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ABSTRACT

This paper compares measurements made by Raman and
infrared thermometry on a SOI (silicon on insulator) bent-beam
thermal microactuator. Both techniques are noncontact and
used to experimentally measure temperatures along the legs and
on the shuttle of the thermal microactuators.  Raman
thermometry offers micron spatial resolution and measurement
uncertainties of £10 K; however, typical data collection times
are a minute per location leading to measurement times on the
order of hours for a complete temperature profile. Infrared
thermometry obtains a full-field measurement so the data
collection time is much shorter; however, the spatial resolution
is lower and calibrating the system for quantitative
measurements is challenging. By obtaining thermal profiles on
the same SOI thermal microactuator, the relative strengths and
weaknesses of the two techniques are assessed.

INTRODUCTION

High spatial resolution thermal metrology is necessary for
assessing thermal gradients across microsystems devices.
Direct thermal measurements are used to further understanding
of  microelectromechanical  systems (MEMS) device
performance, validate simulations, and optimize designs [1].
Optical temperature measurement techniques are non-contact
and commonly used to determine the temperatures of
microsystems components. Methods have been developed
based on a variety of thermophysical phenomena including
thermoreflectance, pyrometry, fluorescence, interferometry,
scanning thermal microscopy, infrared imaging, and Raman
spectroscopy [2-4]. Typically, temperature measurements are
made by one of these techniques and reported in the literature.

Measurements by multiple techniques on the same microdevice
are less common. Temperature measurements have been
previously reported for thermal microactuators using resistance
thermometry [5], scanning probe thermometry [6], Raman
spectroscopy [7, 9], and infrared imaging [10].

Thermal microactuators are enabling components in many
MEMS designs including optical switches [11, 12] and
nanopositioners [13]. Their advantages include higher force
generation, lower operating voltages, and less susceptibility to
adhesion failures compared to electrostatic microactuators.
However, thermal microactuators have higher power
requirements than electrostatic microactuators, and their
switching speeds are limited by their cooling time. Multiple
thermal microactuator designs have been demonstrated
including symmetric designs fabricated from a single material
that have been referred to as bent-beam, chevron, or V-shaped
actuators. These types of microactuators have angled legs that
expand when Joule-heated by an electrical current, providing
force and displacement output. Extensive work has been
performed designing, fabricating, testing, and modeling bent-
beam MEMS thermal actuators fabricated using surface
micromachining [5-7, 14-17] and single crystal silicon
processing [6, 10-13].

This study was undertaken to advance the understanding of
thermometry for microsystems by comparing temperature
measurements on bent-beam microactuators using Raman and
infrared thermometry. The thermal microactuator design and
fabrication is described. The experimental methods for Raman
and infrared thermometry are then reviewed. The measured
data are then reported followed by conclusions.

Table 1: Thermal Microactuator Leg Dimensions from Anchor to Shuttle
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TMA Length (um) Width (um) | Thickness (um)
1 7000 65 125
2 5500 50 125
3 5500 85 125

Design 3

S —————

Figure 1: Picture of SOI thermal microactuators. The thermal microactuators
are numbered 1, 2, and 3 from top to bottom. The microactuator legs are
numbered 1, 2, 3, and 4 from bottom to top. Two wires bonded to each bond
pad are visible in the image. The square bond pads are 900 um x 900 pm.
The connections to the package are outside of the image.

THERMAL
FABRICATION

In SOI (silicon on insulator) MEMS fabrication, the initial
wafer has three layers: a single crystal silicon substrate wafer,
a thermally grown silicon dioxide layer referred to as the buried
oxide, and a mechanically thinned single crystal silicon layer
called the device layer. A DRIE (deep reactive ion etching)
process enables high-aspect ratio, deep etching of features in
silicon wafers using a three step process of conformal polymer
deposition, ion sputtering, and chemical etching of the Si.
DRIE can be performed on both the device and substrate layers
in order to pattern thermal microactuators from the device layer
and remove the substrate underneath the microactuators [18] to
reduce heat loss and required power during operation [1]. A
0.7 um layer of aluminum is deposited on top of the device
layer to improve electrical connections when the parts are
packaged.

