
S’9AM7’7-05%(L. .
4 Paper submitted to MSM ’99, San Juan, Puerto Rico, April 19-21, 1999

IMAP: Interferometry for Material Property Measurement in MEMS

Brian D. Jensen, Maarten P. de Boer, and Samuel L. Miller

Intelligent Micromachines Initiative, Dept. 1725

Sandia National Laboratories

Albuquerque, NM, USA

http://www.mdl. sandia. govA14icromachine

ABSTRACT

An interferometric technique has been developed for
non-destructive, high-confidence, in-s itu determination of
material properties in MEMS. By using interferometry to
measure the full deflection curves of beams pulled toward
the substrate under electrostatic loads, the actual behavior of
the beams has been modeled. No other method for deter-
mining material properties allows such detailed knowledge
of device behavior to be gathered. Values for material
properties and non-idealities (such as support post
compliance) have then been extracted which minimize the
error between the measured and modeled deflections. High
accuracy and resolution have been demonstrated, allowing
the measurements to be used to enhance process control.

Keywords:optical measurement, material properties, inter-
ferometry

INTRODUCTION

Easy, high-confidence measurement of material
properties is essential for optimizing micro-mechanical
design and determining process control. Several methods
have been suggested to determine simple properties such as
Young’s modulus and residual stress in the material. For
example, Young’s modulus has been measured using beam
resonance [1], direct tensile testing [2, 3], and measurements
of pull-in voltage [4, 5]. Residual stress measurements have
been made from arrays of buckled beams [6], passive sensors
which deform in a measurable way [7, 8], and measurements
of pull-in voltage [4, 5].

Unfortunately, the accuracy of these methods varies
greatly. Reported values for Young’s modulus for polysilicon
have ranged from 90 to 190 GPa [9]. Similarly, reported
values for residual stress in polysilicon vary widely. While
some variability is expected, the demonstrated accuracy and
resolution of these techniques are not great enough to
provide sufficient confidence in the data for valid process
control. In addition, most of the methods cannot resolve
values for residual stress below 1.0 MPa, even though good
process control often requires keeping the stress near or
below this level. Before a valid system of process control can
be implemented, the demonstrated accuracy and resolution
of measurement methods must be less than the expected
variation due to the process. In addition, some non-idealities
which commonly occur in micromachined structures cannot

be detected or quantified using any of the previously
suggested methods. Therefore, a need exists for high-confi-
dence testing which provides the accuracy and resolution
required for process control and design optimization.

Interferometry for Material Properties in MEMS (IMAP)
is a high-resolution measurement technique which measures
complete deflection curves of electrostatically-actuated
micromachined beams to within approximately 10 nm,
allowing these curves to be compared to modeled curves.
Values for material properties are found which minimize the
error between the modeled and measured deflection curves.
This point-by-point comparison yields high confidence in
the material properties, as well as the non-idealities, such as
support post compliance, which are often ignored or not ~
quantified using other techniques. In addition, the testis non-
destructive, allowing prediction and verification of deflec-
tions at other loading conditions. By giving quick feedback
to process engineers, as well as high confidence and reduced
measurement variability, process control can be improved.
The technique is illustrated using measurements made on
beams fabricated using SUMMiT (Sandia Ultra-planar,
Multi-level MEMS Technology), Sandia’s polysilicon
surface micromachining process [10].

METHOD

IMAP has been developed to allow extraction of strain
gradient, Young’s modulus, and film stress in four separate
steps. First, the beam thickness and gap are measured using
a profilometer. The deflection of an unloaded cantilever
(fixed-free beam) is then measured optically, allowing
extraction of the strain gradient. Young’s modulus and the
cantilever support post compliance are then found from the
deflected shape of a loaded cantilever beam. Finally, the
deflection curve of a fixed-fixed beam is used to find fixed-
fixed beam support post compliance and residual stress.

Beam Thickness and Gap
Because the method relies on out-of plane deflections,

the thickness and gap must be known precisely. The
magnitude of the deflection depends on the thickness cubed
and the gap squared, so that high-resolution measurement of
these parameters is required. Most profilometry equipment
can measure such dimensions quite well, though, with an
accuracy of approximately 0.02 pm. For the beams
measured here, the thickness is 2.32 ~m, with a gap of
6.47 ~m
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radiance technique to calculate the surface emissivity
distribution, &(x/). A built-in temperature-controlled stage
(at temperature Ts)is used in this procedure. Because this is
a staring-focal plane system, each pixel provides a distinct
radiance measurement, therefore, a location-specific
evaluation of the emissivity is possible. An exampIe of
E(XJ) is shown in Figure 2. The two-temperature radiance
technique was performed at T,= 80 “C and 100 “C. These
values were necessary to give adequate emission from the
heater. Figure 3 shows Z’@,y)for Z = 80 “C, and a drive
voltage of Y= 4.48 V. Also measured, was ~x,y) with V=
OVand T,= 80 “C; variability in this data suggests a
minimum error of about 4 ‘C in measurements of 7@,y)on
powered microhotplates.
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membrane. If necessary, corrections for transparency can be
made based on the work of McMahon [6].

