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Micro-Raman Measurement of Bending Stresses in
Micromachined Silicon Flexures
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Abstract—Micron-scale characterization of mechanical stresses
is essential for the successful design and operation of many micro-
machined devices. Here we report the use of Raman spectroscopy
to measure the bending stresses in deep reactive-ion etched silicon
flexures with a stress resolution of~10 MPa and spatial resolu-
tion of ~1 pm. The accuracy of the technique, as assessed by com-
parison to analytical and finite-element models of the deformation,
is conservatively estimated to be 25 MPa. Implications for the use
of this technique in microsystems design are discussed. [995]

Index Terms—Microelectromechanical systems (MEMS), micro-
Raman, reliability, stress.

I. INTRODUCTION

ICROELECTROMECHANICAL systems (MEMS) can
be subjected to mechanical loads during fabrication [1] | T
deployment [2] and operation [3] and are susceptible to failure
due to fracture [3], buckling [4], and stiction [5]. AssessmerHig. 1. Scanning electron micrograph of deep reactive-ion etched single-
of the reliability of micromachined structures requires accuragg/stal silicon flexures. The scale bar represents 1 mm.
characterization of mechanical stresses. Direct measurement of
local stresses must often accompany analytical or numeri€gnsider, for example, the fluidic package of recently developed
models for deformation due to imprecise knowledge of matgilicon microrocket and microengine devices that consists of
rials properties, inability to predict the magnitudes of intrinsitnetal tubes joined to silicon structures using glass seals. Numer-
residual stresses, and to assist in microsystems design [6]. ical analysis and observations of brittle fracture indicate large
Several techniques now exist for measuring stresses in Biresses, with significant gradients over micron distances, in this
croscale structures. The ones commonly used in MEMS d@mposite structure [9]. The existing techniques cannot readily
sign include wafer curvature measurement, fabrication of pd¥ used to measure such stresses.
sive strain sensors, bulge tests, bending tests, and resonant testbere is a clear need for new experimental techniques capable
[7]. These techniques are primarily used to characterize residab¢haracterizing residuand appliedstresses with micron spa-
stresses in thin-film structures with a lateral spatial resolutidi@l resolution in micromachined structures. A possible candi-
typically exceeding tens of microns. date is micro-Raman spectroscopy. It is well known that spec-
The increasing range of applications for MEMS, especially i#fioscopy can be used to characterize stresses with micron spatial
power generation and propulsion [8], has led to growing interg&solution in macroscale structures and silicon microelectronic
in structures with critical dimensions in the range 0.1 to 10 mrelevices [10]-[28]. The few existing spectroscopic characteriza-
tion studies of MEMS [29]-[33] do not comprehensively eval-
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Fig. 2. Model of the flexure as a cantilevered beam of thickieasd length
L, subjected to a tip displacemeht The crystallography of the specimen is
indicated.

Fig. 3. A portion of the finite element mesh used to analyze the deformation

. . . . . . of the flexure. Clamped boundary conditions were imposed on the right end of
calculations reported in this paper refer to stresses in the vicing¥ mesh.

of the top surface.

The starting material for fabrication was a double-polishegy, o alue of the Young’s modulyg) along the{1, 1, 0]-direc-
(1,0,0)-oriented, single-crystal silicon wafer. One surface was, in the (0,0,1)-plane of silicon is used in (i) to match the

coated with photoresist AZ4620 spun to a speed of 4000 IR s¢4jl0graphy of the structure under consideration. This value
to achieve a final thickness ef10 pm. After photolithography o< peen estimated to be 168.9 GPa [36].

and development, the patterned photoresist served as a maskir@quation (1) is invalid in a region of ordérin the vicinity of

material during the etching of the silicon substrate. Deep-regfe (oot as a consequence of Saint-Venant's principle [35]. The

tive-ion etching was performed in a Surface Technology System&smptions of plane sections remaining plane, and of uniaxial
inductively coupled plasma reactor, with alternating cycles of regess distribution, are violated in this region due to the finite

active-ion etching in 8F plasma and polymer deposition fromgqqpjiance of the supporting silicon structure and any stress
aCFy plasma. The etch rate wa.2 ym/ min and the selec- ., ceontrations at the fillet. The stress componentsando,..

tivity of silicon to photoresist approximately 70:1 [34]. The unysq;me nonzero values at the root. In order to take these effects

etched photoresist was subsequently stripped in oxygen plasig, consideration, numerical analysis was performed using the
After fabrication, a 1 mm diameter silicon sphere was insertefloinod of finite elements

between the tips of two adjacent flexures. The deflections of the

tip () of the flexures were measured to be 6@b and 87um, B, Finite-Element Analysis
respectively. The errorin the measuremeritisfestimated to be
~1 pum(£1.5%). Care was taken to avoid torsional loads duringr
the loading process.