The SOI thermal microactuators (TMA) were fabricated
from a wafer with: a 550 um thick substrate, a 2 um buried
oxide layer, and a 125 um thick device layer. Three thermal
microactuators were fabricated with actuator leg lengths from
the anchor to the shuttle, widths, and thicknesses listed in Table
1. The measurements presented in this paper were made on a
thermal microactuator design 2 in Table 1 that has legs
5500 um long from the anchor to the shuttle, 50 um wide, and
125 pm thick. During packaging, wires are bonded to the
0.7 pm aluminum layer that is deposited on top of the bond
pad. Figure 1 shows a packaged die with the three thermal
microactuators and bond wires visible. The thermal
microactuator designs and legs on design 2 are numbered.

MICROACTUATOR DESIGN AND

RAMAN THERMOMETRY

Temperature measurements were obtained with micro-
Raman spectroscopy [7-8] using a Renishaw inVia Raman
microscope. The microscope uses a 180° backscattering
geometry and a 488 nm Ar+ laser as the probe that produces a
diffraction-limited spot of 560 nm in diameter when focused by
a 50%, 0.50-numerical-aperture objective. The actual
measurement diameter within the sample is larger, 1.70 pm,
because of spreading of the probe laser within the sample. The
Raman signal from the sample surface is collected through the
objective, dispersed by a grating spectrograph, and detected
with a thermoelectrically cooled CCD camera with a spectral
resolution of is 0.95 cm™'/pixel.

In the Raman process, photons from the incident probe
light source interact with the optical phonon modes of the
irradiated material and are scattered to higher (anti-Stokes) or
lower (Stokes) frequencies from the probe line frequency. In
the case of silicon and polycrystalline silicon, the scattered
Raman light arises from the triply degenerate optical phonon at
the Brillouin zone center. The resulting spectrum for the
Stokes (lower frequency) Raman response has a single narrow
peak at ~520 cm ' from the laser line frequency at room
temperature. Increases in temperature affect the frequency,
lifetime, and population of the phonon modes coupled to the
Raman process, leading to changes in the Raman spectra,
namely a shift in the peak position and broadening of the
Raman peak. Both metrics are practical for temperature
mapping of MEMS. However, while peak width is sensitive
only to surface temperature, peak position is sensitive to both
stress and temperature [7, 19].

Laser power at the sample is maintained at a level that
minimizes localized heating of the sample that would otherwise
introduce a bias into the temperature measurement. Minimal
heating of the sample is confirmed by obtaining Raman spectra
at decreasing laser powers from a room-temperature sample
until no change in the Raman peak position was observed. The
SOI die were packaged in a ceramic dual in-line package (DIP)
which was inserted into a zero insertion force (ZIF) socket,
enabling electrical connections to a power supply. The thermal
microactuators were powered with a Keithley 2400 Source
Meter where the voltage was sourced and power monitored.

Prior to performing the measurements on the test
structures, a temperature calibration of the Raman response
from a SOI die was obtained by placing a die in a second
temperature-controlled hot stage and acquiring Raman data
over a temperature range of 300-700 K. A Voight function,
which captures both the Lorentzian Raman line shape and the
Gaussian instrument function, is fitted to the Raman spectral
data to extract the center position, Q2, of the Raman peak [7].
At different temperatures in the calibration range, six spectra
are acquired from the sample and fitted, and the extracted peak
position is then averaged and plotted as a function of
temperature.

