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DETERMINING FILM STRESS FROM
SUBSTRATE SHAPE USING FINITE
ELEMENT PROCEDURES

This application claims the benefit of U.S. Provisional
Patent Application No. 60/617,970, filed on Oct. 12, 2004.

This invention was made with United States government
support awarded by the following agencies: DOD ARPA
DAAD17-99-C-0085. The United States has certain rights in
this invention.

FIELD OF THE INVENTION

This invention pertains generally to systems and methods
for analyzing the stress in thin films applied to substrates and,
more particularly, to such systems and methods as may be
used to analyze thin films as applied to substrates as used in
integrated circuit and similar micro-electronic and micro-
mechanical device fabrication.

BACKGROUND OF THE INVENTION

In the fabrication of integrated circuits, and other semicon-
ductor devices, a substrate wafer, made of a material such as
single crystal silicon, is doped, and a thin film is applied on
the substrate surface. Thin films of conductive or insulative
material may be deposited or otherwise applied onto the
surface of the substrate, typically to a thickness of less than
one micrometer, by a variety of conventional processes. The
applied films are patterned to define an integrated circuit or
other structure, with conductive films patterned to form
device gates or interconnects and insulating films patterned to
provide electrical isolation.

Thin films applied to substrates, in semiconductor manu-
facturing or otherwise, typically exhibit some intrinsic stress.
This stress may be caused by a variety of mechanisms, such as
lattice mismatch and dissimilar thermal expansion coeffi-
cients of the film and the substrate wafer. Failure to control
these stresses can lead to failure of the electronic devices
formed on the substrate. Device failure due to film stress may
be caused, for example, by dislocation generation, film crack-
ing, delamination, and/or void formation. Film stress may be
controlled, to some extent, during application of the film onto
the substrate by process variation, or afterward by annealing.
However, in order accurately to control film stress, the stress
must be measured accurately.

The patterning of the thin film that is applied to the sub-
strate surface of the semiconductor device to form, e.g., an
integrated circuit, typically is accomplished using a litho-
graphic process employing one or more lithography masks.
These lithography masks themselves typically are formed as
a thin film layer, or multiple thin film layers, applied to a
substrate. The thin film applied to the mask substrate is pat-
terned, e.g., using laser etching, to form the mask pattern
which, during the lithography process, is transferred to the
integrated circuit substrate wafer being formed.

Feature sizes in modern integrated circuits have decreased
dramatically in recent years. In order to meet the stringent
requirements of reduced feature size, next-generation lithog-
raphy (NGL) techniques, such as extreme ultraviolet lithog-
raphy (EUVL) and electron projection lithography (EPL), are
being developed. Design and implementation of a low-distor-
tion lithography mask is one of the key issues for all NGL
technologies. Intrinsic film stress generated during the fabri-
cation process of advanced NGL masks can cause significant
mechanical distortions, which compromise the accuracy of
image resolution and placement. Dependable stress measure-
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ments thus also are necessary for controlling the distortions in
the lithography masks used in semiconductor device fabrica-
tion to achieve high-quality reduced-feature size integrated
circuits.

Techniques for directly measuring localized thin-film
strain have been used for many years. Such techniques
include x-ray diffraction and micro-Raman spectroscopy.
However, the equipment required to obtain such direct mea-
surements is expensive, and such methods are not well suited
for production environments.

A common indirect method for determining thin film stress
as used in the semiconductor industry is based on the mea-
surement of the curvature of the substrate wafer, with a thin
film applied thereto, to determine the thin film stress. This
indirect method employs a laser scanner or full-field mea-
surement device to determine the curvature of the substrate
wafer. The out-of-plane displacement (OPD), rotation of the
cross section, or the curvature generated by the intrinsic stress
are measured in this manner. The film stress is then computed
from the measured data. Although most available measuring
tools provide accurate information about the induced sub-
strate shape, i.e., the distorted shape of the substrate wafer
with film applied, the film stress magnitudes and distributions
generated by such techniques, in general, are not reliable.
This is due to the fact that the calculations are based upon the
local application of Stoney’s equation, which is not valid for
most real film-substrate systems.

