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Raman Thermometry
Measurements and Thermal
Simulations for MEMS Bridges at
Pressures From 0.05 Torr to 625
Torr
This paper reports on experimental and computational investigations into the thermal
performance of microelectromechanical systems (MEMS) as a function of the pressure of
the surrounding gas. High spatial resolution Raman thermometry was used to measure
the temperature profiles on electrically heated, polycrystalline silicon bridges that are
nominally 10 �m wide, 2.25 �m thick, and either 200 �m or 400 �m long in nitrogen
atmospheres with pressures ranging from 0.05 Torr to 625 Torr (6.67 Pa–83.3 kPa).
Finite element modeling of the thermal behavior of the MEMS bridges is performed and
compared with the experimental results. Noncontinuum gas effects are incorporated into
the continuum finite element model by imposing temperature discontinuities at gas-solid
interfaces that are determined from noncontinuum simulations. The results indicate that
gas-phase heat transfer is significant for devices of this size at ambient pressures but
becomes minimal as the pressure is reduced below 5 Torr. The model and experimental
results are in qualitative agreement, and better quantitative agreement requires increased
accuracy in the geometrical and material property values. �DOI: 10.1115/1.4000965�

Keywords: Raman thermometry, MEMS, finite element heat conduction simulations, non-
continuum gas-phase heat-transfer model, low-pressure effects, suspended microbridge
Introduction
The environmental conditions inside a packaged MEMS device

ictate its performance and long-term reliability. Reducing pack-
ging pressures below ambient decreases gas damping effects and
as-phase heat transfer and often is required to achieve the desired
ensitivity for MEMS accelerometers, gyroscopes �1�, ultrasonic
ensors �2�, infrared sensors �3�, and bolometers �4�. Packaging
icrosystem devices at pressures lower than atmospheric dramati-

ally affects their thermal performance since energy transfer to the
nvironment is substantially reduced as the pressure is reduced.

In order to predict the performance and reliability of packaged
EMS devices, validated models of microsystems in varying en-

ironments are needed. Models of thermal performance of MEMS
t varying pressures have been developed that account for non-
ontinuum gas-phase heat transfer at low pressures �5�; however,
irect, spatially resolved, temperature measurements of MEMS
tructures in varying pressures were not available to validate the
odel results. Temperature measurements on MEMS at varying

ressures are very challenging to obtain due to device sizes and
ccess for diagnostic techniques. Lee et al. �6� used Raman ther-
ometry to calibrate the temperature of a microcantilever heater
ith the dissipated electrical power at atmospheric pressure in air.
hey then measured the power dissipated as a function of pressure

n air from 10−5 mbar to 103 mbar and in helium from
0−3 mbar to 103 mbar when the heater was operated at 673 K
1 mbar = 0.75 Torr = 100 Pa�.
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This study was undertaken to advance the understanding of
thermal performance of packaged MEMS by experimentally and
computationally determining temperature profiles at varying pres-
sures on microbridges fabricated using sacrificial surface micro-
machining. The experimental methods are described, including the
polycrystalline silicon �polysilicon� test structures, packaging of
the test samples inside a Linkam stage, the gas control system
used to vary the nitrogen atmosphere from 0.05 Torr �6.67 Pa� to
ambient pressure, and Raman thermometry. Next, details for the
numerical simulations are presented, including the noncontinuum
gas model, material properties, and model geometry. The experi-
mental and computational results are compared, and the effects of
the environment on the thermal performance of a MEMS sus-
pended bridge structure are discussed.

2 Test Structures
The SUMMiT V™ process �7,8� involves four structural n-type

�phosphorous� polysilicon layers with a fifth layer as a ground
plane. The polysilicon layers are separated by sacrificial oxide
layers that are etched away during the final release step. The two
topmost layers, Poly3 and Poly4, are nominally 2.25 �m in thick-
ness, while the bottom two, Poly1 and Poly2, are nominally
1.0 �m and 1.50 �m in thickness, respectively. The ground
plane, Poly0, is 0.30 �m in thickness and lies above a 0.80 �m
layer of silicon nitride and a 0.63 �m layer of SiO2. The sacrifi-
cial oxide layers between the structural layers are each roughly
2.0 �m thick.