The data are then fitted to a calibration function that
correlated the observed change in the Raman spectra to
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temperature. Since the thermal microactuator is free to expand
allowing stresses to relax, the peak position can be used for
thermometry measurements. For the Raman peak position, the
correlation is linear and is described by the expression:

Q=Z—?T+QO, )

where dQ/0T = (-0.0232) cm™/K, T is in K, and Q,=527.2
cm’'. Measurements are made on the unpowered actuator and a
reference silicon sample to monitor the Raman instrument and
correct for any drift in the system as well as the powered
thermal microactuator. Due to the package and socket having a
thermal equilibration time of 30 to 45 minutes, the unpowered
measurements are made prior to or after voltage is applied to
the thermal microactuator. The reference silicon measurements
are conducted during the unpowered and powered
microactuator measurements. Six spectra are acquired for each
data location, and the extracted peak position is averaged and
used to calculate the temperature and uncertainty.

INFRARED THERMOMETRY

A Flir A325 infrared camera (IR) system with close-up 1x
lens was used to characterize the temperature profiles of the
actuator. The IR camera has a resolution of 320x240 pixels. Its
microbolometer type of detector receives infrared radiation
with wavelengths between 7.5-14 um heating the detector
material and changing its electrical resistance. This resistance
change is measured and processed into temperatures which can
be used to create an image. The 1x close-up lens provides a
field of view (FOV) of 8x6 mm, which corresponds to a
resolution of 25 pm/pixel. Both camera control and temperature
analysis are from a PC using ExaminlIR software. The system
was factory calibrated, but it requires input of the emissivity of
the object to calculate the temperature. Since few data are
available for the single crystal silicon [20], emissivity
calibration was performed. It was done by placing an
unpackaged die on a hot plate, as shown on Figure 2. A
thermocouple (TC) was attached on the top surface of the die.
The IR camera was focused on the surface of the die at an area
near the thermocouple. Both the thermal image and TC reading
were recorded. The procedure was repeated at several discrete
temperatures to obtain a calibration curve shown in Figure 3. It
shows emissivity e = 0.8 is the best value for this investigation.

RESULTS AND DISCUSSION

Figure 4 shows temperature profiles on thermal
microactuator design 2 obtained using Raman thermometry
along the thermal microactuator legs from the anchor (position-
0 pm) to the shuttle (position-5500 um) at 500 um increments
when powered with 5V or 7V. Due to symmetry, the
temperature profiles on the second half of the thermal
microactuator are a mirror image of the profiles shown. The
open symbols are the data points, and the lines are guides to the
eye. When viewed so that the motion occurs in an upward
direction, Leg 1 is at the bottom and Leg 4 is at the top as

indicated in Fig. 1. As seen in the figure, the middle leg, Leg 3,
achieves a higher maximum temperature than the outer legs,
Legs 1 and 4. Also, the maximum temperatures along the
thermal microactuator legs occur around 3500 um from the
anchor, a little less than two thirds of the distance from the
anchor to the shuttle, for both the 5V and 7V cases. The
maximum measured temperatures are 437K, 425K, and 415K
at 7V and 370K, 364K, and 358K at 5V for Legs 3, 4, and 1,
respectively.

When voltage is applied to the thermal microactuator, the
entire ceramic DIP package containing the die heats up
significantly. A thermocouple was attached to the side of the
package to monitor the heating of the package. The
temperature of the socket holding the die increases ~3K at 3V,
~5K at 5V, ~10K at 7V, and nearly ~13K at 9V. The overall
heating of the die is also reflected in the anchor temperatures,
which increase ~20K at 5V and ~30K at 7V as seen in Fig. 4.

Figure 5 contains temperature measurements on thermal
microactuator design 2 operated at 5V and 7V obtained using
Raman thermometry at -10 um, 1800 um, and 3600 pm from
edge of the anchor (position =0 pm) vertically upward in the
direction of actuator motion. The locations of the legs are
marked on the figure. The open markers are the data points,
and the line at -10 pm is to guide the eye. There are no lines
connecting the data at 1800 um and 3600 pm since between the
legs there is no connecting material or underlying substrate.
The data in Fig. 5 again shows that the center legs, 2 and 3,
achieve higher temperatures than the outer legs, 1 and 4.