The film and substrate comprising a semiconductor device,
ormask used in the fabrication thereof, are usually made from
different materials and have different lattice structure and
thermal parameters. Thus, when the film is deposited onto the
substrate, lattice and thermal mismatch strains are generated.
These strains cause intrinsic stress and deformation in the
film-substrate system. The film stress and substrate deforma-
tion are interdependent, so film stress can be determined from
the measured substrate deformation. Stoney’s equation is the
most well-known expression linking film stress to substrate
curvature. It was originally derived for a beam flexed by a
uniform stressed film, and can be extended to determine the
film stress on a plate substrate:

OFE L K/6t(1-v,) )
where,

o~film normal stress;

E =elastic modulus of substrate;

t,=substrate thickness;

t~film thickness;

v =Poisson’s ratio of the substrate;

K=curvature caused by intrinsic stress.

Equation (1) is based on the assumption that the two in-
plane principal stresses are equal to each other and their
distribution is uniform. This assumption can be equivalently
stated that, over the substrate, the curvature K is constant. In
other words, the deformed substrate surface is perfectly
spherical. Currently, many metrology tool manufacturers uti-
lize Eq. (1) to calculate film stress point-by-point, i.e., the
constant curvature K is replaced by the local curvature, K, ..
However, the validity of locally applying Stoney’s equation
has not been established. In most cases, the deformed sub-
strate shape is not perfectly spherical, so the applicability of
Stoney’s equation is significantly limited.

Traditional finite element methods are widely used to ana-
lyze structures with known loads, and have also been applied
to compute the film stress in film-substrate systems when the
thermal and lattice mismatch strains were determined or esti-
mated. However, in semiconductor and similar device manu-
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facturing cases, the loading, intrinsic stress, or mismatch
strain (which causes the film and substrate deformation) is
unknown. Only the out-of-plane displacements, cross-section
rotations, or curvatures at discrete points on top of the film or
bottom of the substrate can be measured and can be used as
input data for a finite element analysis.

What is desired, therefore, is an improved method for
determining the film stress in thin films applied to substrates,
particularly thin films applied to semiconductor substrates or
thin films applied to substrates to form lithography masks
used in semiconductor and similar fabrication processes. The
desired method for determining film stress preferably is an
indirect method that does not require expensive equipment,
that is well-suited for production environments, and that is
more accurate than current indirect methods for determining
film stress that employ Stoney’s equation.

SUMMARY OF THE INVENTION

The present invention provides a system and method for
determining the stresses in thin films applied to substrates
using measured substrate shape data and numerical compu-
tation techniques. The present invention may be applied to
determine the stress at any thin film applied to a substrate, but
is particularly applicable to determining the stresses oh thin
films applied to substrates such as semiconductor wafers and
lithographic reticles, such as for lithography masks used in
the fabrication of micro-electronic or micro-mechanical
devices. The present invention uses experimentally measured
substrate shape data to determine all characteristics of the thin
film stress field using a novel computational scheme involv-
ing finite element analysis. A technique for determining film
stresses from substrate shape in accordance with the present
invention can be divided into two principal steps. First, the
deformed substrate is analyzed alone to identify the finite
element nodal forces on the substrate-film interface surface
which cause the measured shape. Next, the film is analyzed
separately using these nodal forces as known loads to deter-
mine the stresses they produce in the thin film.

The present invention may be implemented using one or
more computer programs running on a conventional com-
puter system. A conventional measuring device for measuring
the shape, e.g., the displacement, cross-section rotation, and/
or curvature, of the substrate to which a thin film is applied
may be used to obtain substrate displacement/shape data that
is provided to the computer system. Based on this substrate
deformation data, stress in the thin film applied to the sub-
strate may be determined accurately in accordance with the
present invention without any further measurements. The
substrate shape may be measured and film stress determined
in accordance with the present invention either after the film
has been applied to the substrate or during the process of
applying the film to the substrate. In the latter case, the deter-
mined film stress may be used to dynamically adjust the film
application process to reduce film stress in the applied film,
e.g., by providing the determined film stress data to an appro-
priate process controller.

The determination of film stress in accordance with the
present invention begins by considering the film and the sub-
strate to which the film is applied separately. The substrate is
divided into plate elements and the film into plane stress
elements. (For example, the substrate is meshed by quadri-
lateral plate elements and the film is meshed by quadrilateral
plane elements. Other types of elements may also be used,
e.g., three-dimensional solid elements for the substrate and
shell elements for the film.) All nodes for the substrate plate
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elements and film plane stress elements are set at the interface
between the substrate and the film.

