SANOGF-0584C

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:/fwww.mdl.sandia.gov/Micromachine

ABSTRACT

An interferometric technique has been developed for

non-destructive, high-confidence, in-situ 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 test is 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,
Mutlti-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 pm, with a gap of
6.47 um
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Figure 1: An interferogram of an unloaded 1,000 pm long

cantilever
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Figure 2: Grey-scale linescan and resulting deflection curve
for the unloaded cantilever

Strain Gradient

The strain gradient through the thickness of a cantilever
beam causes it to curve out of plane. Because this effect
strongly influences the shape of a cantilever beam, it must be
quantified before accurate measurement of Young’s modulus
may be made. It is also an important parameter for process
control, as excessive curvature of the film may cause
mechanical parts to mesh or interact incorrectly.

Residual strain gradient through the film thickness
produces an internal moment, which causes the beam to
deflect into a circular arc. Interferometry allows the
deflected shape of the beam to be measured, from which the
radius of curvature R of the circular arc may be found. For
example, Figure 1 shows an interferometric image of a
1,000 pm cantilever beam. The fringes along the length of
the beam indicate its out-of-plane deflection. The experi-
mental setup is explained in {16]. By analyzing a grey-scale
linescan, the complete deflection curve of the beam may be
generated, as shown in Figure 2.

Some imperfections in the interferometry data had to be
considered and accounted for. For example, although the
background fringes in Figure 1 are not parallel with the
beam’s length, this has been corrected in the deflection curve
by using a linear correction factor. In addition, the deflec-
tions extremely close to the support posts are difficult to
measure because the optical data becomes mixed with data
from the support pad. Also, for images with few fringes, the
data is more noisy near maxima and minima of the linescan.
These effects concern only a small portion of the total curve,
though, so that they can usually be ignored.

The deflection curve in Figure 2 may be described as an
arc with radius of curvature of 1.1x10° pum, with an initial
angle of 0, = 6.2x10"* radians. Both of these parameters are
vital pieces of information necessary for subsequent
modeling. However, they have generally been ignored or
inferred, rather than directly measured, by other material
property measurement methods. The detailed data derived

Figure 3: The interferogram of a 1,000 um long loaded
cantilever at 3.8 V
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Figure 4: A graph showing the measured and modeled
deflections for various loads on the cantilever beam
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Figure 5: Error as a function of E and B for the 1,000 pm
cantilever. Different values for E are labeled in GPa.

from interferometry allows direct measurement of such non-
idealities, which are then incorporated into the modeling.
The initial angle 8, of the unloaded cantilever is probably
due to process issues as well as the complex interactions
occurring between film stress and strain gradient at the
support post [11, 12].

Young’s Modulus

With the beam thickness, gap, initial angle, and strain
gradient known, Young’s modulus is measured using the .
deflected shape of a cantilever beam pulled toward the
substrate by electrostatic forces. This is done by finding the
value which minimizes the error between a model of the
beam’s deflection and the deflected beam shape. Cantilever
support post compliance is measured simultaneously.

Figure 3 shows the 1,000 pm beam deflected under an
applied voltage of 3.8 V. The linescan and analysis produces
the measured deflection curve shown for the 3.8 V-curve in
Figure 4. The modeled curve which lies over the measured
data points in the figure was produced by performing a
search for the best fit over a range of Young’s modulus, E,
and support post compliance, B. Figure 5 shows the results of
this search, indicating that the best value for E lies between
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Figure 6: The beam support post model

168 and 170 GPa. This graph is generated by interpolating
into the modeled deflection at each measured point (corre-
sponding to one pixel). The error at each point is squared,
summed over all points, and divided by the total number of
points. The absolute minimum is found at £ = 169 GPa, with
B equal to 3.2x10°° rad/uN-pm.

The model used to arrive at these results consists of an
automated routine which divides the beam into a number of
beam elements. It then iteratively applies the fringing-field-
corrected electrostatic load to each element, calculates
internal forces and moments, and finds the resulting
deflection shape based on Young’s modulus, support post
compliance, unloaded support post angle, and strain
gradient. The cycle continues until convergence is reached.

The support post is modeled simply as a cantilever beam
subjected to an end moment, as shown in Figure 6 [13]. The
total initial angle © of the deflected beam is found as the sum
of the unloaded support post angle, found previously using
Figure 2, and the angle induced due to bending of the
support post. This induced angle is equal to the product of
the end moment M and the parameter p [14]. An equivalent
thickness ¢, of the support post may also be extracted [13].

If the width of the beam is large compared to its
thickness, then the plate modulus D, which depends on E and
Poisson’s ratio, must be used in place of E [14]. Osterberg
and Senturia recommend using D in place of E if the width is
more than five times the thickness [5]. For the beams
presented here, D was used, with Poisson’s ratio assumed to
be 0.23.