Figure 2: Sample and experimental setup for infrared thermometry.
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Figure 3: Calibration of infrared thermal imaging system.
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Figure 4: Temperature profiles on thermal microactuator design 2 obtained
using Raman thermometry on the thermal microactuator legs from the anchor
(position-0 pum) to the shuttle (position-5500 um) when powered with 5V or
7V. When viewed so that the motion occurs in an upward direction, Leg 1 is
at the bottom and Leg 4 is at the top.

Trending observed in the temperatures across each leg is
likely stress-induced bias in the temperature measurements
since the slope is consistent with the change in stress across a
bending beam. Thus, the slight downward trend for points at -
10 and 1800 um, would indicate a slight compressive stress on
the top half of the leg and a slight tensile stress on the bottom
side. For the points at 3600 um, the opposite trend is observed
with the top in slight tension and the bottom in slight
compression. However, in spite of this, given the small
magnitude of the differences across the leg and the level of
uncertainty which can confidently attribute to the measurement,
a fully quantitative determination of stress would be difficult.
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Figure 5: Temperature measurements on thermal microactuator design 2
operated at 5V and 7V obtained using Raman thermometry at -10 um,
1800 um, and 3600 um from edge of the anchor (position-0 pum)
vertically upward in the direction of actuator motion. When viewed so
that the motion occurs in an upward direction, Leg 1 is at the bottom and
Leg 4 is at the top.

Figure 6 depicts Raman temperature measurements made
at 3V, 5V, 7V, and 9V along the center of the shuttle of thermal
microactuator design 2 taken starting at 20 pm from the
rounded end of the shuttle to the opposite end, with
measurements every 150 um. The four leg positions are
marked. The open markers are the data points and the lines a
guide to the eye. The thermal gradient along the shuttle
increases at the higher operating voltages with shuttle staying
cooler in the vicinity of Leg 1 since the shuttle protrudes more
than 600 um past the location where Leg 1 extends from the
shuttle providing a thermal mass acting to reduce the
temperature. This and the smaller gap between the sidewall
and Leg 1 than for Leg 4 explain the temperature difference
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between Leg 1 and Leg 4 observed in the temperature profiles
in Fig. 4.

For infrared thermometry measurements, the temperature
fields at 3V, 5V and 7 V excitation of design 2 are shown in
Figure 7. Detailed temperature profiles along the beams and
shuttle are plotted in Figures 8 and 9, respectively. The
temperatures of two inner beams (Legs 2 and 3) are generally
the same and higher than the temperatures of two outside
beams (Legs 1 and 4). The hottest region of Leg 2 (or Leg 3) is
about 3200 pm from the anchor, which is around 60% of the
distance from the anchor to the substrate. The maximum
temperature is close to 435 K for 7 V excitation. The
uncertainty in the infrared temperature measurements is
determined from the calibration data, thermocouple uncertainty,
and variation in the silicon surface to be +10K.
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Figure 6: Raman temperature measurements made at 3V, 5V, 7V, and 9 V
along the shuttle of thermal microactuator design 2 taken starting at 20 um
from the rounded end of the shuttle to the opposite end, with measurements
every 150 um. The four leg positions are marked.
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Figure 7: Infrared thermal images of thermal microactuator design 1
at a) 3V, b) 5V, and c¢) 7V. Temperature profiles in K are shown along
the beams from the anchor to the substrate.
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Figure 8: Temperature profiles on thermal microactuator design 2
obtained using infrared thermometry when powered at 3V, 5V, and 7V.
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Figure 9: IR temperature measurements made at 3V, 5V, and 7V along
the shuttle of thermal microactuator design 2. The dip in temperature
observed at ~200 pum corresponds to a metal line patterned on the silicon
for which the surface emissivity calibration is incorrect.
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Figure 10: Magnified view of the boxed area in Fig. 7c with a different
temperature color range to show the spatial resolution of the infrared
thermometry. Each pixel represents 25 ym by um. When a pixel is not
completely on the actuator leg, the temperature is not accurate.
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Figure 11: Raman (filled symbols) and IR (open symbols) temperature
measurements made at 5V and 7V on the thermal microactuator legs from
the anchor (position-0 um) to the shuttle (position-5500 pm).
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Figure 12: Raman (filled triangles) and IR (open triangles) temperature
measurements made at 3V, 5V, and 7V along the centerline of the thermal
microactuator shuttle.

