEMS assembly,

e Faster data acquisition,

e Faster reconstruction,

e A-priori knowledge of objects can be integrated to accelerate reconstruction and

eliminate artifacts, and

* Rapid acquisition and reconstruction provide faster feedback for robotic guided

assembly.

Specific accomplishments and the status of our investigations of DmTS currently includes:
e Evaluated feasibility and reasonably achievable resolutions limits for DmTS (3-D
imaging to 10 um),
e Constructed DmTS simulator for simulating image acquisition and reconstruction
parameters, and
e Demonstrated reconstruction and successful filtered reconstruction algorithm.

The DmTS simulator has served as a test-bed for demonstrating the feasibility and exploring
optimization parameters for MEMS applications. Figure 2.5 illustrates some early results of DmTS
simulation on a simple 3-D monolithic structure. This figure shows a simulated 3-D monolithic
structure with a cuboidal void located at the center of the object. A simulation is subsequently
performed of the object and the raw data is can be rapidly reconstructed for any desired axial slice
within the object. A simple unfiltered reconstruction is illustrated as the second step in the figure.
This step reproduces the major structural information but contains significant blurring. The blurring
is readily removed by a final filter to produce a clear representation of the central axial slice of the
object. The integration of filters into the reconstruction algorithm using DmTS results in minimal
additional computational time and can therefore help to provide real-time 3-D imaging feedback for
robotically guided assembly of MEMS.
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Figure 2.5. Illustration of 3-D DmTS simulation process. This figure demonstrates the ability to obtain axial
style images of the target structure as well as the effectiveness of a simple and fast reconstruction filter to
optimize the image’s information content.

3-D visualization of MEMS components provides a powerful tool for the successful
incorporation of MEMS into wide variety of NNSA applications. The project provides the means to
quantitatively inspect the tolerances and specifications of MEMS both as they are produced and
throughout their service life in the field. DmTS offers the potential for inspecting and
characterizing MEMS components with minimal disassembly of larger components, expediting
their evaluation and return to service. The 3-D visualization methodologies being developed also
support the robotically controlled assembly of MEMS. DmTS provides a feasible technique for
providing essential feedback to the guidance and control system for robotics guidance.
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3.0 Level I1I: Research in Macro and Micro Force Control Technologies

3.1 Objective

This research area is concerned with the control of contact forces at the micro and macro
scale during in-contact robotic operations. At the micro scale, University of Florida researchers are
investigating how force control technologies that incorporate tensegrity principles can be applied to
the problem of micro-assembly. This includes design and modeling of a spatial micro-scale force
control mechanism. At the macro-scale, the objective of this research is to develop passive and
active mechanisms that incorporate compliance in order to control contact forces during
manipulation tasks.

3.2 Description of Work Accomplished
3.2.1 Level I11: Compliant Spatial Micro-Mechanisms

Mechanisms formed by rigid links and rigid joints have been the object of extensive studies
for the theory of mechanisms. These kind of devices are well suited to work at the macro-world,
however when the dimensions of the systems are on the order of microns, limitations due to
manufacturing processes impose severe limitations, and the generation of motion requires
alternative approaches.

Devices for micro-electro-mechanical systems (MEMS) are basically planar devices. This is
due the current manufacturing techniques that are derived from the integrated circuit industry.
Creating 3D structures at the micro level is a difficult task. Most of the motion of MEMS devices is
constrained to the plane. Some works have been made to create spatial motion.

3.2.2 Out-of-Plane Motion Devices

Out-of -plane actuators can convert input signals into displacements normal to the surface of
a substrate. Three-dimensional micro-devices are useful for different tasks as for example, object
positioning, micromanipulators, optical scanners, tomographic imaging, optical switches,
microrelays, adjustable lenses and bio-MEMS applications.

To obtain out-of-plane motion is a challenging problem and several approaches based have
been proposed. Usually out-of-plane actuators are multilayer structures, although single layer
devices have been reported by Chen [1]. Generally speaking current solutions are based on vertical
comb drives, on the deformation of the materials or on the assembly of basic linkages. The
following references report out-of-plane motion devices.

