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Abstract. A technique that provides a first approximation to the mean, oy, and
gradient, o1, components of residual stress in a thin-film material is discussed. In
this method, measurements are made on a single micromachined cantilever, as
opposed to an array of structures as used in the related critical-length buckling
approach, to find tensile, compressive and gradient stresses. The measured
deflection profile of a cantilever is reduced to rotation and curvature components,
which are shown to derive independently from oy and o1, respectively. Essential to
this method is the observation that a micromachined structure with a
‘nominally-clamped’ boundary undergoes subtle rotation at its junction with the
portion of the thin film that remains bonded to the substrate but is contiguous with
the structure. This boundary rotation effect occurs through in-plane expansion or
contraction of the bonded film following relief of residual stress. Thus, the
deformation of the micromachined cantilevers considered here and of more general
bulk- or surface-micromachined devices, can be strongly influenced by the state of
stress in the still-bonded film.

1. Introduction [1-4]. Stress gradients become particularly acute as the film
becomes thinner.
Characterization and reduction of residual stress in thin- A general uniaxial residual stress field in a thin film
film structures is important in improving the reliability can be represented by the polynomial
of micro-mechanical, -electronic, -magnetic and -optical
devices. With the development of ‘micromachining’, it is = Y \F
now possible to determine residual stress in a thin film by Groral = ZG"(T&)
measuring the elastic deformation of a structure made from
it. The advantages of such an approach are two-fold: first, where y € (—h/2,h/2) is the coordinate across the
measurements are made on the same dimensional scale adickness,z, with an origin chosen at the film’s mid-
the film of interest and second, because of the intrinsically plane. In the first approximatiomyg, is the superposition
small size of such structures, the local stress field can beof the constant mean stress and the gradient stress,
mapped. Thus, the more traditional techniques, in which the former being symmetric and the latter anti-symmetric,
residual stress is found by measuring the curvature of anabout the mid-plane. In physical terms, the mean stress
entire substrate or wafer, can be supplemented by the usecan be caused by a mismatch of thermal expansion
of micromechanical components. coefficients between the film and its substrate and the
Thin-film structures can deform undesirably as a result stress gradient by more localized effects including atomic
of residual stress; on the other hand, these deformations canliffusion through 2 to the film/substrate interface [5],
be exploited to ‘diagnose’ the state of stress in the film. In interstitial or substitutional defects and atomic peening [6].
the SEM photographs of figure 1, stress gradient through A variety of approaches have been developed for mea-
the thickness dimension of the metallic film causes both suring mean stress using micromechanical components.
the surface-micromachined cantilever and gimbal spring to These techniques involve modelling relationships between
curl. Mean stress can also cause out-of-plane deformationthe deformation, size and geometry of particular micro-
and has been extensively investigated in the context of machined structures and the stresses acting on them. For
buckling and post-buckling of fully clamped structures. instance, the arrays of micromachined clamped—clamped
In general, the state of residual stress in a thin film is beams of different lengths demonstrated by Guekell [7]
complicated, depends on the specifics of the fabrication and by Fang and Wickert [8] can be used to determine
process and is well known to vary through the film thickness residual compressive stress, but they remain incapable of
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Figure 1. SEM photographs of a surface-micromachined titanium showing (a) a cantilever beam and (b) a gimbal spring.

providing estimates for either tensile or gradient stresses.components that derive from the mean and gradient

As a result, such buckling-type approaches are restricted tostress components independently. The implications of

general films and materials in application. these results for research in the broader area of thin-
To measure tensile stress, diagnostic structuresfilm micromechanics include the importance of accurately

of greater complexity were designed, including a modelling boundary conditions of experimentally realized

micromachined ring [9] or ‘T’- and ‘H’-like structures [10].  structures and a re-examination of the ‘clamped’ condition

However, use of even moderately detailed geometries leadsas is commonly applied in the literature.

