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Abstract—An overview is provided of materials and processes
research currently being conducted in support of MEMS device
design at MIT. Underpinning research is being conducted in five
areas: room temperature strength characterization, elevated
temperature strength characterization, processing of Si/SiC
hybrid structures, modeling of wafer bonding processes and
development of high temperature fluid interconnections.
Emphasis is placed on the key areas of materials science and
engineering.

Index Terms—Microelectromechanical systems, Mechanical
properties, process development, process modeling.

I. INTRODUCTION

ICROELECTROMECHANICAL SYSTEMS (MEMS)

is an area of technology of rapidly increasing economic
importance. Commercial devices include accelerometers,
pressure sensors, ink jet printer heads, digital mirror arrays for
projectors and atomic force microscopes. The total global
market value is currently in the range US$2-4 billion.
Significant growth is anticipated, particularly in the areas of
biological devices, optical switching, radio-frequency
switching and in compact high power-density actuators and
power generation systems. The ability to develop viable
MEMS in these new areas is to a large degree enabled and
constrained by the set of materials and processes from which a
designer can select. Hitherto the vast majority of commercial
MEMS have utilized the CMOS/VLSI materials and process
set. However, this is not sufficient, particularly as higher
power levels and operating temperatures are desired.

Several projects are under way at MIT to develop high-
power density MEMS for the generation of portable electrical
power. These include the Microengine, Micro-hydraulic
Transducer and Micro-chemical Power programs. These
projects use very different approaches to generate electrical
power from microfabricated devices. However, the goal of
high power levels translates to a common set of requirements
for materials and processes. In particular the following areas
have been found to be of prime importance: characterization
and modeling of the room temperature strength of silicion and
the development of processes to control it, characterization
and modeling of the elevated temperature strength of silicon,
development of thick film techniques for refractory materials,
development of wafer bonding techniques for multi-wafer

stacks and the development of packaging strategies to provide
fluid-interconnections to and from the MEMS device. In
addition other specific materials and process issues also arise,
but these are not the focus of this paper. Each of the key
cross-cutting topics is briefly overviewed in this paper, and
references to more complete descriptions are provided.

II. ROOM TEMPERATURE STRENGTH OF SILICON

At room temperature silicon is a brittle material and is
therefore expected to exhibit to exhibit a statistical scaling of
strength which obeys weakest link statistics. In addition the
strength is expected to be very sensitive to the local surface
roughness, which in turn is expected to be sensitive to the etch
conditions used to create the structure. This implies that the
mechanical testing of silicon must employ a statistically
significant number of test specimens fabricated using the same
etch method as is to be used for the target devices in order to
yield valid data. Furthermore, it is anticipated that structural
design methods will need to account for the scatter in the
achievable strength and the scaling due to the volume (or
surface area) under stress.

In order to account for these factors a two-part approach
has been used to characterize and to model the strength of
silicon. A) a simple mechanical testing procedure has been
developed and B) a probabilistic design software package has
been employed to translate the mechanical test data into
structural analysis.

A. Mechanical Testing

A biaxial testing configuration is the preferred method used
to characterize the strength of silicon specimens [1].
Specimens are supported over a circular hole and are then
loaded centrally. Loading is achieved by either a modified
micro-hardness indentor or a purpose-built loading jig, which
uses a piezo-stack to achieve precise control of the indentor
position. In both cases the applied load is recorded by a load
cell mounted under the specimen support. Two test specimen
configurations have been employed, a) a flat specimen or b) a
"radius-hub flexure specimen. The latter specimen
configuration allows a local determination of the effective
strength at the bottom of deep etch trenches or at the edge of
thin membranes.

The data is reduced according to the Weibull probability
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density function, which can be expressed in the form given
below, giving the probability of failure of a volume of
material, V, at a stress O:
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Where V,, at a stress 0, are reference values of the volume
and stress respectively and m is the Weibull modulus, which
provides a measure of the scatter in the data. The same basic
equation can be used for cases in which the failure is
dominated by a surface flaw distribution, in which case the
areas are substituted for volumes. This latter case is more
appropriate for single crystal silicon, which is free of bulk
mechanical defects.

Typical data is obtained of the form shown in figure 1. The
data is reduced by plotting (In[strength] vs. In[In[1-P¢]], which
yields a straight line for samples of data obeying equation (1).
As can be seen from figure 1, the strength is found to be a
strong function of the etch conditions [2. The data is also
found to vary locally, with low strengths corresponding to the
rough regions found at the fillet radii at the bottom of deep
etched trenches or the edges of membrane structures. These
low strengths correlate directly to the increased roughness
observed in these regions, as shown in figure 2.
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Fig. 1. Weibull plot of strength vs probability of failure for deep etched
silicon radius hub flexure specimens. The specimens were prepared by
several etch recipes. The effect of secondary isotropic SFe etches are shown.
The capability to increase the strength by reducing the severity of surface
defects is clearly demonstrated.