The composite Ti/Pt heater (150~ TU1OOO~ Pt) is
effectively opaque. For 1.= 1.5-5.5 pm, k = 7-20 [4], and
transmission is 0.06-0.3%. The measured emissivi~ of
platinum, +, = 0.1 agrees with published values [7]. For
the reasons presented here, only measurements of UXY) on
the heater and on the die I%tmefa from the membrane edge
are suhable for comparison with model results. One final
note: variations in emissivity with temperature outside the
calibration range are not accounted for in this technique.
With silicon, for example, this can be a deadly omission.
But for platinum the effect was negligible. Temperature
corrections based on emissivity variations can be estimated
based on Wein’s law [8].

TAS MODELING

The thermal computer modeling software, Thermal
Analysis System (TAS), was employed for analysis of the
microhotplate. Heat gains are attributable to Joule heating
of the composite heater. Loss mechanisms modeled include
conduction through the silicon nitride, the heater lines and

. the silicon substrate, as well as natural convection and
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Figure 2: Emissivity map for a quarter of a square
microhotplate. TS= 80, 100 “C for the calculation of &(x#).
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Figure 3:Measured ~x,y) with T.= 80 “C and V= 4.48 V,
E(XJ)of Figure 2 pertains. Note that on the die frame

T (x= 0.2 mm) = 84 ‘C, which is close to T,.

The calculation of E assumes gray bodies and accounts
explicitly for reflections of the ambient and the detector
(the Narci.rsm efiect). It is also assumed that samples are
opaque so that Kirchoff’s law (e = 1 - R, where R is the
reflectivity) holds. The SiN membrane is transparent, as it
is both thin (0.5 pm), and its extinction coefficient k, is
miniscule in this spectral range [4]. Temperature readings
on the free-standing SiN are, therefore, suspect. For

example, near the membrane edge of Figure 2, E = 0.66.
This value is roughly that of silicon [5], and due to the large
DOF of the lens used, the system is most likely observing
the slightly re-entrant silicon etch profile beneath the

radiation from the top surface to the ambient. Conduction in
the air cavity beneath the membrane, and radiation from the
backside of the membrane to the stage were also modeled.
Initially, brick elements were used to represent the heater
and the membrane; however, gradients through the
thickness of these materials were found to be insignificant.
Thus, bricks were replaced by plates to accelerate the
transient solution. Both plates and bricks account for
conduction in all dwections, as well as add thermal
capacitance to the model.

The modeling process can be summarized as follows:
(a) Construction of the three-dimensional representation of
the system (Figure 4). (b) Substitution of the heater’s room-
temperature electrical conductivity, cr, for a material
thermal conductivity in TAS. (c) Application of the drive
voltage, V, across the heater. (d) Solution of the model for
node temperatures (voltages). (e) Conversion of the voltage
distribution into elemental heat loads based on elemental
voltages and electrical resistance. (~ Creation of
temperature-dependent heat loads via the experimentally
measured temperature coefficient of resistance (TCR) of the
heater. (g) Definhion of the thermal properties and
boundary conditions. Unless noted, material properties were
temperature independent; however, temperature
dependencies may be easily incorporated. (h) Solution for
the steady-state temperature and transient response.

Steady-state response

For the sake of comparison with the IR microscope data
given above, the specific case of V =4.48 V and T,= 80 “C
(i.e., the backside of the die fixed at 80 ‘C) was fwst
modeled. Ambient air temperature was taken as 25 ‘C.



Experimentally measured parameters include 8P,= 0.1, u =
3,66$104 (f2.cm)-1, and TCR = 2.4. 10-3/OC.Other relevant
material thermal properties, with the exception of kn,were
borrowed from references [3,7,9].

Figure 4: 3-D TAS model of a microhotplate, viewed
from the etched side of the wafer (etch depth is 400 pm).
By symmetry, only one quarter of the device is modeled.
The heater actually resides on the other side of the
membrane, but is emphasized here for ilhstration reasons.
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Figure 5: Temperature along the center-most heater
segment, Simulation parameters are kn = 6.4”10-2

W~(crnOC~l,/In= 3,5”103-W”(cm2”0C~*and Y= 4.48 V.