The deformation of the flexure was analyzed using a gen-
al-purpose finite-element solveABAQUS[37]). The cross
section of the flexure was assumed to be rectangular and a two-
dimensional (2-D) model was created using four-node plane
stress quadrilateral elements. A portion of the supporting silicon
A. Euler-Bernoulli Beam structure was also meshed to account for any support compli-

As a first approximation, we model each flexure as an EuleR1C€ (se€ Fig. 3). Clamped boundary conditions were imposed

Bernoulli beam of uniform rectangular cross-section of Iengﬂlr' _the end of the support. Silicon was modeled as an isotropic
L, width b, thickness:, and tip deflectiors, as shown in Fig. 2. S°lid (£ = 169 GPa andv = 0.07) and a total of 26 520 ele-
This implies the following set of assumptions [35]: 1) plane se81€Nts were employed in the mesh. o

tions remain plane; 2) the beam is initially straight; 3) the beam The tip of the beam was s_ubjected tO.Stat'C c_hsplacements of
is homogeneous and perfectly elastic; 4) the flexure deforfig-2#m and 87,m by applying appropriate point forces. The

in pure bending; and 5) Poisson contraction (or expansion)qga"ty of the mesh was verified by first analyzing the stresses

not constrained. This last assumption is valid for narrow bearffthout any support compliance. The normal stress.,

(b < 5h) and because the Poisson ratio of silicon for the offiaiched (1) to-3%. With the same mesh density, but with the

entation under consideration is only 0.064 [36]. The choice gfidition of the support structure, the valuesof matched (1)

o e : ST
single-crystal silicon as the starting material ensures that fifer~7%, indicating only a modest support compliance " this
flexures are not subjected to any residual stresses. structure. The stresses, ando,. were found to be localized

The theory of small deformations is valid sinbe> 204 and at the root and assume nonzero values only on the domain

L > 406.When the flexure is deformed in pure bending, we eX- < < 100 pm.

pect a uniaxial stress,..) that is tensile at the surface= h,

compressive at the surface= 0, and zero at = (h/2). All

other stress components are identically zero. The spatial varial he analysis of the previous sections refers to a coordinate

tion of o, is then given by [35] system with unit vectors parallel tfi,1,0], [-1,1,0] and
[0,0,1], such thato,.. is parallel to[1,1,0]. The use of the

3ESh (L— ) [_1 . 2_1 ) crystal coordinates, with unit vectors parallel {w,0, 0],
213 h|- [0,1,0], and [0,0,1], is more convenient in spectroscopic

[ll. M ODELS FORMECHANICAL DEFORMATION

C. The Strain Tensor

Uzz(ivv Z) =
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TABLE | A +
ELASTIC CONSTANTS OFSILICON [36]

Property Value Lens

Sii 7.68 TPa™

Si -2.14 TPa™
—>[1,1,0]

Sus 12.6 TPa™ Silicon

_ _ _ _ _ Incident radiation
analysis. A simple coordinate transformation results in the
following stress(a;;) and strain(e;;) tensors in the crystal —.—.. Scattered radiation

coordinate system [38
y [ ] Fig. 4. Schematic illustration of backscattering raman spectroscopy. Each

spectrum corresponds to a stress measurement from a vekimem? of

[0.50,, 0.504, 0 silicon.
0ij = | 0505, 0.50., O
L 0 0 0 radiation are both parallel §0,0, 1], the transverse modes are
[ GutSe), S, 0 polarized alond1, 0, 0] and|0, 1, 0], respectively, and the lon-
€ij = Suag Gutse), 0 (2) gitudinal mode is polarized alorig, 0, 1]. The scattering effi-
i 2 0 2 0 S1900n ciency, I, can be expressed as [19]
whereS:;, Si2, andSy, are elements of the compliance tensor I = AZ lei - R; - es|2 j=1,2,3. 4)
of silicon (see Table ). j