Vertical comb drives are formed by an array of capacitors. When a voltage is applied, the
movable components of the capacitors rise out of the plane. They are combined with torsion
mirrors to tilt micromirrors as it is described by Milanovic [2] and Lee [3]. The vertical motion of
comb drives is limited and they require a careful design and control to avoid jumps associated with
the pull-in voltage, see Bronson and Wiens [4].

Combination of TiNi and Si cantilever or other substrates such as SU-8 or polyamide have
been used to create out-of-plane motion devices. Fu [5] reports several devices based on a TiNi
film which is actuated when a current is applied to the electrode.
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A micro mirror having a large vertical displacement has been presented by Jain and Xie [6].
The mirror plate is attached to a rigid silicon frame by a set of aluminum/silicon dioxide bimorph
beams. A polysilicon resistor is embedded within the silicon dioxide layer to form the heater for
thermal bimorph actuation.

Ebefors [7] and Suh [8] implemented conveyors systems for out-of-plane motion able to
perform complex manipulations. They are based on arrays of structures that can deflect out of the
plane due to different coefficients of thermal expansion. Objects that are placed on the array can be
moved according to the deflection of each actuator.

Schwizer [9] reports a monolithic silicon integrated optical micro-scanner. The device
consists of a mirror located on the tip of a thermal bimorph actuator beam and it is able to achieve
large scan angles.

The other alternative to achieve out-of-plane motion is the assembly of planar linkages. A
platform described by Jensen [10] has three degrees of freedom and the top platform remains
horizontal throughout the device’s motion. A proposal for a three degree of freedom parallel robot
is presented by Bamberger [11]. The device uses only rigid revolute joints. Both revolute actuators
are located at the base during the manufacturing process, making the device suitable for MEMS
fabrication.

Out-of-plane motion has also been realized through the use of elastic elements. A device
actuated by comb drives is presented by Tung [12]. Drives are connected to a platform made of
polydimethilsiloxane (PDMS) via thin flexural microjoints.

Previous works suggest that compliant links and elastic joints may be a feasible alternative
to create mechanical devices at the microlevel. There are many configurations based on these
simple elements, one example of which are tensegrity structures and they illustrate another way to
obtain spatial motion.

3.2.3 Tensegrity Structures

The word tensegrity is a contraction of tension and integrity and refers to structures formed
by rigid and elastic elements that maintain their shape due only to their configuration. Rigid
elements do not touch one another and they do not require external forces to maintain their
unloaded position (Figure 3.2.2.1).

Figure 3.2.1.1. Prismatic tensegrity structure with 6 struts.
Tensegrity structures were developed by architects in the middle of the last century.

Research began with Fuller [13]. First contributions were made by Kenner [14] and Calladine [15].
Static and dynamic analysis studies have been made Murkami [16] and Correa [17]. Proposed
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applications include antennas, Knight [18], flight simulators, Sultan [19], deployable structures,
Tibert [20], and force and torque sensors, Sultan [21]. Tensegrity has been also proposed by Ingber
[22], to explain the deformability of cells.

Due to the presence of elastic ties, tensegrity structures are foldable. If in the folded
position external constraints are released, they can recover suddenly their original shape by
themselves. The deployment can be also achieved in a controlled way using telescopic struts, see
Furuya [23] or controlling the elastic ties, see Sultan [24].

Figure 3.2.1.2 shows the same principle but in this case links are not rigid but rather are
compliant. When the radius of curvature is changed, the whole structure is able to move in 3D
following a complex path.

Figure 3.2.1.2. Sequence of motions for the rising of the structure.

Although the device seems feasible, the manufacture of the required joints is very complex
at the MEMS level, however it is possible to modify its constitutive elements to reach the same
result in a simpler way. Before presenting the idea to be developed in this research it is important to
consider in more detail the requirements for the actuators and the joints.