Test structures used for the present study are fabricated from
the Poly4 layer and are nominally 2.25 �m thick, 10 �m wide,
and 200 �m or 400 �m long. The fixed-fixed bridges end at
bond pads, layered structures that mechanically anchor the beam
to the substrate and provide a location for wire bonding to the

package. The wires are bonded to a 0.70 �m layer of aluminum
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hat is deposited on top of the bond pad. Figure 1 is an image of
10 �m wide, 200 �m long test structure with the bond pads

nd bond wires visible.

Experimental Methods
Temperature measurements were obtained with micro-Raman

pectroscopy �9� using a Renishaw inVia Raman microscope. The
icroscope uses a 180 deg backscattering geometry and a 488 nm
r+ laser as the probe that produces a diffraction-limited spot of
60 nm in diameter when focused by a 50�, 0.50-numerical-
perture objective. The actual measurement diameter within the
ample is larger, 1.70 �m, because of spreading of the probe laser
ithin the sample. The Raman signal from the sample surface is

ollected through the objective, dispersed by a grating spec-
rograph, and detected with a back-side illuminated, thermoelec-
rically cooled charge coupled device �CCD� camera �Pixis
024B, Princeton Instruments, Trenton, NJ�. Dispersion of the Ra-
an signal at the CCD is 0.57 cm−1 /pixel.
Laser power at the sample is attenuated to 65 �W to minimize

ocalized heating of the sample that would otherwise introduce a
ias into the temperature measurement. Minimal heating of the
ample is confirmed by obtaining Raman spectra at decreasing
aser powers from a room-temperature SUMMiT sample until no
hange in the Raman peak position was observed. Using scaling
rguments presented by Kearney et al. �9�, the power deposited on
he probed location, assuming full absorption and a sample ther-

al conductivity of 30 W /m K �equivalent to SUMMiT polysili-
on at 523 K�, would amount to a temperature increase of 1.3 K;
onsidering a silicon surface reflectivity of 39% �10�, this value is
ikely closer to 0.8 K.

In the Raman process, photons from the incident probe light
ource interact with the optical phonon modes of the irradiated
aterial and are scattered to higher �anti-Stokes� or lower

Stokes� frequencies from the probe line frequency. In the case of
ilicon and polysilicon, the scattered Raman light arises from the
riply degenerate optical phonon at the Brillouin zone center. The
esulting spectrum for the Stokes �lower frequency� Raman re-
ponse has a single narrow peak at approximately 520 cm−1 from
he laser line frequency at room temperature. Increases in tem-
erature affect the frequency, lifetime, and population of the pho-
on modes coupled to the Raman process, leading to changes in
he Raman spectra, namely, a shift in the peak position and broad-
ning of the Raman peak. Both metrics are practical for tempera-
ure mapping of MEMS. However, while peak width is sensitive
nly to surface temperature, peak position is sensitive to both
tress and temperature �9,11�.

For thermometry of the test beams under varying-pressure con-
itions, a Linkam temperature-controlled thermal stage fitted with
acuum ports was used. A diagram of the layout of the vacuum
ystem is shown in Fig. 2. The system used ultra-high-purity ni-
rogen gas as the purge gas and permitted control of the pressure
nside the stage from ambient �nominally 625 Torr�10 Torr� to

ig. 1 Optical microscope image of a 10 �m wide Ã 200 �m
ong test structure fabricated using the SUMMiT V™ process.
he bond pads are 100 �m wide and 300 �m long. Two wires
onded to each bond pad are visible in the image. The connec-

ions to the package are outside of the image.
.010 Torr measured with a BOC Edwards Pirani gauge. The flow

72402-2 / Vol. 132, JULY 2010

 https://heattransfer.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use:
rate of nitrogen into the stage was maintained at 20 cc/min for
pressures above 0.05 Torr, and at 6 cc/min for a pressure setting of
0.05 Torr. With a chamber volume of �30 cc, the gas exchange
rate inside the chamber is 1.5 min at all pressures, except for 0.05
Torr where it is about 5 min.