B. Probabilistic Design/Analysis

NASA's CARES software has been employed to translate
the mechanical test data into a form usable in structural
design/analysis. The software fits a Weibull probability
density function to the test data and then applies it through a
post-processor to a finite element model of the structure to be
analyzed. CARES uses the principal of independent action to
separately calculate the probability of failure due to each
principal stress component in the area of material associated
with each integration point. The probability of failure for the

entire structure is then obtained by multiplying the
probabilities of failure for the individual integration points [3].

Results such as those shown in figure 1 indicate that a
Weibull probability density function is a reasonable fit to
individual data sets. However, as yet, there has been less
success in predicting the failure of more complicated
structures based on the data obtained from the strength tests
on relatively simple mechanical tests specimens. This is
attributed to local variations in the surface roughness achieved
by the etching in the structures that are not achieved when
fabricating the test specimens, as shown in figure 2. This
finding suggests that more attention must be given to choosing
representative mechanical test structures, that not only
replicate the stress states experienced in the real devices, but
also yield representative local etch conditions. Until a better
approach is identified, MEMS structural design against failure
has to err on the overly conservative side.

Fig. 2. Shows a typical deep etched silicon surface and the transition to a
horizontal surface. The surface roughness is a major contribution to the
strength-controlling flaw population

III. HIGH TEMPERATURE STRENGTH OF SILICON

Devices such as the microengine, micro-rocket and micro-
chemical power system require operation at -elevated
temperatures. They also require relatively high stress levels.
This implies that to design successful devices an adequate
constitutive model, that includes the effect of temperatures
and loading rates, for the materials under consideration must
be available. Silicon is the primary structural material for all
of these devices, but prior to the inception of these devices
there was no pre-existing materials model adequate for device
design. Over the past three years a model has been developed,
validated and applied to the design of silicon devices [4,5].
The model uses a standard continuum plasticity framework, in



which dislocation motion is the primary deformation
mechanism. Based on literature data the elevated response of
silicion is divided into two regimes, corresponding to low and
high dislocation densities. At low dislocation densities,
dislocation nucleation is the rate limiting process and a
nominal dislocation density is used as the internal state
variable. At high dislocation densities dislocation interactions
are the rate limiting process and a nominal internal shear
resistance is used as the state variable. A convenient fitting
function is used to create a smooth transition between the
regimes. In addition simple, empirically-determined functions
are used to describe the evolution of dislocation density and
the internal shear resistance in terms of the current
deformation state, stress and temperature.

The model was calibrated on uniaxial compressive creep
data at two temperatures and four stress levels. As shown in
figure 3a and 3b, a reasonable fit to the data was achieved. At
the lower temperature the dislocation nucleation regime
dominates the overall response, which results in a non-linear
primary creep regime. At higher temperatures dislocation
interactions become more important, and the primary regime
is relatively short compared to the secondary (steady-state)
creep.

004g00C - EXPERIMENT
R i —  MODEL ]
L 120 MP
Z 003 2
E 100 MPa ]
002 ]
o
o B0NPa_|
o 60 MPa
O o0 1
; ~" _ARegime Il
Regin - g
OO0 100 200 300 400 500 600
TIME [min]

Fig. 3a. Calibratation of the elevated temperature constitutive model for
silicon to uniaxial compression creep data at 600°C. Note the pronounced
primary creep regime (I) and the very slow creep rate in the secondary regime
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Fig. 3b. Calibratation of the elevated temperature constitutive model for
silicon to uniaxial compression creep data at 800°C. Note the absence of a
detectable primary creep regime and near immediate transition to secondary
(steady-state) creep.

Once calibrated, the model was used to predict the
response of four point-bend specimens under monotonic
loading [5]. Figure 4 shows data from this validation exercise.
The model correctly predicts the overall response, including
the pronounced peak in the load-displacement behavior. The
maximum stress and lower yield stress are predicted to within
20%, which is considered adequate for preliminary design
purposes, although additional testing will be required to
validate individual designs. Figure 5 shows that the model
correctly describes the sensitivity of the monotonic flexural
response to the loading rate. Figure 5 indicates that the upper
loading point is highly rate dependent and is therefore not a
suitable value to choose for design purposes.
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Fig. 4 Validation of the elevated temperature constitutive model for silicon
to data for monotonic four point bend loading. Note the pronounced upper
yield point and the subsequent strain softening, both of which are reasonably
well-predicted by the model.
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Fig. 5 Validation of the elevated temperature constitutive model for silicon
to data for monotonic four point bend loading at two different loading points.
Note the strong dependence of the yield point on the loading rate, an effect
that is adequately captured by the model.