IV. RAMAN SPECTROSCOPY THEORY Here A is a constang; ande, are the polarization vectors of the

ni{éc_ident and scattered light, respectively, the superseria-

jd tes the transposed vector, dRgl(j = 1, 2, 3) are the Raman
larizability tensors. These second-rank tensors are given by

The phenomenon of Raman scattering, and the effects of
chanical stress on the Raman spectrum of single-crystal silic
have been extensively studied and documented [10]-[26].
principal results pertinent to the analysis of the flexure are sum- ]
marized below.

Monochromatic radiation that is incident on the surface of
a solid can, in general, undergo transmission, absorption, and
scattering. In Stokes—Raman scattering the incident photons
couple with phonon-induced changes in the polarizability of
the solid, causing the scattered photons to loose a quantum R, =
of lattice energy or phonon relative to the incident photons.

Conservation of momentum dictates that only phonons close to

theI'-point of the Brillouin zone are excited in such processes. Rs; =
Similarly, conservation of energy implies that the frequency

(w) of the excited phonons is given by [10]

R, =

()

SR O RO OoO OO 0o
SO, OO = OO
S OO OO+ OO

corresponding to the crystallographic directiong,0, 0],
o [i 3 i} (3 [0.1.0], and [0,0,1], respectively. For backscattering from
Ai o As the (0,0,1)-plane (i.e., bots; ande; have the formle, 3, 0],
with arbitrary o and 3), (4) and (5) together dictate that only
where); and), are the wavelength of the incident and scatteragle longitudinal mode has a nonzero scattering efficiency. The
radiation, respectively. The quantityis called the Raman shift Raman spectrum consists of a single peak with a Raman shift
and is typically reported in units ofn—!. The Raman spectrum, (wo) of ~521 cm ™1,
then, is a graph of the scattered intensity as a function of thein general, the degeneracy of the Raman frequencies is lifted,
Raman shift and contains information about the physical aaéld the Raman shifts acquire new valges) for each of the
chemical characteristics of the solid. three modes, when silicon is subjected to external mechanical
A schematic illustration of spectroscopy in the backscatterirgresses. The change in the Raman shifis) is given by [18]
geometry is shown in Fig. 4. Stress-free single-crystal silicon
has three degenerate Raman-active optical phonon modes: two oA
transverse and one longitudinal. When the incident and scattered Awj =wj —wo = 2w 7=123 6)
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TABLE I the eigenvectofo, 0, 1]. From (8), therefore, the change in the
PHONON DEFORMATION POTENTIALS (PDPs) OF SILICON Raman shift is simply
Property PDPs of PDPs of A S S S
Chandrasekhar ef al. [15] | Anastassakis ef al. [16] Aw= 22 — ¢(Su + S12) +pS1a Opx- (1D
/2 -1.49 + 0.06 -1.85+0.06 2wo 2wo
Forwy = 521 cm !, and using the phonon deformation poten-
g/ w2 -1.97+0.06 231+0.06 tials of Anastassakist al.[16], we obtain
0
Oz = —434 Aw (12)
P -1.61+0.06 -0.71 +0.02
0 and using the phonon deformation potentials of Chandrasekhar

et al. [15], we obtain

where),(j = 1,2,3) are the eigenvalues of the matrix shown Ozz = =518 Aw. 13)
in (7) at the bottom of the page. Hegg g, andr are the phonon
deformation potentials (PDPs) of silicon (see Table II) apd . 1

. ndAw in cm™*.
are elements of the strain tensor referred to the crystal COOI%I-

nate svstem. For the strain tensor diven by (2). the eigenval Corresponding to any measured change in the Raman shift,
Y ' : : gv y ), Igenv lfl‘ﬁ%grefore, is a uniquely determined value of the local uniaxial
of (7) can be readily shown to be

stress in the flexure. The locality of the measurement is deter-
mined by the spot size, which is 1;3n in our measurements.