To provide electrical power to the test devices, the SUMMiT
die was packaged on a printed circuit board �PCB� to which wire
leads were soldered. Each bond pad on the beam structure is wire-
bonded to two separate connections on the PCB to allow for four-
point sensing of the voltage. Quick-disconnect connectors were
used inside the stage to allow for easy exchange of parts. The PCB
was placed in the center of a quartz crucible inside the stage and
held in place with a vacuum-compatible carbon tape �Fig. 3�. The
heating ability of the stage was used to heat the sample to a
temperature of 300–310 K to ensure a consistent substrate tem-
perature for the measurements. The devices were powered with a
Keithley 2400 source meter in a four-point sensing configuration,
where the current is flowed through the outside connections and
the voltage is measured across the inner ones.

Prior to performing the measurements on the test structures, a
temperature calibration of the Raman response from the Poly4
layer was obtained by placing a die in a second temperature-
controlled hot stage and acquiring Raman data over a temperature
range 300–700 K. The sample used in the calibration was from the
same fabrication run as those used in the validation measurements
but was a different die. A Voigt function, which captures both the
Lorentzian Raman line shape and the Gaussian instrument func-
tion, is fitted to the Raman spectral data to extract both the center
position � and the full width at half maximum �FWHM� �Raman
of the Raman peak �9�. At different temperatures in the calibration

Fig. 2 Schematic of the layout of the vacuum and gas supply
system for the experiments

Fig. 3 Close-up of the packaged SUMMiT die inside the
Linkam stage. The silicon die in the center of the square

printed circuit board piece is 3.6 mm wide Ã 6.3 mm long.
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ange, six spectra are acquired from the sample and fitted, and the
xtracted peak position and peak width are then averaged and
lotted as a function of temperature.

The data are then fitted to a calibration function that correlated
he observed change in the Raman spectra to temperature. For the
aman peak position, the correlation is linear and is described by

he expression

� =
��

�T
T + �o �1�

here �� /�T = −0.0239�0.00018 cm−1 /K, T is in K, and �o
527.314 cm−1. For the Raman peak width �FWHM�, the corre-

ation is quadratic with temperature and is given by the expression

�Raman = A�T + B�2 + C �2�

here A = 5.129�10−6 cm−1 /K2, B = 407.213 K, and C
1.608 cm−1. Since the Poly4 fixed-fixed beams used in this

tudy �Fig. 1� are anchored at both ends, thermal expansion during
eating is constrained, and the beams are placed under compres-
ive stress during their operation. For this reason, peak width is
sed as the metric for the test, and sample temperature is extracted
sing Eq. �2�.

Two devices were tested for the validation measurements: a
0�200 �m2 beam and a 10�400 �m2 beam. The Raman tem-
erature measurements were taken under five different pressure
onditions �625 Torr, 50 Torr, 5 Torr, 0.5 Torr, and 0.05 Torr� for
oth geometries. The electrical currents used to power the devices
ere chosen so as to provide relatively consistent peak tempera-

ures over the various pressures. The 10�200 �m2 beam was
ested under two current conditions that would provide peak tem-
eratures of 400–450 K and 600 K, respectively; the 10
400 �m2 beam was powered to provide a peak temperature of

50–500 K.
Error bars were calculated that represent the collective error in

he measurement from the principal sources of uncertainty in the
easurement, which are the accuracy of the peak width extraction

nd the error resulting from the temperature calibration. The peak
idth extraction through the curve fit was the largest source of
ncertainty, with an uncertainty of �6.58 K over the temperature
ange explored in the samples, as determined by taking multiple
pectra at a fixed temperature during the calibration. The error
ontribution from the temperature calibration curve �Eq. �2�� is
4.66 K. The contribution of system drift, although accounted for

uring the measurements by taking data from an unheated refer-
nce, is only �0.03 K for peak width measurements.

An additional source of uncertainty is the variation in the pres-
ure of the system. For the system discussed above, the uncer-
ainty in the pressure control is �1% of the full scale for pressures
elow 100 Torr and 1 Torr for higher pressures. Here, full scale
or the vacuum gauge is taken to be the next-highest power of 10
n Torr from the pressure reading �i.e., 10 Torr full scale for a 5
orr pressure, with an uncertainty of �0.1 Torr�. The correspond-

ng temperature fluctuation due to these pressure variations is es-
imated to be no more than �3.5 K for all pressures and condi-
ions based on the fluctuations observed in the voltage drop across
he sample with the observed pressure fluctuations.