First the substrate is analyzed. At each defined node ofthe
substrate there are six degrees of freedom, i.e., three displace-
ments and three rotations. Any of the following data types can
be measured at a number of points on the substrate surface
using a conventional measurement system: out-of-plane dis-
placement (OPD), cross-section rotation, and/or curvature.
From the measured values the substrate OPD, IPD (in-plane
displacement) and cross-section rotations at all of the defined
substrate nodes are computed by interpolation, using the
basic equations of analytical geometry and plate theory. The
nodal forces on the substrate top are then calculated by a
matrix multiplication of the substrate displacement matrix
and a stiffness matrix of the substrate.

From the matrix defining the nodal forces on the substrate
top, the forces acting on the film are defined as the negative or
opposite of the nodal forces acting on the substrate top. A film
displacement matrix is then found by solving an equation
including the matrix defining the nodal forces acting on the
film and a film stiffness matrix. The film stresses are then
calculated element by element using the resulting film dis-
placement matrix elements. All of the computations required
to calculate the film stress in this manner in accordance with
the present invention may be performed using either special-
ized software or conventional commercial finite element
analysis software products.

The assumption that the film stress is uniform, or the
deformed substrate shape is spherical, is fundamental for
applying Stoney’s equation, but it is unnecessary for perform-
ing a finite element analysis in accordance with the present
invention. Thus, the present invention can be used to accu-
rately determine film stress for a film-substrate system in
which the curvature, mismatch strain, and film stress are
functions of location and direction.

Further objects, features, and advantages of the present
invention will be apparent from the following detailed
description taken in conjunction with the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic block diagram of an exemplary sys-
tem for determining film stress from substrate shape using
finite element procedures in accordance with the present
invention.

FIG. 2 is a flow chart diagram illustrating an exemplary
method for determining film stress from substrate shape using
finite element procedures in accordance with the present
invention.

FIG. 3 is a schematic illustration of the film stresses in a
film-substrate test case in which the film radial stress and
circumferential stress vary linearly from a maximum value at
the center of the film to a minimum at the outer edge.

FIG. 4 is a graph illustrating the errors between the film
stresses determined using a conventional indirect method
employing Stoney’s equation and the exact solution for the
test case illustrated in FIG. 3.

FIG. 5 is a graph illustrating the errors between the film
stresses determined using a method for determining film
stresses in accordance with the present invention and the
exact solution for the test case illustrated in FIG. 3.

DETAILED DESCRIPTION OF THE INVENTION

The present invention now will be described in detail. First,
a generic system and method for determining film stress from
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substrate shape using finite element procedures in accordance
with the present invention will be described in detail. An
exemplary application of a method for determining film stress
from substrate shape using finite element procedures in accor-
dance with the present invention will then be presented in
detail. Finally, an exemplary analysis showing the improved
accuracy provided by a method for determining film stress
from substrate shape using finite element procedures in accor-
dance with the present invention over existing methods for
determining film stress using Stoney’s equation will be pre-
sented. Based on the detailed written description, drawings,
and examples provided herein any person skilled in the art to
which this invention pertains will be able to implement a
method for determining film stress from substrate shape using
finite element procedures in accordance with the present
invention using conventional hardware and software pro-
gramming procedures.

The present invention will be described in detail herein
with specific reference to the exemplary application thereofto
determining the film stresses in thin films applied to sub-
strates as used in semiconductor device fabrication, e.g., for
determining the stresses in thin films applied to substrates
from which micro-electronic (e.g., integrated circuits) or
micro-mechanical devices are formed or from which the
lithography masks or other optical reticles used in the fabri-
cation of such micro-electronic or micro-mechanical devices
are formed. It should be understood, however, that the present
invention may be applied to determining the film stress in
other cases wherein a thin film is applied to arelatively thicker
substrate and in which accurate determination of the stresses
in the film are required or desired.

When the mismatch strain in a substrate-film system is
high, and the substrate is ultra-thin, the out-of-plane displace-
ment generated by the mismatch strain may be larger than the
substrate thickness and the relationship between the strain
and the induced curvature becomes geometrically nonlinear.
The allowable out-of-plane displacement for a lithography
mask, forexample, is very small, and usually within the linear
range. It should be noted, however, that a method for deter-
mining film stress in accordance with the present invention
can be used in both linear and nonlinear situations.