In both (12) and (13)y.... is expressed in units of megapascals

1
A =7 [P0z (S11 + S12) + q022(S11 + 3S12) + 1022544]

% V. RAMAN SPECTROSCOPYMEASUREMENTS
Az =5 [Powa(S11 + S12) + 4000 (11 + 3512) = 7000 5] Raman spectroscopy was performed using a commercial Ren-
A3 =[q(S11 + S12) + pS12] 0w (8) ishaw spectrometer (model 1000 B) in the backscattering con-
figuration. The spectral excitation was produced by utilizing
corresponding to the eigenvectof$, 1,0], [—1,1,0] and the 514 nm line of an argon-ion laser. The incident light, po-

[0,0,1] respectively. The applied stress can also lead tolarized parallel to thg—1, 1, 0]-direction, was focused on the
change in the Raman polarizability tensors. This change (30,1)-surface of the structure using a 50X microscope objec-
assumed to be a linear combination of the stress-free tendiws, and the scattered light was collected using the same ob-
given by [25] jective, as illustrated in Fig. 4. The direction of polarization of
the scattered light was not analyzed. The spot size of the inci-
R{ = (n1)xRy + (n2)rRo + (n3)eRs k=1,2,3 (9) dent beam is estimated to be L., and the sampling depth is
~0.8 um, based on the penetration distance of 514 nm light in

where the superscriptdenotes the stressed-value of the tenso?l,IICOn [10]. Each spectrum th3eref0.r_e represents a stress mea-
gurement from a volume1 um? of silicon.

n1)k, (n2)k, and(ng), are the directional cosines between th
(m)r, (n2)s (ma) All the measurements were performed at room temperature

kth eigenvector of (8) and the three stress-free eigenvectors o
From (5), (8) and (9), we obtain 300 K). The incident power was chosen to be 2 mW, corre-

sponding to a power density of 30€W/cm2, to minimize
local heating due to the laser probe. The time for collecting

RY — 1 8 8 1 a single spectrum was between 2 and 4 s. Fig. 5 shows the
NG 11 0 Raman spectrum of stress-free single-crystal silicon. The peak
frequency(wy) was determined to b&20.91 + 0.01 cm™! by
. 1 0 0 1 fitting the intensity to a Lorentzian function [39]. The coef-
Ry = ﬁ 0 0 -1 ficient of determination of the fit was 0.99 and the full width
1 -10 at half maximum intensity was-3.5 cm™'. Fig. 6 shows the
0 10 Raman shifts obtained from a line scan on stress-free silicon.
R;=1|1 0 0. (10) The spectral resolution is estimated to £6.02 cm~! from
0 0 0 this measurement. This corresponds to a stress resolution of
~10 MPa from (12) and (13).
As before, for arbitrarye; ande, propagating alongo, 0, 1], The bending stresses were characterized by performing line

the Raman spectrum contains a single peak correspondingtans across the thickness at several locations along the axis

pei1 + q(ean + €33) 2req 2res
Yij = 2reqa pega + q(ess +€11) 2reog . (7)
2req3 2rea3 pess + q(e11 + €22)
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Fig. 5. The raman spectrum of stress-free single-crystal silicon.

Fig. 8. Line scans of the same location, using different stepping distances,
demonstrate that the measurements are repeataiie.62 cm—!.

52094+ o =520.91 +0.02 cm’’
1 . —0.6 cm™! to +0.6 cm™—!. Two independent line scans of the
520,93 - --mm oo o o same location, with stepping distances @fiit and 5um, agree
e 1 to £0.02 cm ! (see Fig. 8), confirming the repeatability of our
£ 52092 . . . measurements.
6’_° The measured changes in the Raman shift were converted
£ 52091 —e—aa . into stress values using (12) and (13). The stress profiles at dis-
» tances of 60Q:m and 120Qum are shown in Figs. 9 and 10, re-
g 520804 = . .- . spectively. The predictions of the Euler—Bernoulli model and fi-
g " nite-element models are also shown. The stress values obtained
(X 52089------- e STt using the phonon deformation potentials of Anastassetkis.
520,88 ] . - _ [16] provide a consistently better match to model predictions.
0 20 40 60 80 100 120
Position (um) VI. DISCUSSION