At the outset, h~ and k. were relatively unknown. These
parameters were adjusted to achieve agreement between
simulation and experiment. First hm was varied until the
maximum heater temperature’ was in close agreement with
the test results; ho= 3,5”10-3 W“(cm2”0C)-1was required.
Then, k. was adjusted until the correct thermal gradient
along the center-most heater line was attained. Initially, kn
=3.2”102 W“(crnOC)-l was input based on reference [3].
Better agreement resulted horn kn = 6.4.10-2 W.(cm”C)-l
(Figure 5). Figure 6 shows the simulated microhotplate
temperature as viewed from its topside. Conduction to the
right along the heater lead is apparent.
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Figure 6: 7@,y) with Ts= 80”C,25°C ambient and V =
4.48 V. The scale is roughly 80 to 245 “C in 5 ‘C

increments. (The heater’s center is at the lower left comer.)

Transient response

Tests were conducted to measure the temperature
response of the microhotplate. The voltage drop across a
10.6-ohm current-viewing resistor (CVR) was recorded
with a digital oscilloscope after switching 4.714 V across
the series connection of the microhotplate and the CVR.
Using this da@ the average resistance of the microhotplate
was calculated. From the experimentally measured TCR of
the microhotplate, the average temperature was determined.
The TAS model was run for 40 msec and the average Ti/Pt
temperature determined. A comparison of data is shown in
Figure 7. The microhotplate reaches 90% of its set-point in
tgo= 16 msec, and consumes 110 mW in the steady state.
These values are well within design goals. Still,
improvements will be sought out using the TAS model.
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Figure 7: Comparison of the measured and simulated
transient response of the microhotplate.

Temperature uniformity

Figwe 8 (top) shows the temperature distribution over
the heater. A gradient of more than 80°C is evident. To
improve uniformity, 0.5pm of aluminum was added to the
heater area (Figure 8, bottom) based on reference [2]; the



predicted gradient was reduced to 14°C
significantly impacting the system’s time response.

without

Figure 8: ~x,y) in the heated area for the existing design
(top) and with 0.5 ~m of Al added (bottom). Top scale:

164.73-245.25°C by 2.5°C. Bottom scale 199.03–213.64°C
by 0.45”C, (The heater’s center is at the lower left.)

Discussion

Natural convection coefllcients obtained empirically
from large flat plates typically range from 7S104- 2.8”10-3
W“(cm2.0C)-1[10]. In thk regime, edge effects can usually
be ignored. This is not necessady true of Microsystems
where heated areas are comparatively small, and convection
coefllcients larger than bulk values maybe expected in this
regime, Power consumption of a square microhotplate, 0.8
mm on a side, was measured at 630 Torr and 70 Torr for an
average ambient/heater temperature difference of 175 “C;
values of 89 mW and 26 mW were obtained. Hence,
roughly 63 mW is lost to topside convection and
conduction through the gap. For an air conductivity of
2.6”104 W(crnOC~l and a 400 pm gap, about 7 mW is lost.
The remaining 56 mW is given up to convection, and
implies a coefficient not greater than -5”10-2W(cm2.0C)-1.
The value hW= 3.5010-3W.(cm*.”C)-*slightly exceeds bulk
values, but is less than the experimentally determined upper
bound by an order of magnitude,

The predicted thermal conductivity of low-stress silicon
nitride was 6.4.10-2 W(crnOC)-l, a value twice as large as
those typically stated for SiN. This may be explained by

chemical ordering maintained by Si-rich alloys and Si-Si
bonds in the LPCVD silicon-rich films used here [11].

The TAS model, once proven on the case described
here, was shown to have general applicability by
comparisons with IR measurements made under a variely of
conditions. Both square and circular membranes were
simulated, and boundary conditions and drive voltages were
manipulated. It is interesting to note that reducing the drive
voltage from 4.48 V to 3.11 V required a reduction in the
convection coefficient to 3.0.10-3 W“(cm2”0C)-1. This is

expected, since with decreasing temperature, buoyancy-

induced convective currents are diminished.

CONCLUSIONS

It has been demonstrated that the TAS software can be
used to accurately simulate the steady state and transient
response of a microhotpIate. With a minor modification to
the existing design, adding an aluminum difiser, the
microhotplate adequately meets all the requirements for the
preconcentration stage of Sandia’s pChemLab project.
Future modeling efforts will be dwected at improving the
heater design.
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