Additional validation of the constitutive model was
achieved on Si/SiC hybrid specimens, consisting of four-point
bend specimens with chemical vapor deposited SiC layers,
30um thick on the top and bottom surfaces. SiC is very
refractory and behaves elastically at temperatures well above
the softening point of silicon. Combining the silicon
constitutive model with the elastic response of SiC, allowed a
good prediction of the flexural response of the hybrid
specimens, as shown in figure 6. An accurate prediction of
the load-deflection response was achieved by the model. It is
interesting to note that the ultimate failure load at 900°C is
approximately six times the upper yield stress of monolithic
silicon at this temperature. It is also important to note that
when fracture occurred, predominantly in the silicon, the SiC
remained bonded to the silicon, indicating that the Si-SiC
bond is robust, even at high temperatures. Furthermore,
additional strengthening could be achieved if higher strength
SiC could be fabricated. The concept of using SiC
reinforcement for silicon structures is being actively pursued
for several of the aforementioned MEMS devices [6], the next
section describes the development of the processes required to
achieve such structures.
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Fig. 6 Validation of the elevated temperature constitutive model for silicon
to data for monotonic four point bend loading for Si/SiC hybrid specimens.
30 um thick SiC films were deposited on the outer ligaments of the specimen.
Note the dramatic reinforcement beyond the initial silicon yield point,
particularly at 900°C.

IV. PROCESSING OF THICK REFRACTORY FILMS

The demonstration that the operating temperature of silicon
MEMS can be extended by the use of local reinforcement with
refractory materials is very exciting. Materials such as SiC
are difficult to etch or shape with the precision required of
most MEMS devices. However, if it is only required to place
SiC within the bulk of the structure, it is possible to achieve
all the features requiring fine tolerances in Si, for which
processing techniques are well developed. The approach we
are developing consists of four key steps [7,8]: 1) a silicon
wafer is etched to create open cavities. 2) the entire wafer is
over-deposited with a thick (10-100 um) of SiC. 3) The
overburden of SiC is removed by grinding and polishing to
yield a flat wafer with the cavities filled with SiC. 4) The
wafer containing the SiC reinforcement is then bonded to a
second Si wafer. This two wafer stack enters the remainder of
the process and is treated as though it were a standard Si
wafer. Careful registration is maintained to ensure that the
SiC is located in the intended locations in the final structure.
Step 1 is standard, but steps 2, 3 and 4 require significant
process development The progress in each of these areas is
described briefly below:

A. Chemical Vapor Deposition of SiC

The key to depositing relatively thick layers of SiC is to
achieve low residual stresses in the deposited material. The
residual stress consists of a component controlled by the
thermal-expansion mismatch between the SiC and the silicon
substrate and an "intrinsic" component that is due to the
microstructure and processing conditions. The thermoelastic
stresses are governed by the thermoelastic properties of the
materials and the deposition temperature, and as such they
cannot be significantly altered. However, the intrinsic stresses
are quite sensitive to the processing conditions, and so the



overall stress can be kept to a low level by balancing out the
thermoelastic component with the intrinsic component. This
has been achieved for the SiC we are using by carefully
controlling the deposition temperature, gas mixture and
deposition pressure. Figure 7 shows the sensitivity of the
stress level to the deposition temperature. Figure 8 shows a
TEM micrograph of an CVD SiC layer. The structure is very
columnar and there is high density of stacking faults within
the grains.
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Fig. 7 Effect of varying the CVD deposition temperature on the residual
stress level of silicon carbide deposited on silicon. Over a very narrow
temperature band the stress switches from a significant compressive stress to a
tensile stress.

B. Planarization of Si/SiC

Due to its high hardness, removal of the overburden of SiC
can be only be achieved by diamond grinding and polishing.
Standard techniques are used to achieve a uniform removal of
material. The ability to achieve acceptable flatness and
uniformity is strongly dependent on achieving low residual
stresses in the deposition of the SiC. In addition it is
important that stress gradients are avoided, since as material is
removed, their presence will result in a net stress mismatch
from one side of the wafer to the other which will result in
curvature and cracking. Small stress levels and stress
gradients can be accommodated by depositing SiC
symmetrically on both sides of the wafer and then frequently
turning the wafer over so that material is removed equally
from both sides.
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Fig. 7 TEM micrograph of a CVD SiC film on a silicon substrate (to lower
right of the figure). Note the characteristically columnar structure of the film
and the highly-faulted microstructure within the individual SiC grains.