An exemplary system 10 for determining film stress from
substrate shape using finite element procedures in accordance
with the present invention is illustrated in, and will be
described with reference to, FIG. 1. As discussed above, the
present invention may be used accurately to determine the
stresses in a thin film 12 applied to a relatively thicker sub-
strate 14. For example, in the context of micro-electronic or
micro-mechanical device fabrication, the thin film 12 may be
a conductive material, such as aluminum, tungsten, or poly-
silicon, or an insulating material, such as silicon nitride or
silicon dioxide, that is deposited on the surface of the sub-
strate 14 by sputtering or evaporation, or may be grown on the
surface of the substrate 14 by placing the substrate 14 in a
reactive environment. In this context, the substrate 14 typi-
cally is a wafer of single crystal silicon. The thin film 12
deposited on the surface of the substrate 14 may be processed
either to form a micro-electronic (e.g., integrated circuit) or
micro-mechanical device structure, or a lithography mask or
similar structure used in the fabrication of such micro-elec-
tronic or micro-mechanical devices. In any case, as discussed
above, accurate determination of the stresses in the thin film
12 applied to the substrate 14 is necessary, in that such
stresses distort the thin film 12, thereby resulting in damage
and/or distortion to the structure subsequently formed by the
thin film 12. Only by accurately determining the film stresses
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can these distortions be controlled to achieve, as an end result,
high-quality integrated circuits or similar devices.

A method for determining film stress from substrate shape
using finite element procedures in accordance with the
present invention may be implemented with software in a
conventional computer system 16. Conventional input
devices 18, e.g., a keyboard, mouse, track ball, etc., and
display or output devices 20, e.g., a conventional computer
display and printer, may be provided to allow an operator of
the system 10 to interact with the programs for determining
film stress in accordance with the present invention as imple-
mented on the computer system 16 as well as to review the
results of the film stress determination. The computer system
16 may be provided with conventional memory 22 in which
the computer programs 24 for determining film stress from
substrate shape using finite element procedures in accordance
with the present invention are stored. These computer pro-
grams may include specialized or conventional commercially
available engineering simulation programs 26, such as the
ANSYS® engineering simulation software available from
ANSYS, Inc. of Canonsburg, Pa., as well as custom software
in accordance with the present invention for determining film
stress from substrate shape using the finite element proce-
dures as provided by the engineering simulation software 26.
Additional general computer programs required for operation
of the computer system 16, e.g., conventional operating sys-
tem software, as well as storage for data used to determine
film stress as well as the results of such determination also
may be provided in memory 22. Note that memory 22 may be
implemented as one or more memory devices including
RAM, ROM, disc storage, and the like.

In accordance with the present invention, film stress is
determined from substrate shape. Substrate shape data may
be obtained and provided to the computer system 16 using a
conventional measuring system 28. One or more conven-
tional measurement systems 28 may be employed, for
example, to determine the out-of-plane displacement (OPD),
cross-section rotation, and/or curvature of the substrate 14 at
a number of points on the substrate. The measurement tech-
niques employed may include interferometry, profilometry,
laser scanning, etc. The measurement information obtained
by the measurement system 28 may be provided directly to
the computer system 16 in which the method for determining
film stress in accordance with the present invention is imple-
mented, e.g., by a direct wired, wireless, and/or network
connection 30. Alternatively, substrate shape information
obtained by the measurement system 28 may be stored on a
movable computer disk or other storage media and physically
transferred to the computer system 16 for loading thereon.

The measurement system 28 may be adapted to measure
substrate shape during the process of applying the thin film 12
to the substrate 14, and to provide such measurement infor-
mation to the computer 16 during the film forming process. In
such case, the film stress in the film 12 being applied may be
determined in accordance with the present invention as the
film 12 is being applied to the substrate 14. By determining
film stress in situ in this manner, dynamic feedback may be
provided to adjust the film forming process to reduce film
stress on the applied film 12, e.g., by providing the film stress
data as feedback to a process controller 32.

An exemplary method 40 in accordance with the present
invention for determining film stress from substrate shape
using finite element procedures will now be described in
detail with reference to the flow chart diagram of FIG. 2. In
accordance with the present invention, the film 12 and the
substrate 14 to which the film 12 is applied are first considered
separately 42. First the substrate 14 is analyzed to obtain the
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nodal forces at the top surface of the substrate (the surface to
which the film 12 is applied). Then the film 12 is analyzed to
calculate the film stresses from the nodal forces.

