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ABSTRACT

Characterization of undoped polycrystalline silicon films indicates that correlations exist between stress and
microstructure. Films of thickness between 0.5-3.6 .im were deposited onto Si0 2-covered single crystal silicon
wafers between 605 and 700*C using low pressure chemical vapor deposition (LPCVD). The average in-plane film
stress and the stress gradient through the film thickness were determined from wafer curvature measurements, and
film microstructure was studied with cross-sectional TEM. Films deposited near 605*C exhibit overall tensile
stresses that result from an amorphous to crystalline phase change. At deposition temperatures exceeding 630*C, a
columnar grain structure evolves out of a transition region of small grains at the Si0 2 interface. The columnar films
are compressive, with the source of compression linked to the region of small grains. Stress is modeled using a
closed form solution that considers a linearly elastic contracting ellipsoidal inclusion near the surface of a half
space. Several applications of the stress model are discussed.

1.0 INTRODUCTION

The newly developing field of micro-electro-mechanical systems (MEMS) employs micron scale thin film
members that are totally or partially freed from the substrate. Upon release, the large stresses typically present in
thin films often cause device failure by instability, curling, or fracture. In addition, stress affects device perfor-
mance by, for example, altering the response of resonant microstructures [1] and thin film diaphrams [2]. Polycry-
stalline silicon (polysilicon) is commonly used for MEMS, and is the thin film considered here. The origin of large
tensile and compressive intrinsic stresses is discussed in relation to the evolution of the polysilicon microstructure.
Undoped polysilicon films deposited by low pressure chemical vapor deposition (LPCVD) near 600°C consist of
more or less equi-axed grains and are tensile, due to an amorphous to crystalline solid state transformation that
occurs during the film deposition. At deposition temperatures exceeding 630°C, the grains are columnar and the
stress is compressive. The source of compression is still uncertain, but is shown to be related to a transition layer of
small grains at the film/substrate interface.

Stress in the tensile films is modeled using a closed form solution by Sco and Mura [3] for a uniformly con-
tracting ellipsoidal inclusion near the surface of a half space. By making the ellipsoid's axis normal to the surface
very small relative to the other axes, the ellipsoid resembles a contracting film on top of a semi-infinite substrate.
The advantage of a closed form solution is the ease with which parameters can be changed to model other situations.
Reducing the ellipsoid to a sphere, the problem models an equi-axed grain near the film surface that has crystallized
out of an amorphous region. In this case, the stress field in the single grain is found to be tri-axial. Sco and Mura's
solution can be used to model other cases of stress in thin films, such as thermal stress, and some further applica-
tions of the model are discussed.

2.0 EXPERIMENTAL PROCEDURES

The experimental procedures for the polysilicon deposition and stress measurement have been published in
detail elsewhere [4, 5], and a summary follows.

2.1 Polysilicon Deposition

Polysilicon films 0.5-3.6 gim thick were deposited by LPCVD from pure silane (SiH4). Four inch (111) or
(100) single crystal silicon wafers coated with 100 nm thermal oxide served as substrates for all polysilicon films.
The LPCVD processing parameters varied as follows: deposition temperature from 605-700°C, silane pressure from
300-550 mTorr, silane flow rate from 100-250 sccm, and deposition time from 30 to 150 minutes. Experimental
runs were made for 26 different combinations of these variables. All measurements were made on the as-deposited
undoped polysilicon films.

2.2 Stress Measurement

The average in-plane film stress was calculated from wafer curvature, typically on six wafers per run. After
measuring the curvature using an ultrasonic flatgage, the film was chemically removed from the polished side of the
wafer and the curvature measurement repeated. The radius of curvature due to stress in the removed film, RI, was
determined from the difference between the two measurements, and the in-plane stress was calculated using
Stoney's equation [6]

6 (1 -v,)R (1)
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The subscripts s and f in Eq. (1) refer to substrate and film, E and v are Young's modulus and Poisson's ratio,
respectively, and t is thickness. The estimated uncertainty in c, is on the order of 10%.