C. Wafer bonding of SiC/Si to Si

Direct wafer bonding requires extremely flat and smooth
surfaces. As yet this has not been achieved using the
planarization techniques described above. However, wafer
level bonding has been achieved by depositing a few
micrometers thick CVD SiO, layer over the planarized Si/SiC
wafer. The relatively soft SiO, can then be chemical-
mechanically polished to yield a sufficiently smooth surface
that direct wafer bonding is possible. Figure 8 shows an infra-
red transmission image of the first wafer bonded in this
fashion. Some defects are clearly visible, however at least
50% of the wafer pair is well bonded. Mechanical testing of
delamination fracture specimens has shown that the interface
toughness of SiC/Si wafer pairs in the well bonded regions is
equal to that achieved in Si-Si direct wafer bonds. This
suggests that the bond quality will be sufficient in order to
achieve the required structural integrity of the devices under
development at MIT.



Fig. 8 Infra red image of a pair of silicon wafers. One wafer had a deposited
SiC film covering it, which was planarized and then over-deposited with a thin
SiO, layer, which was planarized by CMP. The wafers are bonded over at
least 50% of the area fraction. The white region to the right of the figure is
due to a fracture of one of the wafers during handling. The wafers are 100
mm in diameter.

V. WAFER BONDING

All of the high power density MEMS under development at
MIT utilise aligned wafer bonding to create three-dimensional
structures. An example is shown in figure 9, of a microengine
structure consisting of six wafers. Several bonding
techniques are available, including direct-fusion bonding
[9,10], anodic bonding and gold thermocompression bonding
[11,12]. Although these processes are very different in terms
of the details of how bonding is achieved, research is
underway to develop a common framework to allow the
processes to be better controlled. The overall aim is to
develop models which can be used to predict the quality of
bond that will result given input parameters including:
material properties, geometrical parameters and process
conditions. Once such models are developed they can in turn
be used to guide process and tool development. The key
requirements/components of all the models are: 1) to account
properly for the surface interactions that result in bonding. 2)
to account for the effects of wafer geometry, including
patterns, thickness and any wafer bow or surface waviness. 3)
to be able to account for the effects of load application,
pressures, temperatures and time. As such the modeling
requires elements of materials science, surface science and
solid mechanics.

This approach is being applied for silicon-silicon direct
fusion bonding and gold-thermocompression bonding will be
described in papers presented at this symposium by Turner
and Tsau.

Fig. 9 Cross-section of a microengine. The device consists of six layers,
which are direction fusion bonded at the wafer level and then die-sawed to
yield individual devices. The device is 20mm on a side.

VI. FLUID INTERCONNECTIONS

The microengine, micro-rocket and microchemical power
devices all require the delivery of fuels and oxidizers to the
devices which are operating at elevated temperatures (400-
800°C) and pressures (0.5-15 MPa). This has necessitated the
development of novel packaging technologies to achieve
reliable fluid connections from macro-scale fuel tanks and
valves to the micro-scale devices. The approach we have
employed is to use Kovar tubing for the fuel and oxidizer lines
[13,14,15]. Kovar is a Ni-Fe-Co alloy with a good thermal
expansion match to silicon. The seal between the Kovar and
the silicon is achieved using a glass annulus. The glass is
applied in the form of a pre-form which is pressed from a frit
(powder). The tubes, pre-forms and silicon are held in place
by graphite fixtures and are passed through a belt furnace at
approximately 1050°C in a reducing atmosphere, which
allows the glass to soften and wet the silicon and Kovar.
Mechanical pull tests and pressure tests have subsequently
been performed on the completed connections, as well as
functional tests on the overall devices. Key factors in
determining the overall reliability include the selection of a
glass with a good thermal expansion match to the Kovar and
the Si, elimination of voids in the glass and achieving good
wetting of the silicon. These factors have been addressed and
reliable connections are routinely achieved. Examples of
individual glass bonds are shown in figure 9.

Fig. 9.Photographs of a glass bond between Kovar tubes and silicon test
devices. The Kovar tubes are approximately 1 mm in diameter. Note that in
the right hand photograph good wetting is achieved of the glass to silicon.
This is preferable for the mechanical performance of the device. The wetting



is controlled by the surface treatment of the Silicon and the furnace
atmosphere during processing.

VII. CONCLUDING REMARKS

The development of high power density MEMS is
predicated on developing multiple underpinning component
technologies, including materials characterization and
modeling, thick film deposition, wafer bonding and
packaging.  Successful development of each of these
technologies in turn requires a sound understanding of the
relevant materials science and engineering. This
interdependence of fundamental materials issues and the
development of state of the art MEMS devices ensures that
MEMS is a particularly vibrant field for materials science and
engineering research.
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