The substrate 14 is divided 44 into plate elements. The
plate elements extend from the top surface of the substrate to
which the film is applied to the opposite surface of the sub-
strate. The size and shape of the plate elements may be
selected based on several factors, including the size and shape
of the substrate to be analyzed, the desired accuracy of the
resulting film stress determination, etc. If smaller plate ele-
ments are used, greater accuracy in the film stress determina-
tion may be obtained. Larger plate elements may be used
where film stress determination times are of concern. In gen-
eral, to facilitate the calculations to follow, the plate elements
are preferably quad elements, i.e., four sided elements as
viewed from the top surface of the substrate 14. For example,
the substrate plate elements may be square or rectangular in
shape. For a circular wafer substrate the substrate plates may
be defined as four-sided shapes defined by radials extending
from the center of the substrate wafer to the outer circumfer-
ence thereof and concentric circles centered on the center of
the substrate wafer and spaced between the center of the
wafer and the outer circumference thereof.

In a similar manner, the thin film 12 applied to the substrate
14 is divided 45 into plane elements. The film plane elements
should conform in size and shape to the substrate plate ele-
ments. For each substrate plate element, a node is set at the top
surface of the substrate. For each film plane element a corre-
sponding node is set at the interface with the substrate. It
should be noted that the present invention is not limited to any
particular shape for the substrate plate elements and the film
plane elements employed. Other types of elements can also be
used.

The substrate shape is measured 46, e.g., using the mea-
suring device 28 as described above. At each substrate plate
element node there are six degrees of freedom, i.e., three
displacements (U,, U, and U,) and three rotations (6,, 6,, 6,).
From the measured substrate shape, i.e., the measured out-
of-plane displacement (OPD), cross-section rotation, and/or
curvature, obtained using the measuring device 28 as
described above, all of the displacement and rotation degrees
of freedom, i.e., the OPD, in-plane displacement (IPD), and
cross-section rotations, at each of the nodes of the substrate
14 may be determined 48 by interpolation using the basic
equations of analytical geometry and plate theory. Thus, all
nodal displacements, defined by the matrix {D,}, of the entire
substrate 14 can be determined uniformly from the measured
substrate shape. Note that, depending upon the substrate
shape measurement device 28 employed, smoothing of the
measurement data before the data is used to calculate the
nodal displacements may be appropriate to obtain a more
accurate result.

Mathematically, the film stress cannot be determined from
the measured raw data uniquely, since displacements and
curvatures are only collected at a finite number of discrete
points on the substrate surface. To eliminate the indetermi-
nacy and evaluate the input data at the defined substrate
nodes, which may not coincide with measured data points, an
interpolation technique preferably is employed to preprocess
the raw data.

Ordinary polynomials (and some special polynomials) can
beused as relatively simple interpolation functions. The poly-
nomial order, which directly affects the accuracy in film
stress, can be chosen by the following procedure. The mea-
sured substrate OPD is represented by an n”-order polyno-
mial W, (X, y), and it is evaluated at substrate nodes (x,, y,),
(X5, V) - - - (X V), - - - (X, ¥,,)- The integer m is the total
number of nodes. The order n is a positive integer and varies
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from zero to infinity. The W ,(x,,y,), . .. W, (X;,¥,) .. . and
W (X, ¥,,) form an m-dimensional vector W :

W=, 2100+« e Wl 90) -« Wl Y)} @

and W, W, , W,,... W . ...and W_ form a metric space. The
distance (difference) between W, and W, is normalized and
the result is denoted as:

)

3
Welx. y) = Wilxi, yl°

NG

AW, W)=

\/i Wix, y)°
iml

When a tolerance of the normalized distance is specified
(denoted as 1), a polynomial order N, is selected as an initial
guess, and the normalized distance between W, and W, is
calculated by Eq. (3) to determine whether the inequality of
Eq. (4) is satisfied:

AW yo1, Wvo)<n. (©)]
If it is not satisfied, N, has to be increased and the inequality
of'Eq. (4) should be checked again. These steps are repeatedly
performed until the inequality is satisfied and the necessary
polynomial order is identified.