3.2.4 Bimorph Actuators

The bi-layer electrothermal actuator combines two materials with different coefficients of
thermal expansion (o). The layers are joined along a common interface and the entire device is
heated. Since one material tries to expand more than the other but is restrained by the joint with the
second material, the entire structure bends, see Pelesko [25]. It is possible to extend and contract
the beam by controlling the temperature of the beam via the use of a resistor embedded in the beam.
The electrothermal actuators have the advantages of low operation voltage, a simple fabrication
process, and are CMOS-compatible. Therefore, control circuits can be integrated with the device on
the same chip. A bimetallic actuator is illustrated in Figure 3.1.1.3.

ol

Figure 3.2.1.3. Configuration of a bimetallic actuator.
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If it is true that &, > &, the structure bends with an increase of temperature as shown in Figure
3.2.1.4A. Ifitis true that o, <, the structure bends like in Figure 3.2.1.4B. It is usual that the

bending of the beam take place out of the plane, but there is not any restriction to bend the beam in
the plane.

cLl
(0]
ol
A * B

Figure 3.2.1.4. Bending of a bimetallic actuator. A), >, . B)a, <a,.

3.2.5 Elastic Joints

The functionality of the device is intimately related to the elastic elements located at the ends of the
beams. The development of torsion springs at the microlevel has been achieved and presented by
Hah [26]. However the development of linear springs is less frequent. Regular-coiled carbon fibers
have been obtained by Yang [27], using chemical procedures, also the design of a vertical linear
conical microspring attached to the substrate is reported by Hata [28]. None of these ideas are
appropriate for a 3D device and for the purpose of this work it is necessary to find an alternative.

The decision about the material and the shape and process must include the following
considerations: material with low Young modulus, applicable through spinning and be photo
definable, resistant to heat to avoid future complications due to the actuation of the beams, and
compatible with the other processes involved in the tensegrity based MEMS device.

3.2.6 The Device

Figure 3.2.1.5 shows a scheme of the device that was addressed in our research. It can be
considered as a simplification of the tensegrity system presented in Figure 3.2.1.2. The system
maintained its shape due to the upward deflections of the beams. It was formed by three sets of
bimorph actuators which transmitted their motion to the central platform through compliant joints.
The moving platform could be described by an equilateral triangle. The fixed ends of the actuators
were distributed along the vertexes of an equilateral triangle.

Figure 3.2.1.5. Scheme of the device.
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The position of the device is influenced by the stiffness and free lengths of the ties, the location and
nature of the joints, and the length and the current curvature of the beams. The presence of elastic
elements increases the complexity of the mathematical model that describes the relations between
internal forces and the positions of the beams.

3.3 Device Design

Prior to the device design it is necessary to find a mathematical model to describe the
kinematics of the system. This issue is addressed in a separate paper. Once the kinematics of the
system is understood, the next step is to design the device. This includes the selection of the
dimensions and materials for all the elements to obtain a reliable platform.

The critical elements in the device are the actuators and the springs that join the actuators to
the moving platform. Their design requires assumptions to simplify the analysis, procedures and
analysis techniques from the area of strength of materials, and information from previous
experiences for the issues where analytical approaches cannot be implemented.

3.3.1 Actuator Design

Bimorph beams can provide motion out of the plane when they are heated if the difference
between the thermal expansion coefficients of the material forming the beams is significant. Also,
since the kinematic model assumes that the links are rigid, it is important to limit the deflections at
the end of the beams that would result from the forces applied at the end of the beam by the spring
element.

3.3.2 Materials

A pair of materials that can be used for the beams are aluminum and silicone dioxide. Table
3.2.1.1 summarizes from Senturia [29], some material properties for the beams. There is an
appreciable difference in their coefficients of thermal expansion. In addition these materials are
very common in MEMS micro fabrication, therefore there are well established procedures for their
deposition and etching processes.

Table 3.2.1.1 Mechanical and thermal properties for aluminum and silicone dioxide.

Material Young modulus, E Thermal exp. coeff, a
MPa 1
K 107
S0, 70000 0.7
Al 69000 23.1
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3.3.3 Width of the Beam

For details associated with the manufacturing process, it is convenient to avoid large values
for the width of the beam to make it easier to release the beam using isotropic etching. A width of 7
pum is recommended.