By removing successive film layers using reactive ion etching in a CC14 -0 2 plasma and measuring the result-
ing changes in wafer curvature, the stress profile through the film thickness was determined. The average in-plane
stress in each layer was found from Eq. (1), using the change in curvature before and after removing the layer to
determine R,. To confirm the accuracy of the stress profiling technique, the average film stress was calculated in
two ways: (1) by averaging the stress in all the layers, and (2) by using the total curvature change before and after
removing the entire film. These two values never differed by more than 7%.

2.3 Electron Microscopy

Cross-sectional TEM specimens were prepared by mechanically thinning the sample to about 30 gim then
ion-beam milling in a cold stage at 5 kV, as described in reference [7]. Specimens were examined in a Philips
EM301 operating at 100 kV.

3.0 RESULTS AND DISCUSSION

Stress in the polysilicon films varies considerably with process conditions, as shown by Fig. 1, a plot of stress
vs. deposition temperature for all experimental runs. Each diamond in Fig. 1 represents the average stress of six
films from the same run. Asterisks denote "transition runs" in which the stress changes from tensile to compressive
with wafer position in the boat (see [4, 5]). Depositions at 605'C produce tensile films, while films deposited
between 630 and 700'C are compressive, with the magnitude of compression decreasing with increasing tempera-
ture.

3.1 Tensile Films

Fig. 2 shows two cross-sectional TEM micrographs of a tensile polysilicon film deposited at 605'C, with 2(A)
showing a region at the upper surface of the film and 2(B) showing the entire film, including the 100 nm oxide layer.
LPCVD silicon films deposited near the crystallization temperature (z600'C) are known to initially form an amor-
phous film that subsequently crystallizes in the reactor [8-10]. Such an amorphous region is visible near the surface
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Figure 1. Polysilicon film stress vs. deposition
temperature for all experimental runs. Values
are average stresses from six wafers per run.
Asterisks indicate transition runs, in which stress
varies from tension to compression with wafer
position in the boat.

Figure 2. Cross-sectional TEM micrographs of a tensile
film deposited at 605

0
C. 2(A) shows a region near the

surface of the film in 2(B). A new grain, indicated by an
arrow in 2(A), is just beginning to crystallize out of an
amorphous region at the film surface.
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Stress (MPa) of the film in Fig. 2(A). A distinct interface between amorphous and

-20 -1 0 220 42 5 crystalline silicon does not exist; instead, small grains such as the one
j indicated in Fig. 2(A) have begun to grow inside the amorphous region.""amrhulae The solid state amorphous to crystalline transformation and the

S .2 corresponding volume contraction induces tensile stress in the films.
E tnoAs an amorphous region of the film crystallizes, it attempts to contract,
a 0.4 but because it is constrained by surrounding crystalline regions and/or
CO the substrate, a tensile stress results. This hypothesis is supported by

0.6 Fig. 3, a stress profile though the thickness of a tensile film deposited
i .y during the same run as the film in Fig. 2. The amorphous surface layer

o 0.8 is compressive, consistent with stress in amorphous silicon films [11,
(D 12], while deeper layers are crystalline and tensile. Partial annealing of
,- 1. the first polysilicon layers may be responsible for the decrease in stress
a- near the Si0 2 interface.
o3 1.2 SO

3.2 Modeling of Tensile Stresses
Figure 3. Stress profile of a tensile
polysilicon film. The top amorphous A problem in linear elasticity solved by Sco and Mura [3] can be
layer is compressive, while crystalline used to model the tensile stress resulting from the volume change asso-
layers are tensile. ciated with the amorphous to crystalline phase transformation.

t 
The

problem considers an ellipsoidal inclusion (axes am. a2, and a3) with its
center a distance z = c below the surface of a half space defined by z > 0. In this problem, both the inclusion and
half space have the same isotropic elastic moduli. If freed from its matrix, the inclusion would contract (or expand)
by a uniform dilatational strain (eigenstrain) e', but because it is perfectly bonded to the matrix, stresses are gen-
erated. By making the ellipse axis that is normal to the half space surface very small (a3 << a 

0 
= a2), the inclusion

resembles a thin film on top of an infinitely thick substrate. Furthermore, reducing the ellipse to a sphere
(a I = a2 = a3 = a), the problem models stress in a grain that has crystallized out of an amorphous region near the
film surface, such as the one shown in Fig. 2(A). In this case, Seo and Mura's solution reduces to that given earlier
by Mindlin and Cheng [13] in which the normal stresses inside the inclusion at r = 0 are