to additional model approximations and hence uncertainty

in estimates of residual stress. In other approaches,2 Deformation under residual stress

limitations in measurement resolution preclude accurate

estimates of tensile stress [1,10]. In short, compressive For simplicity, the first two terms in equation (1)—the

stresses can be found from readily modelled and fabricatedconstanto, and linear variationo;—are retained in the

micromachined beams, whereas tensile stresses have onlgtress model sketched in figure 2(a), where a thin film

been found, to date, using more complicated structures. in non-uniform residual compression is shown. In this
Quite aside from the issue of mean stress, residual stresdirst approximation,oo represents the cumulative effect

fields which have a gradient through the film have been of all symmetric polynomial terms in equation (1) and

observed in a variety of materials and processes includingo; represents the influence of the gradient stress anti-

thermal oxide [1], LPCVD SiN, [2], boron dopedp™ symmetric functions. The effect of higher-order terms is

silicon [3, 4], polycrystalline silicon [11, 12] and sputtered thus neglected and

titanium as in figure 1. One method of determining gradient

stress has been demonstrated by Chu and Mehregany [3] Ototal ~ UO—HH(hLZ)' 2)
in which the curvature of a micromachined cantilever is /
measured. When a micromachined cantilever is fabricated by

One shortcoming of the available approaches is the removing the film’s supporting substrate, traction at the
ability to measure mean and gradient stresses in afilm—substrate interface is removed, and the structure
thin film simultaneously and from such a prototypical becomes free to deform out-of-plane following relief of
micromachined structure as the cantilever. In the following internal stress. As shown in figures 2(b)—(d), the model
text, experiments and a model are discussed which provideproblem considered here corresponds to deducing, from
tensile/compressive mean stress and gradient stress, byneasured deflections of the cantilever, the uniform and
decomposing measured out-of-plane deformations into gradient stress components that existed in the original film.
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Figure 2. States of loading of a thin film. (a) Initial as-deposited or as-grown state, (b) relief from oy as the beam changes
length, (c) relief from o, as the beam undergoes change in curvature and (d) relief from oy and o; as the boundary rotates.

To model the deformation with accuracy, three states of the nominally-clamped end of TdFundergoes slight rotation
film are explicitly identified: due to an in-plane deformation of JRinder relief from
the residual stress field. This mechanism is notably distinct
from the effects of finite stiffness at ‘step-up supports’ in

(i) TF¢, the portion of the film that forms the cantilever surface micromachining [13]. As a result, ‘“5 effet_:tively_
which deforms after the substrate is removed, and sup_ported by a deformec_j boundary, as depicted in the inset
(iii) TFs, the portion of the film that is bonded to the of figure 2(d), and experiences subtle rotatibas a result

substrate and remains contiguous with, TF of in-plane expansion or contraction of J.FThe boundary
i condition for TR involves zero displacement but a specified

In short, inclusion of Tk and its in-plane deformation  sjope, which is modelled below as a function of the mean
in the model is critical in providing the correct boundary and gradient stresses in the original film TF.
conditions to the cantilever, to predict its deformation and In short, under a general residual stress, W deflect
to determineoo andoy. out-of-plane, with its far field curvature being generated
In figure 2(b), since there is no constraint on the exclusively by o, and with an initial slope determined
cantilever’s free edgey is relieved as the beam changes by both oy and o;. Characterization of the measured

length by AL [1,10]. The gradient component;, onthe  deflections in this manner allows to be estimated.
other hand provides a sensibly constant bending moment

to TR and, as a result of such loading, the beam will
curl as sketched in figure 2(c). This effect has been used
in [3] to find residual gradient stress alone. However, An available finite element package is used to represent
the effect of Tk on the deformation of the cantilever the two-dimensional state of stress and deformation of the
has not been considered and yet can play an importantcombined Tk and Tk structure. In figure 3(a), THies in

role in the mechanics of micromachined structures. The (—L1, 0) and is fixed along its entire surface= —h/2, to