Assuming that these uncertainties are uncorrelated yields an
ncertainty for the peak-width-based temperature measurement of
8.79 K. This total uncertainty is slightly lower than previously

eported by Beechem et al. �11�, namely, �9 K rather than
11 K, because of the increased number of acquisitions used and

he increased signal level used.

Numerical Methods
Electrothermal simulations were performed for the experimen-

ally investigated devices using CALORE. CALORE �12,13� is a mas-
ively parallel finite element method �FEM� thermal analysis ap-
lication developed within the SIERRA analysis-code framework at

andia National Laboratories under the Advanced Simulation and

ournal of Heat Transfer

 https://heattransfer.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use:
Computing �ASC� program of the National Nuclear Security Ad-
ministration �NNSA�. The present investigation builds on earlier
research that used CALORE to investigate noncontinuum heat trans-
fer in microsystems �14� by simulating a beam under user-
specified volumetric heating. In the current work, steady-state heat
conduction in the test structure and the surrounding gas is simu-
lated, including thermal resistance due to the multilayer bond pads
�detailed in Ref. �15�� and nonuniform Joule heating from a speci-
fied current due to a temperature-dependent electrical resistance.

Electrical heating problems are modeled in CALORE by loosely
coupling two calculations: one that solves for the voltage distri-
bution, and one that solves for the temperature distribution. The
electrical calculation determines the Ohmic heating, which is then
provided as a volumetric heat source in the temperature calcula-
tion. The temperature calculation determines the temperature dis-
tribution, which is then provided to the electrical calculation to
calculate the temperature-dependent electrical conductivity.

Thermal MEMS devices fabricated using the SUMMiT V pro-
cess have certain geometric features in common. These devices
are composed of planar layers of uniform thickness that are sepa-
rated from adjacent layers by gaps of uniform thickness, with
perpendicular sides. Moreover, these devices employ long beams
of rectangular cross section. Because of the large thermal conduc-
tivity of crystalline and polycrystalline silicon, the temperature of
a heated beam is nearly uniform in each cross section, although
the temperature can vary significantly along the length. Similarly,
the substrate beneath a heated beam remains very nearly at the
ambient temperature.

Extending the model of Gallis et al. �5� and based on the above
observations, the paradigmatic microscale geometry for noncon-
tinuum gas-phase heat-transfer model development is illustrated
in Fig. 4. A beam of infinite length �out of the page� and finite
width W and finite height �thickness� H is separated by a gap of
uniform constant height G from a planar substrate of infinite
length �out of the page� and infinite width. The beam cross section
is at uniform constant elevated temperature TB, and the substrate
is at uniform constant ambient temperature TA. The space between
the beam and the substrate is filled with gas at uniform constant
pressure p= pamb and spatially varying temperature T that ap-
proaches the ambient temperature TA far from the beam.

The above geometry can be further broken down into a series of
line segments of finite or infinite breadth that face either an iden-
tical parallel line segment at a fixed separation or else unbounded
space. Thus, each line segment in Fig. 4 has a finite or infinite
breadth B �the distance between its end points� and a finite or
infinite separation A from a parallel segment. In Fig. 4, the sepa-
ration A and the breadth B are given for each of the seven line
segments in terms of the geometric lengths.