The nodal forces, defined by the matrix {F,}, on the top of
the substrate 14 are calculated 50 by matrix multiplication:

{F}=[K,{Ds} )
where, {F }=nodal forces at the top surface of the sub-

strate, six components at each node;

[K,]=stiffness matrix of the substrate;

{D,}=displacements of the substrate, six components at
each node.

The stiffness matrix [K;] of the substrate includes known
values based on the material and geometric characteristics of
the substrate 14 under investigation.

Since the nodal forces {F }, as determined from Equation
(5), are at the top of the substrate 14, the corresponding nodal
forces on the film 12, as denoted by the matrix {F}, may be
calculated 52 as:

{F=—{F}. (6
The film displacements, at the film plane element nodes,
defined by the matrix {D,}, are then determined 54 by solv-
ing:
[Kf]{Df}:{Ff}
where, [K=film stiffness matrix;
{D/}=displacements of the film.

M

The film stiffness matrix [K includes known values deter-
mined based on the material and geometric characteristics of
the film 12.

Film stresses, defined by the matrix {o}, are then calcu-
lated 56 element-by-element as follows:

{o}=(E1bN{d}

where, [E]=elastic matrix (film);
[b]=strain-displacement matrix (film);
{d}=displacement matrix of an element (film). The film
elastic matrix [E] contains known values based on the
physical characteristics of the film.

®)
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Note that the computations presented in Equations 5, 7 and
8 are normal displacement-based finite element analyses that
could be performed using many commercial finite element
analysis software products, such as the finite element calcu-
lations available in the ANSYS® engineering simulation
software product mentioned above. Alternatively, specialized
finite element computer program functions may be written to
perform the desired calculations.

An exemplary application of the method for determining
film stress from substrate shape using finite element proce-
dures as described above will now be described in detail.

A method for determining film stress from substrate shape
using finite element procedures in accordance with the
present invention was utilized to process experimental sub-
strate deformation data measured by various tools. For exem-
plary purposes, the results of a method for determining film
stress in accordance with the present invention as used to
determine the film stress in a typical EUV reticle with a thin
multilayer film on a substrate will be described. The material
properties and geometry of the reticle as used in the experi-
ment are given in Table 1.

TABLE I

Material and geometric characteristics of the
measured EUV reticle.

Elastic Side

modulus Poisson’s Thickness length
Parameter E(GPa) Ratio v t(mm) a(mm)
Substrate 69.3 0.17 6.35 152.4
Multilayer 180 0.29 2.8x 107 152.4

The out-of-plane displacement caused by intrinsic film stress
was measured by an interferometer. The measured contours
were not axisymetric. A detailed investigation showed that
the two principal curvature radii were neither constant over
the whole substrate nor equal to each other at most points, i.e.,
the reticle shape was not spherical. Thus, Stoney’s equation
would not produce meaningful stress results and a method of
determining film stress from substrate shape using finite ele-
ment procedures in accordance with the present invention
was used to determine the stress in the multilayer thin film
reflector.

The calculated values of normal stresses in the x and y
directions, o, and o,, respectively, were not equal to each
other at most points, and the distribution of both was not
uniform. The o, magnitudes varied from -346 to —645 MPa,
and o, ranged from —-404 to -824 MPa. The maximum value
was about twice the minimum value. If the two principal
stresses were equal to each other, the shearing stress in the
film would be zero. The actual shearing stress varied from
-172 to +205 MPa. Stoney’s equation cannot provide correct
stress magnitudes or stress distributions for such a case.

Based on these stress components, parameters for stress
control, such as principal stresses, Von Mises stress, average
normal stress, and shearing stress of particular planes can be
calculated. These parameters influence the film mechanical
distortions and dislocation generation, and thus adversely
affect the film quality and thus the characteristics of subse-
quent devices fabricated from such film-substrate combina-
tions.

Average stress 0, can be calculated as follows:

0,=(0,+0,)2

©

The average stress was selected as a stress control parameter.
The target value was 480 MPa compressive and uniform. In
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most areas the average stress was lower than the targeted
values, and exceeded the target value only in the small neigh-
borhoods of the corners of the film.