Fig. 6. Raman shifts determined at several locations on a stress-free siligan Resolution and Accuracy
wafer from a line scan. The spectral resolution of 0:62-! corresponds to a . L .
stress resolution 010 MPa. Fig. 6 indicates that the spectral resolution of the measure-

ment is 0.02cm~!. From (12) and (13), this corresponds to a

5216 stress resolution o£10 MPa and represents the smallest rela-

x = 1200 pm tive stress difference that can be measured in our experiments.
[ =87 um The determination of absolute stress value depends also on the
5214 "mg ) X
. knowledge of the elastic constants and phonon deformation po-
— - tentials of silicon.
§ 521.2- "ra, The elastic constants of silicon have been measured to
Py . +0.25% [40]; multiple, independent measurements confirm
& 521.0 - . the values of Table | to be accurate. On the other hand, the
7] - phonon deformation potentials are known only4#8% and
& 5208 . two independent measurements report values that differ, on
§ e, . average, by about 20% (see Table II). Chandrasekhar, Renucci,
520.6 ", = and Cardona [15] measured one set using backscattering
1 . experiments, while Anastassakis, Cantarero and Cardona [16]
520.4 1

revised these values using transmission spectroscopy. The latter
values are expected to be more accurate since they exclude any
Position along thickness, z (um) possible surface relaxation effects. Figs. 9 and 10 confirm this
Fig. 7. Raman shift measured as a function of position along thickness usi@gpectation.
a line scan. (For this scamy = 521.01 cm™"). Ideally, the accuracy of our measurements should be assessed
by comparison to results from an alternate, well-established,
of the flexures. Each scan commenced at the compressivielghnique. Lacking any convenient such alternative, we assess
stressed edge. A representative graph of the measured Ratharaccuracy by comparing the measurements to the predictions
shifts is shown in Fig. 7. The changes in the Raman shifts (witt finite element analysis. Using the phonon deformation poten-
reference to the measured stress-free value) lie in the ranigés of Anastassakist al.[16], the spectroscopic measurements

T T T T M T M T T T M T T T T T T T T
0 15 30 45 60 75 90 105 120 135 150
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300] ® PDPs of Chandrasekhar et al. [15] - nominally identical flexures tested to fracture in bending exper-
1 * PDPs of Anastassakis et al. [16] LN iments indicated that the cross-section is still symmetric about
}---- Euler-Bernoulli Model 8 he ol — 341. Furth h . " .
2004 Finite Element Analysis the plane: = L/2_[ _]. urther, the position of zero stress in
] Figs. 9 and 10 coincides with the nominal position of the neu-
T 1004 Tension tral axis(z = 75 pm). We conclude that the shape is not solely
s ] f responsible for the observed asymmetry.
o i | Fifth, it is possible that the flexure suffered unintentional
3 _100_3 Compression torsional loads, or out-of-plane bending, during deformation.
1 ] Again, the coincidence of the zero-stress locations witk
D 200.] h/2 is an argument against any such additional deformation.
L %= 600 um It must be noted that, for the crystallography and scattering
-300 5=69.5 um geometry under consideration, some stress states (such as pure

shear) will induce no change in the Raman shift of the lon-
gitudinal mode, and cannot be ruled out based purely on the
Position along thickness, z (um) position of the neutral axis. For the same reason, however, such
Fig. 9. Stress profile across the thickness of the beam-at600 ym. The ~Strésses cannot account for the observed asymmetry in tension
phonon deformation potentials (PDPs) of Anastassakial. [16] provide a and compression.
closer match to the predictions of the finite-element analysis. Finally, the structures were prepared using deep reactive-ion
etching and it is possible that processing-induced residual
stresses are present in the flexures. Any such stresses are ex-
3004 ® PDPs of Chandrasekhar et al. [15] pected to occur at the beam edges and should affect the tensile
] * PDPs of Anastassakis tal [16] Lo and compressive regions to the same extent. No significant
Finite Element Analysis © R changes of the Raman shift were detected during measurements
of undeformed beams. Residual stresses can therefore be
excluded from consideration.

We conclude for the present that the accuracy of our measure-
ment lies in the range 10 MPa to 25 MPa. The expectation is that
future measurements will result in narrower bounds. It is worth
emphasizing thagven the conservative estimate of 25 M&a
-200 - comparable to the accuracy achieved using other methods of mi-
IS X = 1200 um croscale stress measurement and is sufficient for applications in
-300 =87 um microsystem design [7].

