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ABSTRACT

Due to the unique structure and small scale of Micro-
Electro-Mechanical Systems (MEMS), residual stresses
during the deposition processes can have a profound af-
fect on the functionality of the MEMS structures. Typi-
cally, material properties of thin �lms used in surface mi-
cromachining are not controlled during deposition. The
residual stress, for example, tends to vary signi�cantly
for di�erent deposition methods. Currently, few tech-
niques are available to measure the residual stress in
MEMS devices. In this paper, Raman spectroscopy is
utilized to examine the residual and induced stress in a
polysilicon MEMS micromirror. Finite element model-
ing (FEM) curves using MEMCAD software are gener-
ated and compared to Raman spectroscopy stress pro-
�les for test validation. As MEMS structures become
more complex, the stress images generated from FEM
and Raman spectroscopy will provide valuable informa-
tion on stress �elds in the structure.
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1 INTRODUCTION

MEMS systems are becoming an integral part of our
everyday lives. MEMS are used in many applications
such as air bag triggers in automotive applications and
MEMS pressure gauges. However, on the scale on which
MEMS devices are built, residual stresses can play a
major role in the successful use and reliability of the
device. In many devices with free standing structures,
residual stress can physically warp the device to a degree
that the free standing structure either curls upward or
touches the substrate and is no longer useful because of
`stiction' e�ects. In micromirror arrays, residual stress
gradients can destroy the 
atness of the mirror surfaces
making them unusable. However, if the residual stresses
can be mapped, and eventually controlled during the
manufacturing processes, the designer will no longer be
forced to limit his design to the manufacturing stresses.
These stresses will in e�ect be an additional degree of
freedom for the MEMS designer.

Several di�erent methods have been used to char-
acterize strain in thin �lms of silicon. Interferometric

measurements of de
ection and curvature yield average
strain measurements. X-ray di�raction techniques can
measure stress but the technique is cumbersome and
lacks a high spatial resolution [1]. Micro-Raman spec-
troscopy is increasingly being used to measure stress
in electronic silicon devices. This technique is nonde-
structive and accurate for most required stress measure-
ments. Since it is an optical technique, micro-Raman
spectroscopy shows promise as a minimally invasive in

situ measurement technique for the manufacture of
MEMS devices.

2 EXPERIMENTAL

In this paper, we investigate the measurement of
residual and induced stress in a MEMS micromirror 
ex-
ure utilizing micro-Raman spectroscopy. Raman spec-
tra were obtained using a Renishaw system 2000 Raman
microscope in backscattering mode. The laser used was
an Ar+ laser at 514.5 nm. The laser power was lim-
ited to 3.0 mW to minimize sample heating. Scanning
was accomplished using a stepping XYZ stage with a
1 �m resolution. The MEMS device used in these exper-
iments was a polysilicon micromirror fabricated using
the Cronos Multi-User MEMS Processes, or MUMP's
process. The microdevice was wire bonded to a 144-pin
grid array (PGA) and mounted on a test �xture. Scans
of these structures were accomplished by focusing the
laser through a microscope objective, resulting in a spa-
tial resolution of approximately 1 �m. The frequency
shifts in the Raman spectra were found by �tting the
single Raman peak with a Lorentzian function with an
error of approximately 0.1 Rcm�1 (The unit `Rcm�1'
denotes \relative cm�1"; the frequency is always mea-
sured relative to the frequency of the laser light).

3 THEORY

The goal of this paper is to show that micro-Raman
spectroscopy can be used as an e�ective measurement
technique to determine local and induced stress values in
MEMS devices. Several papers have shown that micro-
Raman spectroscopy is an e�ective measure of mechani-
cal stress in silicon [1]{[3]. To achieve this goal, the focus
is not on the precise value of stress, but rather on demon-
strating that the stress pro�les obtained from micro-



Raman spectroscopy are both reasonable and helpful to
the MEMS designer. However, to fully understand the
data presented, it is necessary to brie
y develop the rel-
evant theory.