3.3.4 Deflection and Length of the Beams

Deflection of the end of the beam is strongly influenced for the length of the beam. For an
initial estimation of the deflection it can be assumed that the beams are made of one material. This
assumption is justified in the fact that for both aluminum and SiO2, their Young’s modulus is
almost the same (Table 3.2.1.1). If it is assumed that the beams are straight, from strength of
materials the deflection produced by a force at the free end of a cantilever beam, see Boresi [30] and
Figure 3.1.2.6, is given by

3
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0, : deflection at the free end of the beam
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F, : force applied at the free end of the beam
L, : length of the beam

E: Young’s modulus
w: width of the beam
t: thickness of the beam
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Figure 3.2.1.6. Maximum deflection of a cantilever beam.

Equation 1 can be solved for several length, width and thickness of the actuators (Figure
3.1.2.7). From the point of view of manufacturing, length of the beams is not a constraint, and the
larger beams, the higher motion out of the plane, but at the same time to avoid that deflections
increase dramatically, the thickness must increase. Large thickness are difficult to obtain therefore
they are limited by the manufacturing process. Guided for these reasons the length of the beam is
selected as 200 um and the total thickness (this is aluminum and silicon dioxide) as 3 um, then from
Equation 1 and with w=7 pum

R _oaN

%, um
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The current selection establishes that if the maximum deflection is limited to 1 um, then the
vertical force acting in each beam is F, =0.41 uN. If each actuator has 12 beams, then the

maximum perpendicular force that can be applied to the system is
F,=12*F,~5 uN ()

3.3.5 Out-of-Plane Elevation

The design of the spring requires knowing its maximum deflection and one of the factors
that influences this parameter is the elevation of the free end of the beam. The maximum
deformation of the spring is obtained when the beams reach their maximum height (Figure
3.2.1.8A). This situation occurs at the end of the manufacturing process, when the beams are
released from the substrate.

3 1 T T

La=300
w=
0.5} ]
w=5"\ \
3.
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Figure 3.3.1.7. Deflection of the free end for several conditions.

From Figure 3.3.1.8B it is clear that the height of the free end is given by
Q, = p(l-cosg) 3)

where
p : radius of curvature and ¢ the angle of p with the vertical.

From Figure 8B
L, = p¢ @)



Substituting Equation 3.2.1.4 into Equation 3 yields
La
Q.= (1-cosg) (5)
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Figure 3.3.1.8. Maximum elevation of the free end of the beam. A) Isometric view. B) Lateral view.

Equation 3.3.1.5 evidences the dependence of Q, on¢, however the value of ¢ is difficult to
obtain analytically. At the end of the manufacturing process and before releasing from the
substrate, the beams are in the plane but intrinsic stresses are present. They appear because the
materials are deposited at a higher temperature and after the etching process the two materials cool

to ambient temperature. Once they are released from the substrate, the beam curves up to release
the stresses (Figure 3.3.1.9).

Figure 3.2.1.9. Bending after release from substrate.

The initial value of the radius of curvature p and therefore the initial value of angle ¢

depend on the geometry and material properties of the bimorph beam. Liu [31] presents the
following equations that should permit the evaluation of the initial radius of curvature of a bimorph

beam. When the thickness of the two layers is the same and the Young’s modulus is equal the
radius of curvature is given by

_3 0'2(1_‘/2)_0-1(1_‘/1) ©

o : intrinsic stress in the layers after deposition
v : Poisson’s ratio for the layers

and subindex 1 is for the material at the bottom and subindex 2 is for material on the top.
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To be useful for numerical evaluation, Equation 6 requires the knowledge of the intrinsic
stresses o, ando,. They depend strongly on all the conditions for the manufacturing process and

also on the thickness of the layers. For the same reason, very few values are referenced, and in the
best of the cases only ranges of values varying from negative to positive can be obtained. In the
absence of better information, Equation 6 cannot be applied and the estimation of angle theta must
be done from previous experiences. Xie [6] reports that from a beam of similar length an angle ¢

of 17° has been observed. For purposes of this design, angle ¢ is assumed to be 20°. The exact

value is not of interest as well as the spring be able to yield the maximum deformation without
excessive stress that may damage it.

