





Greetings from the General Chairman

On behalf of the organizing committee and the technical program committee, it is my pleasure to
welcome you to the 2000 Hilton Head Solid State Sensor and Actuator Workshop. This is the ninth in a
biannual series of regional workshops that started in 1984, and we hope that it has now established itself
as one of the major meetings in the field of microfabricated or micromachined devices and systems.

One of our goals has always been to preserve the workshop atmosphere of this meeting, in spite of the
increasing number of attendees. We cannot, of course, recreate the intimacy when the workshop had less
than one hundred attendees, and it was possible to interact with everyone; that is an inevitable
consequence of the growth of this field. But many of the features that have always characterized the
Hilton Head Workshops have been maintained: no parallel sessions, ample time for questions during the
oral presentations, and free afternoons to allow direct interaction between participants. In addition to the
oral presentations and contributed posters, which are highly competitive and selected from a large
number of high-quality abstracts, we have repeated the open poster session, which gives everyone an
opportunity to present their work. This new poster session was very successful during the 1998
workshop, and we look forward to the 2000 version.

The strength of this workshop is the dedication and enthusiasm of its participants, and we can all take
pride in the progress of our field. Sixteen years ago, we started mostly with solid-state sensors and
actuators, which we were hoping would take over the world. Today, there are many success stories,
including pressure sensors, accelerometers, and ink-jet print heads. Paradoxically, it is often when a
device becomes widely accepted in the marketplace, and thus achieves the real-world impact that we all
aspire to, that it is no longer discussed in conferences such as this one. The Hilton Head Workshop has
always tried to look ahead, to the products of the future, and we hope that among the contributions in
this workshop are some pioneering papers that will initiate new directions or applications. Compared to
a decade ago, the level of ambition of many projects in our field has increased greatly. We no longer
think in terms of sensor devices, but rather of complete microfabricated systems.

This workshop is built on the volunteer efforts of many individuals, who contribute their time and talent.
We would like to thank all the members of the Technical Program Committee for reading and evaluating
the several hundred abstracts we received, and Prof. Marty Schmidt, the Technical Program Chairman,
for organizing the creation of the program of the workshop. Local arrangements were handled by Prof.
Mark Allen. Dave Eddy oversaw the production of the digest and the CD-ROM, and Joe Giachino, as
always, was in charge of finances. Funding for student travel was arranged by Prof. Mehran Mehregany,
and we thank Bill Tang and Abe Lee from DARPA, and the Transducer Research Foundation, for
providing the funding that allows many graduate students to present their work here.

For the first time, the Hilton Head Workshop has made use of a professional organizer to handle all the
interactions with participants and authors, and thereby allow Marty Schmidt and myself to concentrate
our efforts on the scientific goals of the workshop. We are therefore particularly grateful to Katharine
Cline, of Preferred Meeting Management, for her dedication in making this workshop possible.

I hope you will all enjoy your workshop!

c Botiss€
General Chairman
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Figure 6. Non-collocated (thick) and second-order (thin)
frequency response of the average beam position to the
feedback force.
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Figure 7. Collocated (thick) and second-order (thin)
frequency response of the average beam position to the
feedback force.
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The feedback force can be applied to the lumped mass (Figure
4a) or distributed across the sense finger (Figure 4b). The former
case, the non-collocated design, models an implementation in
which the feedback electrodes are separate from the sense
electrodes. The latter case, the collocated design, models an
implementation, such as [4], in which the fixed electrodes are time
multiplexed for sensing and force-feedback.

The resonant frequencies and mode shapes are independent of
where the force is applied. Figure 5 shows the first three mode
shapes and their associated resonant frequencies computed using
the Rayleigh-Ritz method [7]. The lowest resonant mode
corresponds to the lumped mass and the sense electrodes moving
together. The resonant frequency is approximately

@y = (k- k, )/m , where k& is the suspension spring constant, k,; is

the negative spring constant due to electrostatic tuning, and m is
the total mass of the structure. The higher resonant modes
correspond to small motion of the lumped mass and significant
bending of the capacitive comb finger. The finger resonant
frequencies can be approximated by the resonant frequencies of a
cantilevered beam with a rectangular cross-section
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Figure 8. Phase versus frequency of second-order dynamics,
discrete-time compensator, and delayed feedback pulse.

where i is the mode number, W is the finger width, E is Young’s
modulus, and p is the material density [7].