Ganesan [4] was one of the �rst to show the e�ects
of strain on diamond structured crystals. The Raman
spectra of silicon has one peak at 520 Rcm�1, which
is comprised of three degenerate k = 0 optical phonon
modes. Using the following secular equation one can
solve for the e�ect of strain on these optical modes
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where

a = p�11 + q(�22 + �33)� �1 (2)

b = p�22 + q(�33 + �11)� �2 (3)

c = p�33 + q(�11 + �22)� �3 (4)

The constants p, q, and r are the optical phonon de-
formation potentials, and �ij are the strain tensor com-
ponents. By solving equation (1) for the eigenvalues,
the following equation relates the solutions to the shift
in the Raman peak frequencies

�m(m=1�3) = !2s + !2u (5)

where !s and !u are the stressed and unstressed Raman
frequencies for the crystal. The strain components �ij
are related to the stress components �ij (Pa) through
Hooke's law
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where [S] (Pa�1) is the elastic compliance matrix for a
cubic crystal structure [5]. By assuming uniaxial stress,
the following stress/strain relations are obtained from
equation (6): �11 = S11�1, �22 = S12�2, and �33 =
S12�3. By substituting these stress/strain relationships
into equation (1), solving equations (1) and (5), and uti-
lizing the fact that only the third phonon mode will be
visible in the backscattering mode from a [100] surface,
one obtains

4!3 =
�3

2!0
=

�

2!0
[(pS12 + q(S11 + S12)] (7)

Using the material parameters found in De Wolf [2],
equation (7) reduces to

4!3(cm
�1) = �2� 10�9�(Pa) (8)

It can be seen from equation (7) that for the case of
uniaxial stress, the Raman shift is linear with the change
in stress. The Raman center frequency for unstressed

silicon is 520 Rcm�1. Compressive stress will shift this
frequency value higher while tensile stress will shift it
lower.

In the following set of experiments, there are several
possible sources of error to include: 1) the imperfect as-
sumption of uniaxial stress, 2) the use of the phonon
deformation potential constants for single crystal sili-
con rather than phosphorus doped polycrystalline sili-
con, and 3) our value of Young's modulus. The 
exures
of the micromirror device were selected since they have
high length to de
ection ratios (114 �m � �0.6 �m).
These high ratios ensure the uniaxial stress assumption
is reasonable and the resulting stress pro�les can qual-
itatively con�rm that stress values were actually being
observed. The results presented in the next section pro-
vide an approximation of the true stress values present
in the MEMs device.

4 RESULTS AND DISCUSSION

Through the use of micro-Raman spectroscopy and
�nite element models (FEM), the residual and induced
stress pro�les for the MEMS micromirror 
exure can be
compared. This allows us to address changes in stress
values using various electrostatic actuation voltage lev-
els. Through this observation and comparison of the
experimental data to the FEM data, the feasibility and
accuracy of using micro-Raman spectroscopy to measure
stress can be determined.

Figure 1: MUMPsTM Polysilicon Micromirror

The MEMS micromirror shown in Figure 1 is a single
element of a deformable mirror array for use in adap-
tive optics [6]. The mirror is actuated electrostatically



through the use of an electrode pad located under the
center of the mirror. As part of the MEMS design, dim-
ples located under the 
exures prevent `stiction' e�ects
when snap-down occurs. The 
exures surrounding the
mirror are constrained from movement by anchors at
one end and attached to the mirror at the other end.
As seen in Figure 1, the 
exure attachment to the mir-
ror is solid. This will allow translation at the end of the

exure, but will resist rotation. The Raman scan line is
identi�ed in Figure 1.

The micromirror 
exure can be modeled as a beam
as shown in Figure 2. As the actuated mirror 
exes
the beam downward, one would expect to see the in-
duced stress distribution on the top of the beam to be
essentially a backward S-shape. A tensile stress section
should exist close to the �xed end of the beam followed
by an in
ection point and a compressive stress near the
end attached to the mirror.

Figure 2: Mechanical Beam Model of the Micromirror
Flexure

Raman stress measurements include both induced
and residual stresses. To accurately characterize the in-
duced stress, one must �rst obtain the residual stress.
Figure 3 shows both the Raman frequency shift along
the longitudinal axis of the 
exure as well as the result-
ing residual stress calculated assuming uniaxial stress.
The 
at region on the left-hand side of both curves corre-
sponds to the anchor of the 
exure. The stress distribu-
tion starts with a small tensile stress close to the anchor
and reaches a maximum of approximately 900 MPa just
past the midpoint of the 
exure, then begins to relax as
it approaches the mirror attachment. The assumption
of uniaxial stress should be fairly reasonable since they
have high length to de
ection ratios. However, the ge-
ometry of the mirror attachment will add some degree
of torsion to the 
exure.