T T T T T T T T 1 1
0 15 30 45 60 75 90 105 120 135 150

200

Tension

(MPa)

XX
o
1 A

1 Compression
-100 A

Stress, ¢

T T T T T T T T T T

0 15 30 45 60 75 90 1(I)5 150 ) 155 151)0
Position along thickness, z (um) B. Complex Stress States
_ , , The interpretation of stress fields using spectroscopic data re-
Fig. 10. Stress profile across the thickness of the beam &t 1200 pm. . fulid ificati fthe f fth Thi
Again, the phonon deformation potentials (PDPs) of Anastassala [16] ~qUIreS careiul entl 'Cat'on(_) the form of the stress tensor. This
provide a closer match to the predictions of the finite-element analysis. is generally true of other microscale stress measurement tech-
nigues [7]. Significant errors can occur when such identification

match the analysis to 10 MPa in compression but overestiméﬁéncorrecuy made.

by ~25 MPa in tension. The reason for this mild asymmetry is As an illustrative example, consider the stresses at the root
unclear at present. We have considered, and discounted, thefbithe flexure. The finite element analysis indicates normal
lowing possibilities. (02 ando..) and sheafs,.) components with magnitudes

First, the Raman shiftis known to be sensitive to ambient cof¥c€eding 100 MPa. If, instead, the stress field is assumed to
ditions. The reference valuey, was measured prior to everybe uniaxial and the spectroscopic data convertet_j using (12), the
scan to account for such effects. There was no systematic difigultant errors can exceed 100 MPa as shown in Fig. 11.
during the line scans as demonstrated by Fig. 6. Second, we corEven when correctly identified, it is nontrivial to extract mul-
sider errors due to specimen orientation such that a scan al§Réf Stress components from backscattering measurements of
the z-axis was also a scan along thexis. An error of 15 MPa Raman shifts. One possibility is to perform self-consistent nu-
in stress measurement requires a misalignment greater than 8terical and spectroscopic analysis to deduce the stress tensor
This is unreasonable since we estimate any such alignment[ér]. The other is to perform additional spectroscopic measure-
rors to be less tharPan our setup. Third, the scan direction (i.e.ments involving the polarizations of, and the relative angles be-
the z-axis of Fig. 2) is not exactly perpendicular to the neutrdiveen, the incident and scattered radiation. Such studies are
axis due to the deformation of the structure. It is simple to shd@pics of current research [25], [26], [41]. The use of time-re-
that this geometric effect results in a correction less than 1 MR®Jved spectroscopy to measure dynamic stresses in rotating mi-
and can be neglected. cromachinery is also being explored.

Fourth, the cross-section of the flexure is trapezoidal, and notMany materials including zirconia [21], silicon carbide [22],
rectangular, as mentioned earlier. Microscopic examinationsaiminum nitride [23], and diamond [24] are Raman active
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300] * PDPs of Anastassakis et al. [16] values ofo,iass. The value that leads to the closest match with
""" Euler-Beroulli Model spectroscopically measured stresses will be used in further de-
—— Finite Element Analysis yal .
200 - X sign [42].
1 d w’l“" The use of spectroscopy to determine optimal processing
& 1001 M parameters, such as annealing conditions to minimize in-
] Tension L . . .
= o trinsic residual stresses, defines a second category of applica-
b “ | tions. Because the phonon deformation potentials are sensi-
2 100 Compression tive to structural details (grain size; type and concentration of
o ] * ) )
& ] dopants), the values listed in Table Il cannot be used. Changes
-200 -'*:; in the Raman shift will have to be calibrated as functions of
] X = 65 um the applied stress for each specific set of structures of interest
-300p7 5 =69.5 ym [43].

T T T T T T T T r T 1 T T T T T T LI
0 15 30 45 60 75 90 105 120 135 150
Position along thickness, z (um)

Finally, it is instructive to note that recent progress in x-ray
optics has led to the development of another stress measurement
technique—scanning X-ray microdiffractiquSXRD)—that
Fig. 11. Stress profile at the root of the beam assuming a uniaxial stress stggn determine the entire stress tensor, with micrometer spatial
;Lf:s;gsﬁ:}l:gj? resolve complex stresses represents a significant "m'tatlonfésolution, in mono- and polycrystalline specimens [44]_ How-

ever, the use ofiSXRD in microsystem design is limited by

and can be characterized using spectroscopy. Extension&§6€ss t0 high quality synchrotron sources.