(i) TF, the original thin film which has not been
patterned or etched,

2.1. Modelling
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Figure 3. (a) Mesh used in the finite element model. L; is the length of the bonded film and L, is the length of the cantilever.
(b) Predicted deformation of the cantilever caused by the relief from mean stress alone. The insets magnify deformations
(not to scale) around the discontinuities in geometry.

represent the zero-displacement interface with the substratedeformation nearx = 0 propagates several thicknesses
The edgex = —L; and upper surface = h/2 of Th, are into the cantilever. At the free end of TFx = L,
traction free. Tk is located within(0, L,) and likewise has each element remains rectangular, demonstrating that the
a traction free surface except alomg= 0 where Tk and cantilever is essentially void of curvature there, although it
TF.: have compatible displacement and stress. is tilted relative to the plane of the substrate. In short, the
An alternative model, which included elastic deforma- mean stress tends to rotatecTiBcally nearx = 0, but has
tion of the substrate under FFwas also evaluated. In little in-plane effect in the far field.
several test cases, the results from that model and the one Predicted deformations of a film with,; = 50 um,
discussed above indicated a difference in stresses of roughlyL, = 50 um and 2z = 2 um required roughly 7200
1-3% for silicon substrates with SjCor metallic films. (600x12) elements to converge. Since th¢y aspect
While the thin-film’s stresses do depend on the substrate’sratio of the elements was held at unity, the element ratio
elastic deformation, for sensible geometries, materials andremainedV, /N, = 50 in convergence studies, as indicated
dimensions relevant to the titled problem, it does not appearin figure 4(a). This choice of aspect ratio is arbitrary,
to play a significant role in setting the stress values. and is chosen only to simplify illustration of the model's
Results from the model are shown in figure 3(b), convergence properties; alternative ratios in the range 1/3
where a silicon dioxide film is considered for illustration; to 3 are also acceptable. The convergence characteristics in
Poisson’s ratiov and elastic modulug€ are taken to be  figure 4(b) show the minimum length; which is required
0.17 and 66 GPa, respectively [14]. Predicted deformationto prevent the interaction of deformations at boundaries
of TR, and TR when the film is subjected to residual x = —L; andx = O for films of different thicknesses.
stressog = —1.0 x 10° Pa buto; = 0, is shown in As a rule of thumb in designing diagnostic structures for
figure 3(b). Portion TEtilts downward (upward) when the  residual stress measurement, the influence of the film’s in-
film is in residual compression (tension). Deformations in plane displacement ‘propagates’ severadlong the beam
three different regions of the film are of interest. In the left from such geometric irregularities as thosexat= —L1
inset of figure 3(b), in-plane distortion of the film is shown and 0. Thus, dimensions; and L, should each be greater
nearx = —L1; such cross-sectional deformation becomes than about 5-10 film thicknesses to prevent the interaction
negligible several film thickness away from either edge, of boundary effects in neighboring cantilevers formed from
x = 0 or —L3, of TR. Similarly, the observed in-plane the same film. Values of.; > 50um were used in all
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Figure 4. Convergence of the model with respect to (a) the
number of elements and (b) the length, L,, of the film's Figure 5. Predicted base rotation of a cantilever in the
bonded portion. presence of (a) mean and (b) gradient stresses. The solid

lines are obtained by a curve fit of the model results shown

. for v =0.1, 0.15,..., 0.4 and are given by equations (3) and
subsequent calculations. ().

2.2. ‘Tilt" and ‘curl’ deformations

The total angular rotation of TFis the superposition of  |n addition to base rotation, gradient stress also causes out-
componentsdy due to mean stress ar@f due to stress  of-plane deflection with a constant radius of curvatute,
gradient and is determined by such variables as residual[15] and the peak value; = Eh/2R, of the gradient stress
stress, v, and h.  Parameter studies with the model ¢4, therefore be found by measuring the curvature of TF
provided an empirical representation of this relation, and The net deflection of TFis found by superposing the
demonstrated thafl, is directly proportional tooo, but effects ofop ando;. Since the residual strain is typically

varies linearly withv. By normalizing 6y with respect .

