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ABSTRACT

Mechanical stress in thin films is an important reliability issue in microelectronic
devices and systems. The presence of large stresses can lead to the formation of defects
that can cause device failure. The ability to control the magnitude of stress during film
formation is, therefore, crucial to the fabrication of defect-free and reliable electronic
devices and systems. However, the origin of stress in thin films is still a subject of
intense debate. The development of a detailed understanding of the origin of stress
hinges on our ability to make accurate stress measurements during and after film
deposition. To this end, two novel MEMS structures were developed to measure the
stress of thin films deposited using chemical vapor deposition (CVD).

Buckled SOI membranes were designed and fabricated for the measurement of
the stress in thin films deposited on them. A simple analytic model was developed and
calibrated to assess the pre-deposition and post-deposition buckling of the structures. By
measuring the changes in mechanical responses upon film deposition, it was successfully
demonstrated that stress in thin films can be accurately measured. In particular, the
stresses in evaporated chromium films measured using the SOI membranes and the
curvature method were found to agree to within 5%.

Stress pointers were designed and fabricated for in-situ stress measurements of
CVD thin films. The design was based on mechanically amplified rotation and the novel
concept of "footprinting". Stress is recorded during film formation in the form of beam
rotation, which is also dependent on film thickness. As a result, stress can be measured
as a function of film thickness in post-deposition analyses, without using real-time
measurements during deposition. The fabricated structures were found to bend down and
stick to the substrate. PECVD films were found to deposit non-uniformly underneath the
beams, thereby complicating the mechanical responses of the stress pointers. A new and
improved design is proposed.

Thesis Supervisor: Carl V. Thompson
Title: Stavros Salapatas Professor of Materials Science and Engineering
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Chapter 1

Introduction

Integrated circuits (ICs) have completely transformed the way people work and

live in the past half century, penetrating virtually every sector from consumer goods to

computers and communications. In each IC, there are thousands or even millions of

transistors, each acting as a switch that manipulates electronic signals. In 29 years, the

number of transistors in a microprocessor (commonly referred to as a chip) has increased

more than 12,000 times, from 2300 in the Intel 4004 in 1971 to 28 million in the most

recent Intel Pentium III Xeon processor. But the size of a processor has remained

unchanged. At the heart of this tremendous progress in miniaturization lies the ability to

fabricate reliable and defect-free electronic devices - since one failure can render the

entire chip useless - in which materials play a critical role.

To form a transistor, electronic materials are either grown or deposited on silicon

wafers in the form of very thin films (usually with thickness less than 1 [tm) that are

patterned into different shapes. A potential consequence of processing bonded dissimilar

materials is the generation of residual stresses, which commonly arise due to the

difference in thermal expansion coefficients (known as thermal stress), lattice mismatch



in heteroepitaxial growth (known as epitaxial stress), and the nucleation and growth

processes (known as intrinsic stress). It is well known that, depending on processing

conditions, the magnitude of these stresses can vary from a few GPa in compression to a

few GPa in tension [Ohr 92]. However, the origin of these stresses is still a subject of

intense debate. Even though stress in itself is not considered a defect per se, the presence

of large stresses can lead to the formation of defects such as hillocks, stacking faults,

cracking, warping, and delamination. Consequently, manufacturing yield and circuit

reliability depend heavily on how effectively these stresses are controlled.

Concurrently, the field of micro-electromechanical systems (MEMS) has grown

significantly in the last decade. Micron-size machines such as combustion engines,

accelerometers, and gyroscopes have been fabricated using on silicon processing

technologies developed for IC fabrication, and these MEMS devices have found

increased commercial use. Stress has also been found to be an important reliability issue

for MEMS. For example, large out-of-plane bending can occur in free-standing beams if

the structural material has a through-thickness stress gradient. It has also been found that

a small compressive stress in micro-machined polysilicon structures can lead to buckling

in doubly-supported beams and render them non-functional [Kob 00]. To design micro-

machines with optimal electromechanical responses, precise control of the elastic

properties of the materials that constitute these machines is also essential. However,

most technologically important thin films, unlike bulk materials, exhibit preferential

crystallographic orientation, resulting in anisotropic elastic properties that can vary

substantially with processing conditions. [Tho 93]

Without doubt, a full understanding of nucleation and growth processes and their

dependence on processing conditions is necessary for the production of films with well-

controlled stress and elastic properties. Whether this can be accomplished hinges on our



ability to make accurate and sensitive measurements of these material properties during

film formation and subsequent processing at elevated temperatures. However,

mechanical testing of thin films is a difficult and complex problem in itself, because of

the small size scale. It is, therefore, not surprising that reported values for the Young's

modulus of polycrystalline silicon films vary over a wide range, from 90 to 190 GPa [Sch

92]. This discrepancy can be attributed to the different processing conditions used for the

films studied and, just as importantly, the inadequacy of the measurement techniques

themselves. Building upon past research, this thesis is an attempt to propose new

methodologies for the measurement of stress and elastic properties of thin films formed

by one of the common deposition methods, chemical vapor deposition.