The Bode plot of differential capacitance response to a
sinusoidal feedback force is shown in Figure 6 for the non-
collocated design. As is typical of non-collocated dynamics, there
is an additional 180° of phase lag at frequencies above the resonant
mode of the finger. Figure 7 shows the frequency response for the
collocated design. Collocated dynamics provide 180° of phase
lead below the finger resonance.

ZA LLOOP ANALYSIS

Even though the 1-bit quantizer is a nonlinear element, the XA
loop can be analyzed using linear system techniques. The
quantizer can be modeled by a linear gain plus a quantization error
source. Reference (8] calculates the effective gain and the
quantization error assuming that the signal at the input of the
quantizer is white noise. The effective gain of the quantizer varies
as a function of the signal at the input of the quantizer.

The output of the A modulator includes quantization noise
that is shaped by the noise transfer function, I/1+T(jw)), where
T(jw) represents the open-loop gain. In order to reduce the
quantization noise contribution in the signal band, the open-loop
gain should be maximized in the signal band. However, the open-
loop gain must be limited to prevent instability.

With the ideal second-order sense dynamics, the open-loop
gain and hence the A modulator performance is limited by the
phase lag due to correlated double sampling and due to the time
delay between the position sense and the feedback pulse. To
compensate for this lag, a lead network is included in the ZA loop.
Figure 8 shows a plot of the phase versus frequency for an open-
loop system consisting of second order dynamics, a lead
compensator, C(z)=2-z", and a feedback pulse centered about 7,/2,
one-half of the clock period. Below f/6, the net phase is greater
than —180° due to the lead compensator. At higher frequencies, the
phase drops below ~180° due to the time delay of the feedback
pulse. The -180° crossover frequency f,s represents the
maximum unity-gain frequency for stable closed loop operation.
This frequency sets a limit for the low-frequency gain. If f; is
increased, f;g4 is also increased and therefore the loop gain can be
increased. Thus, in the ideal case, increasing the sampling
frequency tends to reduce the quantization noise. The -180°
crossover frequency varies depending on the feedback delay, CDS,
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Figure 9. Measured bitstream output spectrum

and aliasing. For reasonable values, f;s, varies between f/6 and
f/4.

The non-collocated dynamics introduce an additional 180° of
phase lag at the first resonant frequency of the flexible finger ().
The phase lag due to the finger resonance sets an upper limit on the
~180° crossover frequency. If the resonant frequency of the finger
is below f/4, then f ;g approximately equals the finger resonant
frequency and the maximum loop gain is reduced from the ideal. In
this case, the XA loop might oscillate at the finger resonant
frequency. If the finger resonance is greater than f/4, the phase lag
due to the finger resonance does not degrade the ZA performance.
In the case of non-collocated dynamics, increasing f, does not
reduce quantization as much as in the ideal case.

The collocated dynamics introduce 180° of phase lead below
the finger resonance. Collocated dynamics are stable in feedback
provided that there is sufficient phase at the resonant frequencies
of the flexible beam. If the resonant frequency is above f/6, the
compensator does not provide sufficient phase lead. The increased
amplitude response near the resonant frequency of the beam
significantly reduces the maximum low-frequency loop gain. In
this case, the ZA loop might oscillate at the beam resonant
frequency. If the resonant frequency is below f,/6, the compensator
provides sufficient phase lead to maintain stability. If the resonant
frequency is too low, a higher order resonant mode of the beam
that is above f/6 can degrade the XA performance.