3.3.6 Springs Design
The spring must be able to provide the maximum deformation required for the mechanism
and stand the stresses generated by this deformation. The first step it to evaluate the maximum

elongation that the springs must provide.

3.3.7 Springs Elongation

When the device is on the horizontal plane the lengths of the springs correspond to the free
lengthd, (Figure 3.3.7.10A). When beams reach the maximum elevation (Figure 10B), the length

of the springs is maximum.

d!’)

Figure 3.3.7.10. Positions for minimum and maximum deformation of the springs. A) Initial position. B)
Maximum deformation position.

The kinematics analysis of the mechanism permits one to evaluate the position of the
platform given the points Q, and therefore the maximum elongation of the springs,d . —d,, for
several values of the parameters of the device. A set of results is presented in Figure 3.3.7.11 for a
length of the actuator L, = 200 um, free length of the spring d, =80 pm, and the length of the side

max

of the platform L =120 pm.
Values of d, cannot be very small to avoid exaggerated stresses. For the current values
ofL,, L, d, and for the already selected value of 20° for¢, the maximum deformation is 4.0 pm.

This is the elongation that the spring must provide.
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3.3.8 Maximum Force Acting on the Spring

Force acting on the spring must be limited. If this force is excessive its vertical components
acting on the beams may generate a deflection larger than the design value.
10

/

8 -

Max. deformation, um
™

0 5 10 15 20 25 30
¢, deg

Figure 3.2.1.11. Maximum deformation of the springs.

Figure 3.3.8.12 shows the components of the force acting on the spring. In Equation 2 the
maximum admissible perpendicular force was selected as F, =5 puN and then when F; is maximum

F _
F,=—"—, where 7= z—¢ (7)
cosn 2

Figure 3.3.8.12. Maximum force in the spring.
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For¢ =20", Equation 7 yields 7=80"and F, =28.8 uN.

In summary, to get a maximum deformation of 4.0 pm the maximum force cannot exceed
28.8 uN, in order to keep the component perpendicular of the force to GQ less than 5 uN.

3.3.9 Spring Geometry and Material

The simplest geometry for the spring is a bar with rectangular section, similar to a common
tie (Figure 3.3.9.13A). However, to obtain significant deflections with that geometry requires a
material like rubber that is able to deform with low external forces. Some tests were performed in
the laboratory using different kinds of silicone rubber. However due to the fact that the dimensions
of the ties are very small compared with the other components of the device there was no evidence
that the silicone filled the channels. Another undesirable aspect with this material is the difficulty to
etch it with conventional plasma. Since ties are essential to this work it was necessary to look for
other alternatives. A simple one is to change the geometry of the spring. If instead of a simple bar,
a shape like the presented in Figure 3.3.9.13B is used, it is easier to achieve the required
deformations.

Figure 3.3.9.13. Possible geometries for the spring. A) Bar. B) By segments.

Although it is possible to create the spring using the same materials for the beam, this is
aluminum and silicone dioxide, their stiffness is still high. One alternative is to use photo definable
polyamides. They have low modulus, and in addition can be patterned easily, which is a very
important advantage. Table 3.3.9.2 shows some properties of the polyimide HD-8000 from HD
MicroSystems. For the following analysis they are considered as isotropic materials.

Table 3.3.9.2  Properties of polyamide HD-8000.

Viscosity Thickness Cure Tensile Modulus
St um °C MPa MPa
3.5 3to5 350 122 2500

Figure 3.3.9.14 shows the geometrical parameters for a segment of the spring. If T and H
are given, angle A and length L. can be evaluated as follows

2rcosA+ L, sinA=T (8)
=2rsinA+L sinA=H 9)
Squaring Equations 8 and 9 and adding the results yields

4r’+L =T>+H> - L =AT?+H>-4r (10)
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Since L. must be positive, Equation 10 shows that the selection of T and H must fulfill the relation
T>+H? ) 4r° (11)

If Equation 3.3.9.8 is multiplied by sin A and Equation 3.3.8.9 is multiplied by cos A and
the results are added yields

HcosA+TsinA-L, =0 (12)
Equation 3.3.9.12 can be solved for A4 using the trigonometric method presented by Crane [32].