less than 0.1% is taken as constant. The transverse
to those factors, the scaled angle = 0y(E /o0)/(1.33+ . oL

deflection becomes

0.45v) is defined. In figure 5a, the model’s dependence of
65 on h is linear, and so 1
o0 YA~ B0+ 00x + oox” (5)
6o ~ z (1.33+ 0.45v)(—0.014% + 1.022 3)

. . . for x € (0,Ly). Four permutations of the cantilever's
where/ has units ofum. Thus, withv, £ and/ being  ,4fjle are possible, as shown in figure 6, where results from
known, the residual stress componegtcan be obtained the model with the illustrative valueg = +1.0 kPa and

_from equation (3) Wh?“ the tilt angle 1 measu_red and, o1 = £0.9 kPa in SiQ are shown. With compressive mean
importantly, when TF is known to be void of gradient stress. . . . .
stress and a negative gradient, for instance, experimentally

Since gradient stress is present in the general case, itscharacter' ed cantilevers are expected to have negative
contribution 6, to rotation at the base of the cantilever is 12 lev xp v gativ

also characterized. Based on an analogous empirical fit, slope at the base of the cantilever and negative curvature
along its length. Conversely, whesy changes sign,

Oy ~ ﬁ(O.OOB&Z — 0.0471 + 0.82) ) representing residual tension, the slope at the-TF
E junction becomes positive. In this manner, the tensile and
as shown in figure 5(b). Relations (3) and (4) have been compressive mean stress as well as the gradient stress can
evaluated over @ < v < 04, 0.5um < h < 3.0 um, be obtained by decomposing the measured deflection profile
10* < 00/E <10 *and 10* < 01/E < 10 and appear  of TF; into its constituent linear and quadratic components
to well represent, and6; within those parameter ranges. in accordance with equation (5).
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Figure 6. Four possible profiles of micromachined cantilevers following relief from general mean and gradient stresses, as
predicted by the model.

3. Application and results In figure 8, the measured profile for a cantilever of
2 um thickness is broken down into its linear ‘tilt' and

In application of this technique, Sibeams with lengths  quadratic ‘curl’ components. The flow chart outlines
between 50 and 15@um were fabricated through bulk  this decomposition into initial slope and curvature. The
micromachining. Cantilevers of different lengths were unknown coefficient®, + 6, and /2R in equation (5) are
examined to check the consistency of the measurementsobtained by a least squares fit of the measured deflection to
but, unlike methods for measuring mean compressive stresghe model. In the case of the 120n cantilever depicted in
through critical-length buckling of beams [7-9], use of a figure 8, the best fit is obtained with= —6.10 mrad and
beam array is not necessary in the present technique. Anl/2R = 42 nr!. With this value ofR, the peak gradient
SiO, layer was thermally grown at 110@ on a polished  stress becomeas; = 1.350 MPa and the rotation that arises
single-crystal silicon substrate with (100) orientation. The from o; alone is calculated from equation (4) as being
substrate was etched anisotropically with a 33-38% KOH ¢; = 0.015 mrad. Since is evidently some two orders
solution at 85°C and, when relieved from the substrate, of magnitude greater tha#y, rotation of the cantilever
the completed oxide beams (namely,.Y#were suspended is caused primarily by the residual mean stress, which is
above a pyramidal cavity witfiL11} sidewalls. Because the calculated in equation (3) as = —0.286 GPa. Thus, the
substrate was several hundred times thicker than the filmfirst approximation to the total residual stress field specifies
and since the dimensioh; ~ 200 um > h, neighboring a variation from a value ofyy = —0.285 GPa at the free
beams were assumed to be uncoupled in their deflections. surfacey = /2, 10 oya = —0.287 GPa at the interface

Profiles of the cantilevers were measured through between the film and substrate. This stress distribution is
white light interferometric profilometry. The fringe pattern consistent with that of a previous investigation [16]. In
generated by interference between light reflected from afigure 9, the measured profile is compared to that predicted
reference surface and from a target microbeam providedby the finite element model in which the present values of
the three-dimensional profile. The fringes, in turn, were oy ando; are used. Over the length of the cantilever, the
digitized by a 256256 element CCD camera using a root mean square error for pointwise prediction of deflection
commercial ‘Wyko-3D’ system. In the present case, the is 0.0044um, some 1% of the tip deflection.