EXPERIMENTAL RESULTS

The sense mode was designed with non-collocated feedback.
The first resonant mode of the sense electrodes is 130kHz. A
150,000 point FFT of the 1-bit XA modulator output is shown in
Figure 9. The spectrum matches simulations run in SIMULINK.
The peak at 130kHz is due to the resonant mode of the sense
fingers. The peak at 22kHz indicates the unity-gain frequency.
The unity gain frequency is significantly less than the finger
resonance. This results from increased electronic noise at the
quantizer input which reduces the effective quantizer gain. Thus,
the finger dynamics do not affect this implementation, but they
would become significant if the unity gain frequency were
increased either by increasing the feedback force or by decreasing
the electronic noise.

Simulations indicate that the residual motion of the proof-
mass is 2.2A.,s and the sense fingers flex 1.3A,n. Figure 10
shows the narrow-band response to a 50°%s, 4Hz sinusoidal
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Figure 10. Measured response to a 50%s, 4Hz sinusoidal rotation
rate (0.25Hz/bin)

rotation. The noise floor is approximately 3°%s/VHz. The

performance is limited by quantization noise.

CONCLUSIONS

The ZA force-feedback gyroscope is functional. The resonant
mode of the long capacitive fingers used for position sensing is
excited by feedback, and it has been measured. In order not to
degrade the XA performance, if the feedback and sense electrodes
are separate, the sense fingers should be short enough so that the
resonant frequency is above f/4. If the sense electrodes are also
used for feedback, the fingers should be made long enough so that
the resonant frequency is about f/6. In theory, the finger dynamics
can limit the A performance, but in practice, they are not the only
factor that limits the XA force-feedback performance.
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Some of this change can be attributed to sintering of the
contacts during the curing and annealing steps since no barrier
layers were used between the silicon and the Al-1%Si
metallization layers.

INTEGRATED VARIABLE CAPACITOR

As a demonstration of the process, TiW-clad sputtered
silicon was used to create variable capacitors with integrated
capacitance detection circuitry. This type of device was chosen
because most integrated surface micromachined sensors operate
using some variation on capacitance detection. Figure 7 shows
an optical scan of one such device, an array of 100 um plates,
each suspended by four springs. A simple buffer circuit, with a
reset switch to control charging, was used to measure changes in
capacitance caused by electrostatically deflecting one set of
capacitors. For small deflections, the relationship between
deflection, capacitance change, and the output voltage should be
linear.

Out

] 00 pm
(@ ®

Figure 7: Variable capacitors with integrated detection

circuitry. (@) An optical image of the two reference and two

variable capacitors next to the capacitance detection circuit. (b)

Schematic representation of the capacitance detection scheme.
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Figure 8: Deflection as a function of voltage for a 100 um
square variable capacitor. The solid line shows the output of on-
chip capacitance detection circuitry. The discrete points show
the deflection as measured by six scans of an interferometric
microscope. Error bars represent the standard deviation.
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Figure 8 shows a graph of the amplified output of the
capacitance detection circuit and the deflection of the plates, as
simultaneously measured by an interferometer. The measured
deflection and circuit output correspond to each other,
indicating that the circuit is transducing as expected.

CONCLUSIONS

Sputtered silicon is a promising material for integrated
microstructures. When clad in TiW, the resistivity is only
25 Q/U. The radius of curvature of released structures depends
on the film thickness and can be made lower by using thicker
films or by tailoring the stress in the TiW cladding layers.
Curvature radii in excess of 80 mm were demonstrated with
5.0 pm thick samples. The process does not adversely affect
threshold voltage or saturation currents of underlying CMOS
transistors. Because the sacrificial layer is removed in an
oxygen plasma, there are none of the stiction problems
associated with wet-releases. Finally, the TiW-clad sputtered
silicon process can be used to make many of the same types of
devices currently made using LPCVD polysilicon.
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TEMPERATURE COEFFICIENTS OF MATERIAL PROPERTIES USING
DIFFERENTIAL CAPACITIVE STRAIN SENSORS

Larry L. Chu, Long Que, and Yogesh B. Gianchandani’
Department of Electrical and Computer Engineering, University of Wisconsin, Madison