In the gas region, steady heat conduction is simulated using the
temperature-dependent gas thermal conductivity K. When heat
flows across a gas-solid interface, noncontinuum gas behavior
causes the gas and solid temperatures to differ. The normal heat
flux q can be related to the temperature difference across the in-

Fig. 4 Schematic of the gas heat-transfer model
terface �T in terms of a heat-transfer coefficient h �5� as follows:

JULY 2010, Vol. 132 / 072402-3
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q = h�T �3�
his expression provides a convenient means for expressing a
oncontinuum effect in the continuum FEM simulations. At a
oundary between gas and a solid, a temperature discontinuity can
e maintained while satisfying conservation of energy by enforc-
ng continuity of the flux. The magnitude of this discontinuity,
hich is assumed dependent solely on the gas conditions, is set by

he heat-transfer coefficient h.
The following functional form of the heat-transfer coefficient is

pplied at all gas-solid interfaces shown in Fig. 4:

h = �1 +
�

4
�� �

S1S2
�� pc̄

T
� �4�

S1 = 2 − � +
�

1 + c4�B/A� + c5�B/	�
�5�

S2 = 1 +
c1�

1 + c2�	/A� + c3�	/B�
�6�

	 =
2�


c̄
�7�

c̄ =�8kBT

�m
�8�

nd


 =
mp

kBT
�9�

ere, � is the number of molecular internal energy modes �2 for
itrogen�, � is the thermal accommodation coefficient �the prob-
bility between 0 and 1 that a gas molecule exchanges thermal
nergy when it reflects from a solid surface�, S1 and S2 are order-
nity dimensionless factors, A and B are the separation and
readth of a line segment, c̄ is the molecular mean thermal speed,
is the molecular mean free path, � is the viscosity, 
 is the mass

ensity, m is the molecular mass, kB is the Boltzmann constant,
nd c1–c5 are positive dimensionless parameters that enable S1
nd S2 to behave correctly in limiting regimes. The above func-
ional form reproduces known gas heat-transfer behavior in the
ear-continuum and free-molecular regimes for parallel-plate and
solated-body geometries �5�. The parameters c1–c5 control the
ransitions between various limiting regimes. For nitrogen, their
alues are c1=0.167, c2=0.599, c3=1.23, c4=0.32, and c5=1.02.
emperature-dependent thermophysical properties for nitrogen
an be found in Ref. �16�.

The test structure contains four materials: polycrystalline sili-
on �polysilicon�, silicon dioxide �oxide�, silicon nitride �nitride�,
nd aluminum. The thermophysical properties of the materials
ther than polysilicon are obtained from published values and
isted in Table 1. These materials are deposited using reasonably
tandard processes, and the effects of these processes on the quan-
ities of interest in this work are reasonably small. Resistivity
alues are not provided for oxide and nitride because they are
xcluded from the electrical model.

The thermophysical properties for polysilicon vary strongly

able 1 Aluminum, silicon dioxide, and silicon nitride proper-
ies „300 K…

uantity Al Oxide Nitride

hermal conductivity �W /m K� 235 1.4 3.2
lectrical resistivity �� m� 0.028 - -
ith processing conditions and with temperature and are critical

72402-4 / Vol. 132, JULY 2010
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to the current work. Thus, efforts were made to ensure appropriate
values through comparisons with earlier measurements on SUM-
MiT polysilicon for the electrical resistivity rs and the thermal
conductivity Ks �15,17�. The resistivity values were found to be
represented well by the following linear equation in temperature,
where the temperature T is in K and the resistivity rs is in � �m
�18�:

rs = 0.0232T + 13.6997 �10�
The functional form of the thermal conductivity was determined
from earlier measurements, and the offset was adjusted by per-
forming simulations for a high-power, low-pressure, 10
�200 �m2 beam for which the gas-phase transport is not signifi-
cant �10.75 mW and 0.05 Torr�. The resultant thermal conductiv-
ity is given as follows, where T is in K and Ks is in W /m K �18�:

Ks =
1

0.0066 + 0.00116�0.03T − 2�
− 6.5 �11�

While the heated bridge portion of the test structure has a very
simple geometry, the layers and geometry of the anchors are fairly
complex �15�. These anchor points, also known as “bond pads”
since the wires for electrical connections are bonded to them, have
complex multilayer structures due to constraints imposed by the
SUMMiT V manufacturing process. Because cross sections of the
actual devices used in this work were not available, the geometry
was built based on available computational models, with some
input from measured quantities. The layer thicknesses were ad-
justed to bring the beam height above the substrate, 11.872 �m,
into agreement with the interferometry measurements of the test
structures used in the experiments. Figure 5 shows a cross section
of a bond pad and base of a beam, and Table 2 lists the dimensions
adopted for the computational model.