Numerical tests can be utilized to assess the accuracy of
techniques used to determine film stress from substrate defor-
mation. A test case that was chosen is a special axisymetric
example in which the film radial stress and circumferential
stress vary linearly from a maximum value at the center to a
minimum at the outer edge of a circular wafer substrate. See
FIG. 3. An exact solution for this case has been developed.
Theradial stress 0,.and circumferential stress o are given by:

0,=0(1-7/rg) (10)

0= 1-(1+2v )7/ (2+v)r,] (11)
where o, is the maximum stress at the center of the film, r is
the radial coordinate, r,, is the outer radius and v,is Poisson’s
ratio of the film.

The radial stress and the circumferential stress have the same
maximum value at the center. At the outer edge, the radial
stress decreases to zero, but the circumferential stress is not
equal to zero. The corresponding out-of-plane displacement
(OPD) of the substrate is given by:

12

_ 30’Cr%tf(1 - vf)[(2+ VS)(L)Z Z(L)S]
3 Fo

TUEL22+ve) [T+voln/ T3

where t, and tare the substrate and film thicknesses, respec-
tively, E, is the elastic modulus of the substrate, and v, is
Poisson’s ratio of the substrate. The analytical solution is
based on elasticity theory and satisfies equilibrium, compat-
ibility and boundary conditions. Thus, it can be used as a
benchmark for the accuracy of determining film stress using
prior art methods that employ Stoney’s equation and using a
procedure for determining film stress from substrate shape
using finite element procedures in accordance with the
present invention. The material and geometric parameters for
the exemplary test case are listed in Table II:

TABLE I

Material and geometric characteristics for the
numerical test case.

Elastic modulus  Poisson’s Thickness Outer radius
Parameter E(GPa) Ratio v t(um) 1o(mm)
Substrate (Si) 160 0.12 625 50
Film (Cr) 248 0.30 0.10 50

Theradial stress, 0,, has its maximum value of 500 MPa at the
center and decreases linearly to zero at the outer edge. The
circumferential film stress, 0g, Was not equal to 6, except at
the center, but it also decreased linearly from the center to the
outer edge. The minimum value of o, was 150 MPa at the
outer edge.

Equation 1, Stoney’s equation, was locally applied to this
test case. The curvature at each point was calculated from the
out-of-plane displacement data. The film stresses were cal-
culated point-by-point, and compared with the exact numeri-
cal solution. The errors caused by locally applying Stoney’s
equation in this case are illustrated in FIG. 4. When the radial
coordinate, r, varied from 0 to 97.5% of the outer radius, the
error in o, ranged from 7.8%10 211%, and the error in o from



US 7,418,353 B2

11

7.8% 10 109%. As shown by the numerical test case, the error
induced by Stoney’s equation is unacceptable for stress deter-
mination and control.

The numerical test case being discussed was utilized again
to evaluate the accuracy of the film stress obtained from
substrate shape using finite element procedures in accordance
with the present invention. The out-of-plane distortion values
for the test case were directly input into a program for deter-
mining film stress from substrate shape using finite element
procedures in accordance with the present invention. The
errors generated by the resulting film stress determined in
accordance with the present invention are shown in FIG. 5.
Whenr is varied from 0 to 97.5% of'the outer radius, the error
in o, ranged from 0.01% to 0.53%, and the error in o, ranged
from 0.08% to 0.51%. These errors are negligible. Comparing
FIG. 410 FIG. 5 obviously demonstrates that the technique for
determining film stress from substrate shape using finite ele-
ment procedures in accordance with the present invention is
superior to the local application of Stoney’s equation as used
in current systems and methods for determining film stress.

It should be understood that the present invention is not
limited to the particular embodiments, examples, and appli-
cations illustrated and described herein, but embraces all such
modified forms thereof as come within the scope of the fol-
lowing claims. In particular, it should be noted that a method
for determining film stress from substrate shape in accor-
dance with the present invention may be used to accurately
determine in-plane stresses in films applied to substrates, as
described in the examples above, as well as to determine
out-of-plane stresses (in the thickness) in the film.

What is claimed is:

1. A method for determining stress in a film applied to a top
surface of a substrate, comprising:

(a) measuring a displacement of a shape of the substrate;

(b) determining forces at the top surface of the substrate

from the measured displacement of the shape of the
substrate;

(c) determining forces acting on the film from the deter-

mined forces at the top surface of the substrate;

(d) determining film displacements from the determined

forces acting on the film and stiffness of the film; and

(e) determining the film stress from the determined film

displacements.