ABSTRACT

This paper demonstrates the use of micromachined
differential capacitive strain sensors for determining the
temperature dependence of the thermal expansion coefficient,
Young’s modulus, and residual strain of microstructure
materials. The device and methodology presented are
suitable for both tensile and compressive materials and can
be used before or after packaging the device. It is shown by
this method that for a particular set of fabrication conditions
for electroplated nickel devices, the thermal expansion
coefficient is 11-13 ppm/K over 23-50°C; the residual strain
changes from neutral to —880 microstrain over 23-100°C;
the Young’s modulus has a temperature coefficient of -1590
ppm/K with an estimated value of 35 GPa at room
temperature; consequently, the residual stress changes from
neutral to —29 MPa over 23-100°C. Using passive bent
beam strain sensors, the thermal expansion coefficient is
found to increase from 13.5-16.5 ppm/K over 50-150°C.

1. INTRODUCTION

Monitoring the mechanical properties of structural
materials is a critical challenge in MEMS research and
manufacturing. Device performance parameters are sensitive
to variations in Young’s modulus, residual strain, residual
stress, and the thermal expansion coefficient of structural
materials. Unfortunately, these properties can vary with
manufacturing, packaging, and deployment conditions.
Diagnostic microstructures for rapid characterization of these
material properties are useful for monitoring processes.
Additionally, if these structures provide electronic readout,
they can be integrated within device packages, improving
overall performance by offering post-deployment calibration
capability.

In past efforts to electronically determine material
properties, electrostatic forces have been used to cause out-
of plane deflections of cantilevers, beams, and plates [1-4].
However, a number of sensors and actuators are based on
lateral deflections that occur parallel to the plane of the
substrate. A laterally deflecting test device is preferred for
characterizing the materials used in these devices, which
may be anisotropic and may exhibit different properties for
in-plane and out-of-plane deflections. The differential
capacitive strain sensor [S] is a suitable tool for such
measurements. [t provides the added benefit of a wide
dynamic range, being able to accommodate not only tensile
stresses, but also compressive stresses that are exploited in
certain actuator applications [6].

In the differential capacitive strain sensor, a series of
ribs, suspended above the substrate by bent-beams, support
interdigitated tines, forming sidewall capacitors (Fig.1).
The suspensions and tines are arranged such that the
capacitance on one side of a rib increases as the other
decreases. The residual strain in the structural material is
determined from the differential capacitance, defined as AC =

Cap — Cac, which is >0 in tension, and <0 in compression.
The Young’s modulus of the material is determined from the
curvature of the plot of C,p (or equivalently, C,) versus an
applied bias voltage between elements A and B (or C). The
bias voltage applies an electrostatic force, resulting in a
displacement that is measured by the change in capacitance.
The displacement is related to the stiffness of the
suspension, which is proportional to the Young’s modulus.
The curves obtained are referred to as CV curves.

In this effort, a procedure is presented for determining
the temperature dependence of the Young’s modulus,
residual strain, residual stress, and expansion coefficient of
microstructure materials, using differential capacitive strain
sensors. It is demonstrated using electroplated metal strain
sensors fabricated on a silicon substrate.

Suspensions
Anchors J(

Capacitive
Sensors

2 L

Fig. 1: Schematic of the differential capacitive strain sensor
and definition of bent-beam dimensions.

II. MODELING

The modeling approach was conceptually similar to
those described in [2-4]. The capacitance between tines was
numerically modeled using FastCap™ [7]. The capacitance
was determined for a range of separations between tines, and
stored in a look-up table. The net mechanical spring
constant of the bent-beam suspensions was calculated as
noted in [6]. Starting with the zero-bias gap, spacing
between the tines was decremented in small intervals. At
each position, the capacitance was determined from the
look-up table, while the corresponding bias voltage was
determined from force balance by equating the electrostatic
attractive force to the mechanical restoring force:

2
- Vias aCAB
2 %

where k, is the effective mechanical spring constant of the
system, and y is the in-plane displacement from the zero-
bias position. Figure 2 shows calculated CV curves
obtained by this method, assuming 1.=198 pm, W= 35 um,

keﬁ”y (1)
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9=0.1 rad., 4.4 um thickness, and 10 pairs of tines exist
with 167 pum interdigitated length. The sidewalls of the
tines were assumed to have a re-entrant profile that was 22°
off vertical for reasons described in the following section.
The zero-bias gap between the upper edges of adjacent tines
{where the tines were closest) was 1.85 pm. The tines were
assumed to be 2.2 um above the substrate.