S2M" +l +)a 3 -2 (3 + 4v 6--_Tr
'= 0 3 ( 1 -zv ) -a- T + z + c ) + c

(2)

2ýL +V~3{-2 2 +i2z}

where p. = E/(2(1 + v)) is the shear modulus of the inclusion and half space. The normal stresses outside dte inclu-
sion at r = 0 are

2 U. ý* ( + v ) a 3 " 1 ( 3 + 4 v 6 z _ "

(3)
O 24." (I +v)a 3

f -2 2c)
o= 3(1 - v) (. •-- -)+ -

The moduli for polysilicon are taken to be E = 170 GPa [1], v = 0.25, and p. = 68 GPa. In addition, the
transformation strain, e*, must be specified. Janai et al. [14] measured the thickness change in amorphous atmos-
pheric pressure CVD silicon films that occurred after a crystallizing anneal, and found an average strain in the z-
direction of 0.015 ±0.01. Assuming that in an unconstrained amorphous film (no substrate) a transformation strain
F" would result upon crystallization such that E., = E, = Eeq = E*, then the observed thickness strain for the con-
strained film, e,,. is given by

i,, = e" + 2vg°. (4)

From Eq. (4) with ., = -1.5% and v = 0.25, the isotropic transformation strain e* is -1% [5].
Fig. 4 shows the normal stresses a,, and a,, as a function of depth through the center of a thin ellipsoidal

inclusion at the surface of a half space. Stress in the plane of the inclusion, a,,, is 2.3 GPa in the "film" and negligi-
ble in the "substrate", while the stress in the direction normal to the "film" is negligible everywhere. Shear stress aY,,
and normal stress cr. at the center of a "film" with a I = a2 = I03xa3 are shown in Fig. 5 as a function of radial posi-
tion. Both are negligible at the middle of the ellipse and increase rapidly at the edges. The radial stress predicted by
the model, a,. = 2.3 GPa, exceeds the experimental results by a factor of 3-4. However, when the additional

t Seo and Mura's solution contains a typographical error. In Eq.'s (10) and (1I), the expression for A should be:
A = 4](a? + s)(al + s)(aj + s)
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component of stress due to compression in
the amorphous state (- -900 MPa [12]) is
added to the result, the new radial stress of
1.4 GPa is more reasonable. The two main
sources of error in this analysis are in a.',
which has an uncertainty of ±70%, and in
the assumption of elastic deformations. At
the temperature of deposition (T = OAT,),
stresses on the order of 500 MPa may cause
plastic deformation, resulting in stress relax-
ation. The fact that the stress decreases near
the Si0 2 layer (Fig. 3) indicates that stress
relaxation may occur in the polysilicon
films.

Stress in an equi-axed grain that has
crystallized out of an amorphous region at
the film surface, such as the one shown in
Fig. 2(A), can be modeled using a spherical
inclusion that is tangent to z = 0 of the half
space. Fig. 6 shows ar, and a,, as a func-
tion of depth through the center of such an
inclusion 0.1 .m in diameter. The in-plane
stress, a,, is actually compressive near the
surface. Comparing with Fig. 3, the cry-
stallization volume contraction may also
contribute to compression in the first layers
of the tensile polysilicon films. a,, becomes
tensile just below the surface and reaches a
value near 1.5 GPa at a depth of about 1/4 of
the inclusion diameter. The out-of-plane
stress, a,,. must be zero at the surface; how-
ever, it increases with depth, approaching
a, in magnitude. Thus, a newly crystal-
lized grain surrounded by amorphous silicon
is in a state of tri-axial stress. It is interest-
ing to note that when the center of the inclu-
sion is 1.5 diameters below the half space
surface, the normal stresses a,., and a. are
within 1% of Eshelby's solution for a spher-
ical inclusion in an infinite body [15].

3.3 Compressive Films
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Figure 4. a,, and a, vs. depth for disc-shaped uniformly con-
tracting inclusion that is tangent to the half space surface. The
problem models stress in a contracting polysilicon film on a single
crystal silicon substrate. The radial stress is large and constant mn
the "film" but negligible in the "substrate." a,, is negligible every-
where.
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Figure 5. Shear stress a,, and normal stress a,, vs. radial position
r for the same case as Fig. 4.