To induce stress in the micromirror 
exure, the mi-
cromirror was electrostatically actuated for voltage lev-
els of 10, 13, 16, and 20 V. Since snap-down of the mir-
ror occurs around 16.5 V, these voltage levels will assist
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Figure 3: Residual Stress Distribution along the Mi-
cromirror Flexure

in identifying the snapdown region of the micromirror
using Raman spectroscopy. To avoid hysteresis e�ects
during the actuation, care was taken to approach the
voltage value from the lower side for all measurements.
At each voltage setting, a Raman line scan was taken
across the same physical dimensions used to �nd the
residual stress distribution in Figure 3. The residual
stress (the stress measured with no electrostatic actu-
ation) was subtracted from each of the corresponding
stress distributions to yield the induced stress curves.
In an attempt to verify the induced stress curves ob-
tained experimentally using micro-Raman spectroscopy,
a MEMCAD 4.8 �nite element model (FEM) was used.
In addition, the FEM stress curves will help support the
assumption of uniaxial stress in the 
exure.

Figure 4 illustrates both the Raman and FEM stress
curves for 10, 13, 16 and 20 V applied to the micromir-
ror. The Raman stress pro�les depicted are fourth order
polynomial �ts, and have been adjusted to eliminate the
anchor end for ease of comparison to the FEM pro�le.
As can be observed from Figure 4, the stress magni-
tude is higher in the Raman stress pro�le. One can
account for some of the error due to the residual stress
value used in the FEM model. The residual compressive
stress value used was 9 MPa. This value is obtained by
the MUMPs foundry process through a wafer curvature
technique. This technique is used to determine the resid-
ual stress for the MUMPs process. The wafer curvature
technique provides a mean value of �lm stress across
the wafer. No localized stress information or stress gra-
dients can be obtained using this method. The localized
residual stress was later determined to be �36 MPa us-
ing a buckled beam array [7]. This would account for a
signi�cant percentage of the error observed.

The FEM stress curve for 20 V (snap-down) is shown
in Figure 5. The shape of the induced stress curve in the
snap-down region conforms qualitatively to the expected
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Figure 4: Fourth Order Polynomial Fit of Raman Data
vs. MEMCAD FEM Stress Pro�les

S-shaped distribution for the beam model shown in Fig-
ure 2. In fact, there is tensile stress close to the anchor
(left) end of the 
exure which decreases through an in-

ection point. This is followed by an increase in tensile
stress near the right end of the beam. The shape of the
curves corresponds well with the nature of electrostatic
actuation. The shape changes gradually as voltage is in-
creased. Then, as the snap down voltage is approached,
the shape of the curve changes abruptly corresponding
to a large change in de
ection over a short voltage range.

20 30 40 50 60 70 80 90 100 110
0

5

10

15

20

25

30

35

40

45

50

Distance (µm)

S
tr

es
s 

(M
P

a)

Figure 5: FEM Induced Stress in the Flexure at Snap-
down

All stress curves obtained from the Raman data are
based on the assumption of uniaxial stress. Based on
this assumption, the stress will predominantly occur
down the length of the 
exure (x-direction). The stress

across the 
exure (y-direction) and through the depth of
the 
exure (z-direction) should be minimal. Based on
our calculated MEMCAD stress pro�les for the y and
z-directions, we determined that the magnitude of the
stress in the y and z-directions is negligible when com-
pared to the uniaxial FEM result along the length of
the 
exure. Thus, the modeling results suggest that the
uniaxial stress approximation is valid.

5 CONCLUSIONS

In this paper, we demonstrated the feasibility of
micro-Raman spectroscopy for measuring both resid-
ual and induced stresses in a MEMS device. Future
work will focus on increasing the correlation between our
model and experimental results. This work was spon-
sored by the Air Force Research Laboratory.
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