The gas heat conduction problem was solved on a mesh
100 �m wide and 50 �m tall. These dimensions were chosen by
solving a steady-state, two-dimensional problem with a beam
cross section held at 600 K. The domain boundaries were then
placed such that the temperature gradient, and therefore the heat
flux, fell below 1% of its magnitude at the beam surface at these
locations, ensuring that placing insulating boundaries at these lo-

Fig. 5 Cross section showing the layers in the bond pad and
base of the beam. Layer thicknesses are specified in Table 2.

Table 2 Geometric dimensions used in CALORE computational
model

Layer thickness
Model value

��m� Other lengths
Model value

��m�

Thermal oxide 0.630 Beam length �short� 200.00
Silicon nitride 0.800 Beam length �long� 400.00
Poly0 0.300 Beam width �both� 9.65
SacOx1 2.000 Bond pad x width 100.00
Poly12 2.260 Bond pad y width 41.00
SacOx3 2.461 Gas domain y width 100.00
Poly3 2.320 Gas domain z height 50.00
SacOx4 2.461
Poly4 2.330
Metal 0.700
Transactions of the ASME
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ations would have little effect on the solution. The gas grid is
runcated at the base of the beam because the temperature at this
oint is expected to be very near ambient, so there is little ex-
ected benefit in gridding between the layers at the forward edge
f the bond pad.

Grids were constructed in three levels, with uniform refinement
ollowed by localized refinement based on the gradient in voltage
or the electrical grid. The coarse mesh contained 69,543,
44,665, and 959,916 elements for the electrical, solid, and gas
rids, while the finest mesh contained 4,264,832, 15,472,640, and
5,318,496 elements. Most calculations were carried out on the
edium grid, which contained 540,139, 1,941,115, and 4,436,064

lements. Computation times for the three grids for a typical cal-
ulation were 0.1 h, 1.3 h, and 5.9 h on 50 Infiniband-connected
odes of the Sandia “Thunderbird” cluster with two 3.6 GHz
M64T processors each. The typical calculation was for a
00 �m long beam at 50 Torr �6.67 kPa� with an initial tempera-
ure of 304.15 K and operated at 12.41 mW with a thermal ac-
ommodation coefficient of 0.3, the intermediate value consid-
red. For this calculation, the temperature difference across the
eam deviated from the finest grid value by 1.2% and 0.4% on the
oarse and medium grids, respectively. The results computed on
he medium grid are therefore very likely grid converged to well
ithin the experimental error.

Results
Using the noncontinuum gas-phase heat-transfer model for the

urface heat-transfer coefficient and the specified material proper-
ies and geometry, an example of typical model results for the
emperature distribution in the beam and gas with an accommo-
ation coefficient of unity is shown in Fig. 6 for a 200 �m long
eam at 50 Torr with an initial temperature of 304.15 K and op-
rated at 12.41 mW. Several features are visible in these results.
irst, the beam temperature is somewhat higher than that of the
djacent gas. This is a consequence of the noncontinuum gas-solid
oundary condition. Second, the highest temperature, and most of
he gas-phase heat transfer to the substrate, occurs at the beam
enter because the ends are cooled by conduction through the
ond pad.

The combined gas-solid heat-transfer model described in Sec. 4
s applied to compute temperature profiles corresponding to the
onditions for which the temperature profiles were measured. Fig-
res 7 and 8 show the calculated and measured temperature pro-
les for the 200 �m and 400 �m beams, respectively. Each plot

n each figure contains all model and experimental temperature
rofiles for the same beam length and the same gas pressure. The
easured data are labeled by beam length, pressure, power, and
easurement run or case number. Each 200 �m plot contains

Fig. 6 Temperature field for a 200 �
an initial temperature of 304.15 K an
commodation „Case 16…
emperature profiles for two powers �“high” and “low”�, whereas

ournal of Heat Transfer
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each 400 �m plot contains temperature profiles for only one
power �“low”�. The high-power and low-power conditions pro-
duce maximum temperatures of �600 K and �450 K, respec-
tively. The 625 Torr, 200 �m plot is divided into two separate
plots for reasons that will be discussed. The 625 Torr, 200 �m
plot in Fig. 7�e� contains an additional power �“medium”�. The
colors red, green, and blue denote high, medium, and low, respec-
tively.