The effect of certain structural non-idealities on the CV
curves is shown in Figs. 3-5. Figure 3 shows variations in
the CV curve caused by changing the gap between the tines.
The device dimensions are as for Fig. 2, the Young’s
modulus is 100 GPa, and the gap between the upper edges
of the tines is varied from 1.65 pm to 2.05 ym in 0.1 pum
increments. Figure 4 shows the impact of changing the
sidewall angles of the tines, with the Young’s modulus at
100 GPa, and the remaining parameters as for Fig. 2.
Figure 5 shows the impact of upward and downward
deflections of one tine in each pair. Clearly, each of these
variables can have an impact on the CV curves.

I1I. EXPERIMENTAL RESULTS

The strain sensors were fabricated on silicon wafers
insulated with 1 pm thick thermal oxide and 0.5 pm thick
LPCVD nitride. A 2 um thick sputtered Ti sacrificial layer
was patterned and covered with a Cr/Ni seed layer. The
devices were electroplated into a photoresist mold from a
nickel sulphamate solution (which contained trace
impurities.) At 54°C temperature, using 5-10 mA/cm?
current density, a thickness of 4.4 um was achieved in 9.5
min. The sidewalls of the plated structures were 22° off
vertical due to resist reflow during hard bake. The
photoresist mold was subsequently stripped and the
_sacrificial material etched away. Following this, the sample
was coated with self-assembled monolayers using ODS [5].
A SEM image of a fabricated structure is shown in Fig. 6.

The coefficient of thermal expansion for the structural
metal was first measured by passive bent-beam strain
sensors [8] which were fabricated on the same die as the
differential capacitive stain sensors. The strain was
measured as a function of temperature by observing their
deformation through a microscope. The dimensions of
these devices were L= 198 um, W= 6 um, and bending
angle g= 0.1 rad. The expansion coefficient of structural
metal can be written as:

d(e(T)
dT

where e(T) is the strain observed by the strain sensor. The
expansion coefficient of silicon as a function of temperature
is provided in [9]. It increases in an approximately linear
manner from 2.5 ppm/K at room temperature (23°C) to 4
pprvK at 500°C. The residual strain in the structural metal
at 23°C was 1.1x10°"°, Its expansion coefficient as obtained
by this method increased from about 13.5 ppm/K at 50°C to
about 16.5 ppn/K at 150°C. This compares well with
previously published results. One report indicates that the
expansion coefficient of pure bulk nickel increases from
10.2 ppn/K at 20°C to 16.3 ppm/K at 300°C, and retains
the latter value at 400°C as well [10]. Another report
indicates that the expansion coefficient of nickel
electroplated under particular conditions may increase from
8.5 ppm/K averaged over the temperature range of 25-50°C
to 15.1 ppm/K averaged over the temperature range of 25-
367°C [11]. Thus, the measured results are in agreement
with prior reports, given the contextual differences.

O peral(T) = 05 (T) — @)
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A capacitive strain sensor was then used monitor the
residual strain in the structural metal on the silicon
substrate as a function of temperature for several samples
(Fig. 8). The measured results of show a linear increase in
the differential capacitance readout as temperature is
increased from 20°C to 60°C. Measurements were taken
with +0.5 fF precision using 10 tine pairs with 168 pm
overlap length and 5 m nominal gap; for the suspensions,
L=198 um, W=6 pm, and ¢=0.2 rad. The response of the
differential capacitance readout to increasing temperature was
theoretically estimated using FastCap™, For this
simulation it was assumed that the expansion coefficient of
the electroplated metal exceeds that of silicon by 10 ppm/K.
This result is superimposed on the measured data in Fig. 8.
Based on the passive strain sensor measurements (Fig. 7)
and previously published results, the expansion mismatch
between nickel and silicon over 20-60°C is 6-11 ppm/K,
consistent with the differential capacitance measurements.
At temperatures >60°C, however, the capacitive strain
sensor was affected by out-of-plane buckling of the support
ribs, and the capacitance model must be changed
accordingly. As a design guideline, the lengths of support
ribs should be minimized for highly compressive materials.