Y

Figure 3.3.9.14. Geometry of a segment of the spring.
3.3.10 Spring Stress

Since the geometry is simple, it is interesting to find analytical relations for the stress and
the deflection of one segment of the spring (Figure 3.3.10.15). The maximum tensile stress
o, occurs at point B (Figure 3.3.10.15).

Figure 3.3.10.15. Segment of the spring.
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Figure 3.3.10.16 presents the nomenclature to derive the expressions for the circumferential
stress in a curved beam following the procedure explained by Boresi [30]

2

Fs

Figure 3.3.10..16. Parameters for the stress analysis of a spring.

F. M,(A-RA,)

_ 13

?% ~"A AR (RA, - A) (13)

where

A=th (14)
H

MX:FS(?+ Rj (15)
b

R =R-2 16

=R-> (16)
2R+Db

—t1 17
Ay "R Tb (17)

3.3.11 Spring Deflection

For the element shown in Figure 3.3.11.15 and 3.3.11.16, the total deflection can be
considered as the superposition due to the deflection of the linear segment and the deflection due to
the curvilinear segment. Moreover, when the relation R/b>2, the effect of shear and normal forces
can be neglected. For this case the deflection of the straight element d, , is given by

5 —of MM, (18)
o El oF

where

M =Fzcosw (19)

From Equations 3.3.11.18 and 3.3.11.19 and considering a rectangular cross section for the spring
(Figure 3.3.11.15)
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S =—"3"cos’w, Izlitb3 (20)

The deﬂection of the curvilinear segment, o, is given by

T—® M
0, = M., Rda 21
-[ E 6F 1)

where (Figure 16)
M, = F.[L, cos® - Rsin® + Rsin(w + a)] (22)
From Equations 21 and 22

o, = % HU[L cosw — Rsin o+ Rsin(w+a)[’ da (23)
Total deflection per segment &, is just the superposition of o, andd,,
5 =5 46, (24)
For n segments the total deflection is
0, =N*J, (25)

3.3.12 Spring Dimensions

Expressions found for the stress and deflection of the spring can be evaluated for different
values of the parameters. Figure 3.3.12.17 presents the results for the deflection of the spring when
F, =10 uN, t=3 pm and T=28 pm. From then is clear that for the parameters H=50 pm, b=7 um

and R=12 um, a force of 10 uN, just a third of the admissible force, is enough to deflect one
segment of the spring 2 um. If 3 elements are used to create the spring, the resultant deflection
provides more than the required deflection of 4 um.

Similarly, Figure 3.3.12.18 presents the results for the stress o, for the same conditions of
Figure 3.3.12.17. It is clear from the highlighted value, that the stress is only 19 MPa compared to
the admissible value of 122 MPa (Table 3.3.12.2).
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F‘_=]0,¢:N, =3 um, T=28 um

R=10 R=12 R=14

2 b=7

- = 3 - /
1 b 9 L
40 50 60 40 50

H, um

Figure 3.3.12.17. Deflection in the spring.

F(=10,uN, =3 um

R=12 R=14
L b=5
b=3
b=7
b=7
b=9
] b=9
40 50 60 40 50 60 40 50 60
H, um

Figure 3.3.12.18. Stress in the spring.

Dimensions found yield a conservative and reliable device. Table 3.12.3 summarizes the
results. Some of them are not critical and their calculations were not included.
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Table 3.12.3 Main dimensions of the device.