The temperature measurements indicate that increasing the
pressure by a factor of 10 from 0.05 Torr to 0.5 Torr hardly
changes the temperature profiles and the corresponding powers.
This is consistent with the results of Lee et al. �6� for which the
dissipated power from a microcantilever heater at 673 K was
fairly constant below 1 mbar �0.75 Torr� in air and helium atmo-
spheres. This observation indicates that gas-phase heat transfer is
negligible compared with solid-phase heat transfer at these low
pressures. When the pressure is increased to 5 Torr, the power
must be increased by about 4% to keep the peak of the tempera-
ture profile around 600 K, so gas-phase heat transfer is about 4%
of solid-phase heat transfer at 5 Torr. A similar comparison indi-
cates that gas-phase heat transfer is about 15% and 31% of solid-
phase heat transfer at gas pressures of 50 Torr and 625 Torr, re-
spectively. Thus, gas-phase heat transfer is significant for devices
of this size at ambient pressure but becomes minimal as the pres-
sure is reduced.

For each combination of beam length, gas pressure, and power,
three model temperature profiles are presented in Figs. 7 and 8,
corresponding to accommodation coefficients of 1.0, 0.3, and 0.0.
A value of 1.0 produces the maximum gas heat transfer possible,
a value of 0.0 produces no gas heat transfer, and the intermediate
value of 0.3 is a low value compared with measurements �19,20�.

As the pressure increases from 0.05 Torr to 0.5 Torr and to 5
Torr, the three model profiles for each condition are seen to sepa-
rate, which indicates the increasing importance of gas heat trans-
fer as the pressure increases although gas heat transfer is not large
yet. The high-power model and experimental profiles in Figs.
7�a�–7�c� agree well. However, this agreement is not unexpected
because the thermal conductivity model is calibrated to match the
0.05 Torr high-power profile and because gas heat transfer is still
quite small below 5 Torr. For the low-power profiles in these
plots, the model again slightly overpredicts the temperature rise
near the beam ends and also slightly underpredicts the maximum
temperature rise by a progressively greater amount as the pressure
is increased.

As the pressure increases to 50 Torr, the agreement between the
model and experimental profiles deteriorates, particularly for the
low-power cases �Fig. 7�d��. At this pressure, the mean free path
of gas molecules is about 1 �m, and is comparable to the beam

long beam at 50 Torr „6.67 kPa… with
perated at 12.41 mW with unity ac-
m
d o
thickness. This is the regime in which the gas-solid heat-transfer-
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Fig. 7 Comparison of experimental „symbols… and simulation „lines… temperature profiles on 200 �m long beams at 0.05–

625 Torr „6.67 Pa–83.3 kPa…
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Fig. 8 Comparison of experimental „symbols… and simulation „lines… temperature profiles on 400 �m long beams at 0.05–
625 Torr „6.67 Pa–83.3 kPa…
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oefficient model is expected to be least accurate. However, the
ifferences are more than what would be expected based on the
omparisons of molecular and FEM gas simulations. An accom-
odation coefficient of 0.3 would represent the high-power pro-
le well and the low-power profile marginally, but this value is
uch lower than expected �19,20�.
The thermal conductivity of polysilicon depends strongly on the

rystal structure, which can vary between processing runs and
hange over time, especially at high temperatures. Thus, the
emperature-dependent thermal conductivity in Eq. �11� includes a
emperature-independent offset selected to make the red model
urve pass through the red symbols in Fig. 7�a�. This high-power
ow-pressure case was used because the full temperature range is
ccessed and the gas heat transfer is essentially zero so that only
he solid properties are important. This “calibrated” temperature-
ependent thermal conductivity �Eq. �11�� lies within the reported
easurement uncertainty �15%� and is used without modification

n all the simulations.
This calibration approach can be assessed to some degree by

xamining the low-power low-pressure temperature profiles �blue
alues, Fig. 7�a��. The model predicts the maximum temperature
ise reasonably well but systematically overpredicts the tempera-
ure rise near the beam ends. This difference is not as visible in the
wo low-pressure 400 �m cases �low-power� of Figs. 8�a� and
�b�, for which the simulation curves lie within the error bars for
he entire temperature distribution.