Figure 9 shows CV curves that were measured at
various temperatures for devices with 10 tine pairs of 167
wm overlap length, and suspensions with L=198 um, W=6
pm, and ¢=0.1 rad. Numerically simulated curves were
fitted to measurements using the zero bias capacitance and
the Young’s modulus as fitting parameters. A comparison
of a measured and fitted curve pair is shown in Fig. 10.
The best fit of k,;corresponded to a Young’s modulus of 35
GPa at 23°C for the electroplated metal. Although the
Young’s modulus of pure bulk nickel is 208 GPa,
electroplated nickel has a substantially lower modulus and
can demonstrate significant variability, underscoring the
need for such measurements. For pure nickel electroplated
under particular conditions, a value of 150 GPa was reported
in [12]. Trace levels of contamination and variations in
plating conditions can significantly affect the mechanical
properties of electroplated materials. For the structural
material used in these experiments, the relatively low value
of Young’s modulus may be related to a combination of
effects, including trace impurities, aging of the solution,
and possibly the plating rate.

The measured temperature coefficient of the Young’s
modulus, which is the same as the temperature coefficient
of k,;, was found by fitting measured CV curves at elevated
temperatures to be -1590 ppm/K. This parameter is also
strongly dependent on fabrication conditions, and values
ranging from -550 ppm/K [12] to -952 ppm/K [10] have
been reported for pure nickel.

Using the measured values of strain and Young’s
modulus the thermal stress in the metal microstructures can
be calculated in a piecewise linear manner. At 23°C it is
essentially neutral, at 60°C it is -14 MPa, and at 100°C it
is -29 MPa. In the 23-60°C temperature range, the
Young’s modulus of the metal and the expansion
coefficients of the metal and silicon are averaged at 34 GPa,

-13.5 pp/K, and 2.5 ppm/K respectively. In the 60-100°C
temperature range, these values are 32 GPa, 15.0 ppm/, and
2.8 ppn/K, respectively. These variations in mechanical
properties occur within a range of temperatures commonly
encountered in microelectronics and MEMS applications,
and can have significant impact on device performance.
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Fig. 6: SEM of a released device showing displaced tines.
All tine spacings were equal before release.
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Fig. 7: The thermal expansion coefficient of the structural
metal as measured by passive bent-beam strain sensors.
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IVv. CONCLUSIONS

In summary, a procedure for determining temperature
dependent mechanical properties of microstructure materials
using differential capacitive strain sensors was presented in
the context of electroplated nickel microstructures fabricated
on a silicon substrate. For the fabrication conditions used,
it was found that the thermal expansion coefficient was 11-
13 pp/K over 23-50°C; the residual strain changed from
neutral to —880 microstrain over 23-100°C; the Young's
modulus had a temperature coefficient of -1590 ppm/K
with an estimated value of 35 GPa at room temperature;
consequently, the residual stress changed from neutral to
—29 MPa over 23-100°C. Using passive bent beam strain
sensors, the thermal expansion coefficient was found to
increase from 13.5-16.5 ppm/K over 50-150°C.

Theoretical ~ calculations indicate  that Ccv
measurements can be affected by variations in device
dimensions. In most commercial processes, however,
these are held to tight tolerances. Within these constraints,
differential capacitive strain sensors offer a wide dynamic
range that spans both tensile and compressive materials;
electronic readout, which can be used even after packaging;
and measurements based on lateral deflections.
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