To check the resuit found for the 1,000 um beam, the
deflection of a 600 pm beam was also measured and
compared to the model. For this beam, the minimum error
was found for E between 170 and 173 GPa and 3 between
2.4 and 3.5x10°° rad/uN-um. Therefore, the best value for £
is chosen to be 170+3 GPa. Using £ =170 GPa and
B= 3.5%x10° rad/uN-pm, which corresponds to 7, = 2.0 um,
deflections for the 1,000 pm beam were predicted at 3.3, 3,0,
and 2.7 V. The results are presented in Figure 4. The good
agreement between predicted and measured deflections
provides high confidence in the measured value of E.

Residual Stress

As fixed-fixed beams deflect, the axial force through the
beam causes stiffening to occur, changing the deflection of
the beam. Because residual stress is an important part of this
axial force, the deflected shape of the beam depends strongly
on the magnitude of the residual stress. Either tensile or
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Figure 7: A 1,000 um fixed-fixed beam under 25.1 V
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Figure 8: Measured (dots) and modeled (lines) deflections
of a fixed-fixed beam

compressive residual stresses may be measured.

Figure 7 shows a 1,000 um fixed-fixed beam deflected
under a potential of 25.1 V. The deflection curve of the
beam, the lowest curve in Figure 8, indicates that the right
support post is about 0.16 pm higher than the other. The
difference in height between the two support posts was
independently verified using SEM images. Such a large
difference would not be expected from conventional surface
micromachining processes; however, it can result from
global non-uniformities introduced in an oxide surface after
a CMP step. Research is underway to reduce the global non-
uniformity, and process and design methods have been
suggested to help control it [15]. Interferometry allows this
height offset to be directly measured.

Because the interferometry data conclusively shows that
the support posts are at different heights, the model was
extended to account for the asymmetry. Also, in the iterative
beam deflection solution, support post compliance is intro-
duced by allowing the two ends of the beam to take on any
given end angle 6 within a reasonable range. This simplifies
the mathematics in the iterative solution, improving conver-
gence. Therefore, in finding the best value for restdual stress,
the optimal slope at each end of the beam must also be found.

To determine the true residual stress in the beam the axial
deflection A at the support posts must also be found. Because
this deflection is small, typically on the order of 1 nm,
modeling must be used in place of measurement. The
support posts are again modeled as short cantilever beams
like the one in Figure 6. An addition required to the model is
the presence of the fixed-fixed beam’s axial force as an end
load. However, the support posts for the fixed-fixed beam
have a different design, so that the cantilever support post
compliance cannot be assumed. Instead, it can be measured
by comparing the deflections of the beam at two values of
voltage. Then, the best value of residual stress can be found
for each deflection measurement. These extracted values of
residual stress are not expected to be the same because they
do not include the effect of A. However, by comparing the
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Table 1: A and True Residual Stress

Voltage | Ay g Mm | Aoy, Hm | Op (true), MPa
18.0V | -1.6x10* | -3.9x10* -3.00
251V | 2.7x10% 7.9x1074 -3.01
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Figure 9: Modeled deflections (lines) at several stress
levels (in MPa) compared to the measured deflection
(dots) as an indication of measurement resolution

axial force and the end slopes and moments for each
deflection curve, values for A at each post may be found,
leading to a calculation of true residual stress.

For the 1,000 um beam, deflections were measured and
modeled for two deflections, at 18.0 V and 25.1 V. To find
the best value for residual stress, a search was made over a
range of values for residual stress, left post slope, and right
post slope. As expected, the extracted values of residual
stress, which were not compensated for differences in A,
were not identical. The best fit occurred for -3.2 MPa for the
25.1 V deflection and -2.9 MPa for the 18.0 V deflection.
The negative stress value indicates compression. By
comparing the two, A and true residual stress are extracted.
The values are shown in Table 1. To further test the
measurement, the deflection of the beam under 14 V
potential was measured and modeled, as shown in Figure 8.
The resulting best-fit, uncompensated residual stress was
-2.7 MPa. The corrected residual stress was -2.8 MPa, within
0.2 MPa of the measured value.

To study the resolution of the method, the deflection
curves at a series of stress levels were modeled and
compared to the measured deflection at 25.1 V. The result is
shown in Figure 9. A difference of 0.1 MPa causes a change
in maximum deflection of about 20 to 40 nm, which is well
resolved using the interferometry. Therefore, we have gained
high confidence in the measured stress value of
-2.9+0.1 MPa, and we can now use this value to improve
process control, especially to help ensure that future films
are deposited in tension, which is the desired state.

CONCLUSION

IMAP is a method to accurately determine material
properties in MEMS. Interferometry has allowed the devel-

opment of accurate models for beam deflections, leading to
high confidence in both the boundary conditions and
mechanical property values. Our measurements showed
E =170+43 GPa and 6 =-2.9+0.1 MPa for polysilicon
beams. Further, the interferometric measurements have led
to a better understanding of the process, Hlustrated by the
unloaded beam angles and the disparate heights of the fixed-
fixed beam pads. The continuation of this work will enable
accurate feedback for both process engineers and designers.
Future work includes studying a variety of boundary designs
to find an optimized design, as well as correlating support
post models with FEM.
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