imaged field of view with a 4Q objective lens was A similar flow chart for a 1um thick cantilever is
approximately 250um by 250 um. Typical measured shown in figure 10, and in this case the residual stress
profiles of four 1um thick, 20um wide beams with lengths  components become, = —0.276 GPa ant; = 2.180

from 100 to 15Qum are shown in figure 7(a). The profile of MPa. These 1 and 2m films were grown simultaneously,
the 100um beam is shown in figure 7(b) as a section along with the only difference being in the furnace exposure
the x-axis, in which rotation at the base of the cantilever is time. Because of the fabrication process, the residual stress
evident. of thermally-grown oxide is dominated by the difference
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Figure 9. (a) A comparison of the measured and predicted
profiles of a 2 um thick beam and (b) the pointwise
distribution of error.

between the room and furnace. SinteAT of the two
films are nearly equal, the mean stresses measured in
the two cases are essentially the same, differing by only
some 3%. Si@ samples investigated previously [8] were
prepared identically to those used in this study agdalues
measured through these two different techniques agree to
within 3—-6%. The gradient stress on the other hand, arises
primarily from oxygen diffusion while the film is forming

[5] and thus differs by roughly 50% between the two films
because of differing durations at elevated temperatures.
Despite the relative difference between magnitudes of the
op andoy values, inclusion of each in the model is important
because under their combined effect the micromachined
cantilever can have a positive tip deflection in one case and
a negative deflection in the other, as evidenced in figures 8
and 10.

4. Summary

To predict the deformation of micromachined structures, it
is important to accurately treat their boundary conditions.
Strictly speaking, even for the simplest cantilever structures
such as those discussed here, the boundary is not
‘clamped’ in the sense of having zero initial slope and
this phenomenon can be exploited to find the residual
stress. One feature of this technique is that the residual
mean (tensile or compressive) and gradient stresses can be
determined simultaneously by the measurement of a single
cantilever.

Accurate measurement of the thickness of a microma-
chined structure is difficult once the substrate or sacrificial

307



W Fang and J A Wickert

E

g Measured
£ 05

L

&l

3 0

&

5 -05

%

g -1

[ -20 20 60 100 140

Position along beam, pm

J f
Mean

f f

——

oo = -0.276 GPa o) = 2.180 MPa
1 .
0.5 Predicted
0
-0.5
-1 ‘ : :
-20 20 60 100 140

Figure 10. A comparison of the measured and predicted
profiles of a 1 um thick beam and the decomposition into
the oo and o; components. The RMS error of the predicted
pointwise deflection is 0.0048 pm.

supporting layer has been removed. The present technique 5]

provides an estimate ef in which the propagation of mea-
surement error irk is reduced. In critical-length buckling
techniques [7], the relative error iy is twice that of the
measured film thickness, as given byodoo = —2dh/h.
However, error propagation in equation (3) satisfies

doo 0.014d:
oo (—0.0141 +1.022

(6)

For instance, the error iag for a 1 um thick film with a
dh/h = 10% is reduced to just 0.14% rather than the 20%
realized in the buckling approach.

Accounting for boundary rotation, and the calibration
of models to correct for it, can be useful in improving
related residual stress techniques.
involves depositing a thin film of interest on a cantilever

beam and obtaining the residual stress by measurement 0[11]

its deflection [17]. The radius of curvature for the so-

called bi-material beam is frequently determined in practice
through the relatiorR ~ L?/25, wheres is the cantilever’s

tip deflection. However, because of the potential initial
slope of the cantilever in the light of Egs. (3)-(4), this

tip deflection method should be restricted in application to
films in which rotations are knowa priori to be negligible.
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One such approach

Interestingly, tip deflection can be highly sensitive to the
stress state, even when beams are made of the same
material, to the degree that tip deflections of opposite sign
are observed (see figures 8 and 10).