Experimental artifacts are clearly visible in the two 625 Torr
lots in Figs. 7�e� and 7�f�. The maximum temperature rises of the
rofiles in Fig. 7�f� are roughly 40% larger than the corresponding
alues of the profiles in Fig. 7�e� despite the fact that the powers
re almost identical. The experimental results in Fig. 7�f� are the
rst three data sets among those reported that were collected:
ases 6, 7, and 8. Given the difference in these data sets, some-

hing happened between Case 8 and Case 10 that altered the ther-
al behavior of the beams significantly and permanently.
At a pressure of 625 Torr �ambient�, the experimental profiles

re divided into two groups: Cases 10 and 29–30 �Fig. 7�e�� and
ases 6–8 �Fig. 7�f��. The model and experimental profiles agree
ell for Cases 10 and 29–30 but differ for Cases 6–8. Again, this

s not a defect of the model; rather, the experimental results differ
ignificantly between themselves. Since the model is calibrated
sing Case 26, it is reasonable that the model agrees more closely
ith the later cases than with the earliest cases.
For most low-power profiles in Fig. 7, the model overpredicts

he experimental temperatures near the beam ends and underpre-
icts the experimental maximum temperature rise. One possibility
uggested by this observation is that the experimental thermal
onductivity is larger at ambient temperature but decreases more
apidly with increasing temperature than the thermal conductivity
sed in the model.

The model and experimental 400 �m temperature profiles are
n reasonable agreement although the agreement degrades as the
as pressure is increased as seen in Fig. 8. These profiles are all
ow-power and are similar to those of the 200 �m beams.

Conclusions
This paper reports the first spatially resolved Raman tempera-

ure profiles for polysilicon MEMS, suspended 10 �m wide mi-
robridges with lengths of 200 �m and 400 �m in nitrogen at-
ospheres at pressures varying from 0.05 Torr to 625 Torr �6.67
a–83.3 kPa�. Temperature profiles are also computationally ob-

ained using a finite element code, CALORE, with a heat-transfer
oefficient at gas-solid surfaces derived from the noncontinuum
as-phase heat-transfer model. The experimental and simulation
esults indicate that at pressures below 0.5 Torr the gas-phase heat
ransfer is negligible compared with solid conduction. As the pres-
ure increases above 0.5 Torr, the gas-phase heat transfer becomes
ore significant. For polysilicon MEMS structures at ambient
ressures, gas-phase heat transfer significantly impacts the ther-
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mal performance. The measured and simulated temperature pro-
files are in qualitative agreement in the present study. Quantitative
agreement between experimental and simulated temperature pro-
files requires accurate knowledge of temperature-dependent ther-
mophysical properties’ values, device geometries, and thermal ac-
commodation coefficients.
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Nomenclature
A � distance from one wall to the nearest parallel

wall, m
B � distance from one corner to the other of finite-

extent wall, m
A ,B ,C � constants in Eq. �2�

c̄ � molecular mean thermal speed, m/s
c1–c5 � positive dimensionless parameters in Eqs. �5�

and �6�
h � heat-transfer coefficient at gas-solid interface,

W / �m2 K�
kB � Boltzmann constant, 1.380658�10-23 J /K
K � gas thermal conductivity, W / �m K�

Ks � solid thermal conductivity, W / �m K�
m � mass of gas molecules, kg
p � gas pressure, Pa
rs � electrical resistivity, � �m

S1 ,S2 � factors in the heat-transfer coefficient h �unity
or larger�

T � temperature, K
V � voltage, V

Greek Symbols
�Raman � FWHM of the Raman peak, cm−1

� � number of internal energy modes of gas mol-
ecules �non-negative�

	 � mean free path of gas molecules, m
� � gas viscosity, Pa s

 � gas mass density, kg /m3

� � thermal accommodation coefficient �0–1�
� � center frequency of the Raman peak, cm−1

�o � initial center frequency of the Raman peak,
cm−1
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