2. The method of claim 1 wherein measuring the displace-
ment of the shape of the substrate includes measuring at least
one of an out-of-plane displacement, cross-section rotation,
or curvature of the substrate at a plurality of points on the
substrate and determining the shape of the substrate from the
at least one measured out-of-plane displacement, cross-sec-
tion rotation, or curvature.

3. The method of claim 1 wherein determining forces at the
top surface of the substrate includes determining forces at the
top surface of the substrate from the measured displacement
of the shape of the substrate and a stiffness of the substrate.

4. The method of claim 1 wherein determining forces act-
ing on the film includes determining forces acting on the film
as the negative of the forces at the top surface of the substrate.

5. The method of claim 1 wherein the film is applied to the
top surface of an elastic substrate.

6. The method of claim 1 wherein determining the film
stress includes determining in-plane film stress.

7. The method of claim 1 comprising additionally provid-
ing the determined film stress to a process controller.

8. A method for determining stress in a film applied to a top
surface of a substrate, comprising:
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(a) dividing the substrate into substrate plate elements hav-
ing plate element nodes set at the top surface of the
substrate;

(b) dividing the film into film plane elements having plane
element nodes set at an interface with the substrate plate
element nodes;

(c) determining displacements of the substrate plate ele-
ment nodes, denoted by a displacement matrix {D,};
(d) determining forces at the substrate plate element nodes,
denoted by a matrix {F }, from the displacement matrix

{D,} and a substrate stiffness matrix [Ks];

(e) determining forces acting on the film at the film plane
element nodes, denoted by the matrix {F}, from the
determined forces at the substrate plate element nodes
{F}as {Fj=—{F,};

() determining film displacements of the film plane ele-
ment nodes, denoted by the matrix {D,}, from the deter-
mined forces acting on the film at the film plane element
nodes {F} and a film stiffness matrix [K]; and

(g) determining the film stress for the film plane elements

from the determined film displacements.

9. The method of claim 8 wherein determining displace-
ments of the substrate plate element nodes includes measur-
ing at least one of an out-of-plane displacement, cross-section
rotation, or curvature of the substrate at a plurality of points
thereon and determining displacements for the substrate plate
element nodes from the at least one measured out-of-plane
displacement, cross-section rotation, or curvature.

10. The method of claim 8 wherein determining displace-
ments for the substrate plate element nodes includes deter-
mining displacements and rotations for the substrate plate
elements for six degrees of freedom for each substrate plate
element node.

11. The method of claim 8 wherein the substrate plate
elements and the film plane elements are four sided elements.

12. The method of claim 8 wherein determining the film
stress for the film plane elements includes calculating the film
stresses on an element-by-element basis from the determined
film displacements, an elastic matrix, and a strain-displace-
ment matrix of each element.

13. The method of claim 8 wherein the film is applied to the

top surface of an elastic substrate.

14. The method of claim 8 comprising additionally provid-

ing the determined film stress to a process controller.

15. A system for determining stress in a film applied to atop

surface of a substrate, comprising:

(a) ameasuring device adapted to measure at least one ofan
out-of-plane displacement, cross-section rotation, or
curvature of the substrate at a plurality of points on the
substrate;

(b) a computer coupled to the measuring device and
adapted to receive measurements therefrom and pro-
grammed to:

(1) determine a displacement of a shape of the substrate
from the at least one measured out-of-plane displace-
ment, cross-section rotation, or curvature;

(i) determine forces at the top surface of the substrate
from the determined displacement of the shape of the
substrate;

(iii) determine forces acting on the film from the deter-
mined forces at the top surface of the substrate;

(iv) determine film displacements from the determined
forces acting on the film and a stiffness of the film; and
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(v) determine the film stress from the determined film
displacements.

16. The system of claim 15 wherein the computer is pro-
grammed to determine forces at the top surface of the sub-
strate from the determined displacement of the shape of the
substrate and a stiffness of the substrate.

17. The system of claim 15 wherein the computer is pro-
grammed to determine forces acting on the film as the nega-
tive of the forces at the top surface of the substrate.

5
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18. The system of claim 15 wherein the measuring device
employs a measurement technique selected from the group of
measurement techniques consisting of interferometry, pro-
filometry, and laser scanning.

19. The system of claim 15 wherein the computer is pro-
grammed to determine the film stress including determining
in-plane film stress.
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