One application of the results beyond microcantilevers
can be found in the buckling of fully clamped
microstructures. Buckling and post-buckling techniques
require knowledge of the imperfection level, representing
non-ideal loading, fabrication defects and geometric
irregularities of the beam [1,7]. The angular deflection,
0, and the gradient residual stresg, discussed here are
two candidate sources of such imperfection. Other potential
applications of the boundary rotation phenomenon include
elastic constant measurement [18], capillary force studies
[19] and micromachined sensors [20].

Acknowledgments

This material is based (in part) upon work supported by the
National Science Foundation under Grant ECD-8907068.

References

[1] Lin S C H andPugacz-Muraszkiewicz |1 1972 Local stress
measurement in thin thermal Si@Ims on Si substrates
J. Appl. Phys43119-125

Kiesewetter L, Zhang J-M, Houdeau D and Steckenborn A
1992 Determination of Young’s moduli of
micromechanical thin films using the resonance method
Sensors and Actuators 26 153-159

Chu W-H and Mehregany M 1993 A study of residual
stress distribution through the thicknesspof silicon
films IEEE Trans. on Electron Deviced0 1245-1250

Ding X, Ko W H and MansouJ M 1990 Residual stress
and mechanical properties of boron-dogetsilicon
films Sensors and Actuatoil-23866-71

Campbel J D S1970 Mechanical properties of thin films
Handbook of Thin Film Technologds L | Maissel and
R Glang (New York: McGraw-Hill)

Thornton J A and Hoffman D W 1989 Stress-related
effects in thin filmThin Solid Films1715-31

Guckel H, Randazzo T and BusrD W 1985 A simple
technique for the determination of mechanical strain in
thin films with application to polysilicod. Appl. Phys.
57 1671-75

Fang W and Wickerrd A 1994 Post-buckling of
micromachined beam& Micromech. Microeng4
116-22

Guckel H, Burns D, Rutigliano C, Lovell E and Choi B
1992 Diagnostic microstructures for the measurement of
intrinsic strain in thin filmsJ. Micromech. Microeng2
8695

Mehregany M, How R T and Sentuai S D 1987 Novel
microstructures for the in situ measurement of
mechanical properties of thin filmk Appl. Phys62
3579-84

Burns D W and Guckel H 1990 Thin films for
micromechanical sensods of Vac. Sci. Technol. 8
3606-13

Howe R T and Mulle R S 1983 Polycrystalline silicon
micromechanical beamk Electrochem. Sod.30 1420-3

Meng Q, Mehregany M and MulfeR L 1993 Theoretical
modeling of microfabricated beams with elastically
restrained support$. Microelectromechanical Systen
128-37

(2]

(3]

(4]

(6]

(7]

(8]

(9]

[10]

[12]

(13]



Mean and gradient residual stresses in thin films

[14] Runyax W R and Bean K E 199&emiconductor [18] Petersa K E and GuarnierC R 1979 Youngs modulus
Integrated Circuit Processing Technolo@Reading, MA: measurements of this films using micromechanics
Addison-Wesley) Journal of Applied Physic50 6761-5

[15] Timoshenko S and Woinowsky-Krieger S 19%Beory of [19] Mastranged C H and Hsu C H 1993 Mechanical stability
Plates and ShellgNew York: McGraw-Hill) and adhesion of microstructures under capillary forces, I.

[16] Kobeda E and Irem E A 1988Si O, film stress distribution Basic theoryJ. Microelectromechanical Syste?n33-43
during thermal oxidation ofi J. of Vac. Sci. Technol. B [20] Fatdh R M A 1992 Mechanisms of optical activation of
6 574-8 micromechanical resonatoBensors and Actuators 23

[17] Johansson S, Ericson F and Schweitz J 1989 Influence of 229-36

surface coatings on elasticity, residual stresses, and
fracture properties of silicon microelemersof Appl.
Phys.65 122-8

309