Films deposited at temperatures exceeding 630'C are compressive and have an entirely different microstruc-
ture [16], consisting of columnar grains that grow out of a transition region of small grains at the SiO 2 interface.
Fig. 7 presents cross-sectional TEM micrographs of compressive films deposited at 620, 650, and 7001C, which
show that the thickness of the transition layer decreases with increasing deposition temperature.

The compressive intrinsic stress in these films appears to be related to this layer of small grains. The magni-
tude of the compressive stress decreases with increasing temperature (see Fig. 1), and by 700°C, where the transi-
tion layer of small grains has completely disappeared, the stress is on the order of the thermal stress (see section
3.4). Fig. 8, a stress profile through the thickness of a compressive film deposited at 650'C, shows that the compres-
sion is greatest near the Si0 2 interface in the layerof small grains, and decreases in magnitude away from the sub-
strate as the grains become columnar. Stress in-the topmost film layers is also on the order of the thermal stress.
The proposition that the compression is larges(in the region of small grains also explains why the average compres-
sive stress decreases with increasing film thickness, as shown in Fig. 9, a plot of stress vs. as-deposited film thick-
ness for seven different runs at 650°C.

The actual cause of compression is still uncertain. One possible explanation concerns the evolution of the
film microstructure. Columnar grains are formed through the process of grain growth competition [17], in which the
initial distribution of grain orientations is random, but only those grains preferentially aligned with their direction of
fastest growth parallel to the film normal continue to grow, at the expense of inclined grains. There is a high driving
force for growth in one direction ((110] for films deposited between 630 and 650*C, and (100) for 7001C deposi-
tions [4]) in the polysilicon films. Thus, an incoming atom may still deposit itself in the grain boundary region
between an inclined grain and a more vertical one. Even though this will cause an increase in the strain energy, it
may be the lowest overall energy state for the adatom. This explanation accounts for the large stresses in the transi-
tion region of small inclined grains, and the decrease in stress as the grains become more vertical away from the
substrate (Fig. 8). Another argument as to the source of compression in the polysilicon films is based on the densi-
ties of amorphous and crystalline silicon [18]. Void-free amorphous silicon is actually expected to expand upon

I I

L

I

0



17

crystallization [19, 20] because the diamond cubic structure has a very low atomic packing density of 34%, com-
pared to 74% for face centered cubic. At deposition temperatures near 605'C, the amorphous silicon surface layer
may contain pores, causing contraction upon crystallization and resulting in tensile stress; however, the compressive
filns, deposited at higher temperatures, have an entirely different microstructure and crystallization process. One
possible source of compression could be the result of newly deposited silicon atoms briefly forming a void-free
amorphous solid, then expanding when joining the crystalline film. Once the columnar microstructure has evolved,
adatoms can immediately add to the fast growing crystalline planes without inducing any compression, which is
consistent with the stress profile in Fig. 8.

3.4 Additional Applications of Stress Model

The solution for an ellipse in a half space is easily modified to model other problems of stress in thin films.
Thermal stress can be modeled using the problem considered in section 3.2 with a, = a2 = 10

5
xa3, but setting the
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Figure 6. Normal stresses a,, and a.. vs. depth through the
center of a uniformly contracting spherical inclusion that is
tangent to the surface of a half space. The sphere models a
polysilicon grain that has undergone an amorphous to crystal-
line transformation.
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transformation strain to [21]

e* = (it(i,,, - c,&,r. )AT = (3.3x 10-6 PC - 3.7x 10' 10
C)(605

0
C) = .024%. (5)

In this case, a,, is 56 MPa in the "film", and negligible in the "substrate". The thermal stress is thus insignificant
compared to the observed stresses. Another example appears in Fig. 10, showing the stress distribution for an
ellipse similar to the previous example, but buried one ellipse thickness below the surface of the substrate. This
situation models two films on top of a substrate, with the bottom film having a different expansion coefficient than
the top film and the substrate. Fig. 10 shows that cr, is only significant in the bottom "film", and negligible else-
where, while 1,, is negligible everywhere.
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