polycrystalline materials have also been attempted, although
confinement effects due to the finite size of the grains can lead VIIl. CONCLUSION

to asymmetric peak broadening and complicate the extractionyjicron-scale characterization of mechanical stresses is es-
of stress information from such measurements (27], [2_8], [3Yential for the reliable operation of many micromachines. The
Many common metals are typically not Raman active anghiaxial bending stresses in a micromachined single-crystal sil-

cannot directly be characterized using spectroscopy. icon were characterized using Raman spectroscopy. The stress
resolution(~10 MPa) of this technique is comparable, and the
VII. I MPLICATIONS FORUSE INMEMS DESIGN spatial resolutiori~1 zm) considerably superior, to those of the

The preceding sections demonstrate that Raman spe#er commonly used microscale stress measurement methods.
troscopy can be used to characterize simple stress statedhg accuracy of the technique, as assessed by comparison to
micromachined single-crystal silicon structures with micronfinalytical and numerical analysis of the deformation, is conser-
eter spatial resolution. Previously measured values of elast@fively estimated to be 25 MPa. The utility of this technique in
constants and phonon deformation potentials can be ugBigrosystem design was discussed.
to obtain a stress sensitivity 610 MPa, which is usually
adequate for designing bulk-micromachined devices. The ACKNOWLEDGMENT

measurements are rapid, nondestructive, and are made using . . thors are indebted to Ms. A. Mracek of MIT for per-

commercially &llvallable-mst-ruments. i ) , forming the scanning electron microscopy.
Whereas this combination of attributes is unique among

microscale stress measurement techniques, the inability to
resolve complex stresses significantly limits the utility of
micro-Raman spectroscopy in design. Fig. 11 highlights this[t] M. J. Madou, Fundamentals of Microfabrication Boca Raton, FL:
. ; . ) CRC, 2002.

Observa_‘tlon' Th_e maximum bending stresses, and the S_I_teS f 5] V. T. Srikar and S. D. Senturia, “The reliability of microelectromechan-
nucleation of brittle fracture [34], occur at the root of the silicon ical systems in shock environmentg, Microelectromech. Systol. 11,
flexures. Yet, backscattering micro-Raman measurements are pp. 206-214, 2002. _ _ _
incapable of accurately characterizing these critical stresses. [B] K-S Chen, A. A. Ayon, and S. M. Spearing, “Controlling and testing

i . . T the strength of silicon on the mesoscalé, Amer. Ceram. Socovol. 83,

Until further advances permit tensorial stress analysis, itis  pp 1476-1484, 2000.

expected that spectroscopy will be most effective when used4] S. D. SenturiaMicrosystems Design Norwell: Kluwer, 2001.

in Conjunction with numerical analysis. This is especially true [5] C.H. Mastrangelo, “Adhesion-related failure mechanisms in microme-
chanical devices,Tribol. Lett, vol. 3, pp. 223-238, 1997.

if one parameter., Sl'JCh as the cgefﬁment of thermal eXpa”S'Or[ts] V. T. Srikar and S. M. Spearing, “Materials selection in micromechanical

(«) of one material in a composite structure, is unknown. One  design: An application of the ashby approach,’Microelectromech.

example of current interest is the design of glass-silicon her-m Syst, VXL 1t2 plp- 3-10, fFek_J- 2003-| ol tesi hod g
. . A . . . . ——, “A critical review of microscale mechanical tes INg metnods use:

metic seals in the silicon mlcrorocket device mentlo'ned earlier in the design of MEMS, Exper. Mech, 2003,

[9]. The sealing process involves a thermal excursion of over(g) A.H. Epstein and S. D. Senturia, “Macro power from micro machines,”

1000 °C; the resultant thermal stresses cannot be accurately Sciencevol. 276, p. 1211, 1997.

calculated sincery.s, is not well characterized. Hence, we are [9 Y Peles, V. T. Srikar, T. S. Harrison, C. Protz, A. Mracek, and S. M.
Spearing, “Fluidic packaging of microengine and microrocket devices

employing parametric finite-element computations to predict ¢y, nigh-pressure and high-temperature operatiod,” Microelec-
the (uniaxial) stresses in silicon using systematically varied  tromech. Systvol. 11, 2002.
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