Parameters Beams Parameters Spring
Length, L, :200 pm Width, b: 7 pm
Width, w: 7 pm Thickness, 2t: 3 um
Thickness of each layer, t: 1.5 um Free length, d,: 80 pm
Number of beams: 12 H: 50 um
Material beams: aluminum and silicone dioxide T:28 pm
R: 11.5 pm
Parameters Platform Parameters resistor
L,: 120 pm Material: chrome
Width: 5 pm

Thickness: 0.2 pm

3.4 Manufacturing Process

This section presents a sequence to manufacture the device. The device is formed by three
materials: silicone dioxide and aluminum for the bimorph beams and between them chrome for the
resistor. Processes are common and they do not involve any strange requirements. Some
experiments were performed at the University of Florida nanofacilities. The manufacturing process
presented here takes advantage of that experience. Five masks are used to define all the features of
the system. In the following Figures depth dimensions are magnified to assist in the visualization of
the geometry of each step.

The substrate for the device is silicon. The wafer does not require any particular electrical
or mechanical properties, and the crystal orientation does not affect the process (Figure 3.4.19).\

Figure 3.4.19. Silicone substrate.

A first layer of 0.80 pm of silicone dioxide is deposited over the wafer using plasma
enhanced chemical vapor deposition (PECVD) process (Figure 3.4.20).
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Figure 3.4.20. First layer of silicone dioxide.

Then a layer 0.20 um of chrome is sputtered over the first silicone dioxide layer (Figure
3.4.21).

Figure 3.4.21. Layer of chrome.

Using a mask, the chrome is patterned and then plasma etching is used to obtain the shape of the
resistor (Figure 3.4.22).

Figure 3.4.22. Resistor. A) General view. B) Detail.

A second layer of silicone dioxide with thickness 0.70 um is applied using PECVD (Figure
3.4.23A). As aresult the resistor is isolated, however it is necessary to open a way to be able to
apply voltage (Figure 3.4.23B).
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Figure 3.4.23. Second layer of silicone dioxide. A) General view. B) Detail.

Aluminum with thickness of 1.5 um is sputtered to complete the materials for the device (Figure
3.4.24A). To be able to apply voltage to the resistors it is necessary to create isolated areas called
the pads. For this purpose an additional mask is required (Figure 3.4.24B).

Figure 3.4.24. Aluminum layer. A) General view. B) Detail.

The next step is to obtain the shape of the cantilever beams and the moving platform. A new
mask is required to avoid damages in the already created pads. Figure 3.4.25 illustrates the result
when the aluminum has been removed and the second layer of silicone dioxide is exposed.

Figure 3.4.25. Etching of areas in the aluminum corresponding to the actuators and platform. A) General
view. B) Detail.

The photoresist required for this process is still over the aluminum, but it is not presented to
simplify the visualization. Between the central platform and the actuators appear some free areas
that will be used for the joints.

A new etching process, but the same mask, is required to remove both layers of silicone
dioxide. The process stops when the substrate is reached. At this moment the photoresist is
stripped (Figure 3.4.26).
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Figure 3.4.26. Etching of silicone dioxide

Springs are created in the next two steps. A layer of polymide is spun on the wafer (Figure 3.4.27).

Figure 3.4.27. Polymide layer.

With a mask, the photo definable polyamide is patterned to create the springs. After curing
and removing remaining material (Figure 3.4.28).

Figure 3.4.28. Polyamide springs. A) General view. B) Detail.

The main elements of the mechanisms are ready. The objective of the next steps is to
release the beams, springs and platform. A backside etch on the substrate is illustrated in Figure
3.4.29. This step determines the depth of the platform.



A
Figure 3.4.29. Backside etch. A) Before etching. B) After etching.

The process continues in the front side. Figure 3.4.30 shows a section view of the wafer and
the detail of the substrate under a spring. The substrate material must be removed.

Figure 3.3.4.30. Section view of the device. A) General view. B) Detail.

The exposed parts of the substrate are removed using deep reactive ion plasma etch (Figure
3.4.31). Since the etching process is much more aggressive on silicone than on aluminum or
polymide, a new mask is not required. At this moment all the elements are still attached to the
wafer by small portions of the substrate.

-

Figure 3.4.31. Deep reactive ion etching. A) General view. B) Detail.

Finally isotropic etching is used to remove the portions under the beams and spring (Figure
3.4.32). Some undercut is also present in the platform, but it does not affect its strength.
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A
Figure 3.4.32. Isotropic etch. A) General view. B) Detail.
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