The width of the image of beam is about 55 um
corresponding to only two pixels across the width, which is
barely enough to make measurement at these thin legs as seen
in Fig. 10. Thus, the temperatures across the width of an
actuator leg are not plotted for IR as was done for the Raman
thermometry in Fig. 5. The pixels at the edge do not provide an
accurate temperature measurement, which may result in the
waviness of temperature profiles especially at high excitation
voltages.

For the shuttle, the temperature profiles of three lines (left
edge, center and right edge) are plotted in Fig. 9. The hottest
region of the shuttle is at the location where Leg 3 intersects.
The shuttle is about 100 um wide. The temperature profiles for
the left edge, center, and right edge are very similar. The edge
effect is clear displayed on right edge line at 7 V from 300 to
700 um. The dip in the temperature line at 200 pm
corresponds to a metal line on the shuttle for which the
emissivity calibration based on the silicon surface is invalid.

The Raman and infrared measurements are compared
directly along Legs 1, 3, and 4 at 5V and 7V in Fig. 11 and
along the center of the shuttle in Fig. 12. The Raman data is
graphed with filled symbols and the infrared data with open
symbols. The Raman and infrared thermometry measurements
agree very well. The peak temperature on SOI four-beam
thermal microactuators operated in air is located at 60-65% of
the distance from the anchor to the shuttle. Also, the inner
microactuator beams, Legs 2 and 3, reach higher temperatures
than the outer beams, Legs 1 and 4. At 7 V, the peak
temperature is 437 and 433 K from Raman and infrared
thermometry, respectively. Similarly, the results of shuttle
temperature from both techniques are consistent. The peak
temperature is 396 K, Raman, and 397 K, IR, at 7V.

Figures 11 and 12 also reveal the strengths and weaknesses
of the two techniques. IR thermometry collects a data point per
pixel which for the system used is 25 pm by 25 um, and the
spatial extent of a Raman data point is 1.7 pm. Since the IR
system collects a full field image and the Raman system needs
to scan each location, there are many more data points for the
IR measurements along the microactuator legs and shuttle than
Raman measurements. However, the Raman system has the
resolution to obtain temperature measurements across the width
of a microactuator leg, and there are not sufficient pixels across
the leg width for the IR system to make multiple temperature
measurements. Also, the presence of the metal line on the
shuttle impacts the IR thermometry; whereas, metal patterning
on the surface is easily avoided when performing Raman
measurements.

CONCLUSIONS

This paper reports the temperature measurements on bent-
beam thermal microactuators with four legs fabricated using
silicon on insulator (SOI) technology. Raman and infrared
temperature measurements are reported for a 125 pm thick
thermal microactuator with legs 50 um wide and 5500 pum long
from the anchor to the shuttle at voltages ranging from 3V to
9V. Both measurement techniques reveal that the maximum
temperature along the thermal microactuator legs are 60-65%
of the distance from the anchor to the shuttle and that the inner
microactuator beams, legs, achieve higher temperatures than
the outer ones. Measurements along the shuttle are also
reported using both techniques. The results of these two
techniques are consistent qualitatively and quantitatively for the
tested conditions. Raman and infrared thermometry are
complementary techniques for microsystems when using
Raman thermometry to validate the IR calibration and for high
spatial resolution measurements and using IR thermometry to
obtain full field measurements with faster data collection times.
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NOMENCLATURE

e emissivity

T Temperature, K

Greek Symbols

Q center frequency of Raman peak, cm™

Q, initial center frequency of Raman peak, cm’
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