1.1 Thin Film Deposition

Thin film deposition is the process of transferring atoms from a material source to

a substrate, where electronic devices are built using materials with the desired

composition and properties. There are three main types of deposition in microelectronic

fabrication - electrodeposition, physical vapor deposition (PVD) and chemical vapor

deposition (CVD).

Electrodeposition is primarily used in copper metallization. In contrast with most

deposition methods, electrodeposition takes place in a plating solution instead of a

vacuum system. To form a film, copper ions are transported from a positively charged

copper source to a negatively charged substrate, which is usually covered with a copper

seed layer deposited by other means. The ions are then deposited on the surface of the



substrate in the form of atoms. Deep trenches can be filled with relative ease using this

method.

In PVD, atoms are physically transferred from the source to the substrate either by

evaporation or sputtering. Evaporation is typically performed in a high vacuum, with

base pressures from 10-7 to 10-9 torr. The source is caused to evaporate through heating

with an electron beam until, for example, a sufficiently high vapor pressure is achieved.

The evaporated atoms then travel in a straight line to the substrate and condense to form a

film. On the other hand, sputtering is generally performed in an Argon atmosphere, with

gas pressures ranging from a few to 100 mtorr. Sputtering is caused by bombardment of

a source with highly energetic ions that physically remove the target source atoms. The

dislodged atoms undergo many collisions with gas particles before they eventually

deposit on the substrate, making the deposition less susceptible to physical shadowing.

As a result, sputtered films generally have better step coverage than evaporated films. In

addition, sputter deposition usually allow for more variations in composition than

evaporative deposition because it is possible to sputter multi-component targets with a

fixed stoichiometry of the sputtered material.

CVD films are usually formed from reactive gases that are introduced onto the

surface of the substrate. The films normally have superb uniformity and step coverage.

CVD also has the ability to produce a large variety of films of metals, semiconductors,

and compounds with different stoichiometries, in either amorphous or crystalline form,

since the gas chemistry can be altered fairly easily. In commercial applications, CVD is

usually preferred over PVD because it allows for batch processing and has faster

deposition rates, resulting in higher throughput. It is important to note that CVD films

generally cover all the exposed surfaces on a wafer because they deposit wherever the



gases can penetrate. This is an important distinction that directly affects the design of

stress measurement tools, as we shall see later in the chapter.

1.2 Stress Measurement Techniques

Perhaps the earliest and most widely adopted technique for measuring stress in

thin films is through wafer curvature measurements. The theory behind this technique is

based on the original work on electroplated beams by Stoney in 1909, which was later

extended to include plates by Hoffman in 1966 [Glo 95]. Before any film is deposited,

the radius of curvature of a bare wafer is first measured. In a typical stress measurement

system, this is done by scanning a laser beam across a wafer using a rotating mirror. The

angle of reflection, 0, is measured as a function of position, x, with a light detector. A

schematic illustration is shown in Figure 1-1 [Tencor]. The average radius, calculated by

performing linear regression, is the rate of change of 0 with respect to x. After the film is

deposited, the stress in the film exerts a bending moment on the wafer and changes the

radius of curvature. The change is related to the film stress by what is now known as

iFilm

Substrate

R h

Figure 1-1. Schematic of the wafer curvature method. [Tencor]



Stoney's equation, which is given by

E h2 r
6(1 - u) t ( Rafter Rbefore

where E/1 - u is the biaxial modulus of the wafer.

The curvature method is a relatively simple way to measure the residual stress in

as-deposited films, as well as the change in film stress during annealing [Kus 98, Kob2

00, Win 00]. It has also been used to measure stress in-situ during molecular beam

epitaxy (MBE) growth of silicon-germanium and boron films using a multi-beam optical

sensing technique to detect the change in curvature [Flo 97, Nes 99]. Despite its wide

applications, there are still some limitations to use of the curvature method. First, films

are required to be deposited on one side of the wafer only, or the curvature will remain

unchanged because of moment-balancing. CVD will form films on the backside of

wafers, which have to be etched away before measurements can be made. This makes

the curvature method unsuitable for in-situ use in CVD systems. Furthermore, for a

given stress, the amount of wafer bending decreases as the square of the wafer thickness.

Consequently, the ability to measure small stresses in thin films decreases when larger

wafers with greater thicknesses are used.

The main source of error in the curvature method is the replacement accuracy of

wafers. The placements of the wafers, when measurements are made for the second time,

are unavoidably different, even though only slightly, from those made before films are

deposited. This gives rise to errors since wafers seldom have the perfect shape of a

spherical cap. For a substrate thickness of 290pim, the sensitivity of the curvature method

has been found to be on the order of a few MPa-ptm. (The stress-thickness product, MPa-



pm, is commonly used as a figure of merit to quantify the sensitivity of stress

measurement techniques. A sensitivity of lMPa-tm means the smallest detectable stress

is 1 MPa for a Ip m thick film, and 1 OMPa for a 0.1 pm thick film.)

Techniques based on the surface analysis of materials, such as ones using Raman

spectroscopy [Ben 95], Fourier transform infrared spectroscopy [Sam 92], and X-ray

[Kus 96], have also been investigated as potential in-situ stress monitoring tools, albeit

with only moderate success. These techniques require a number of simplifying

assumptions about the texture, microstructure and defect density of the film, as well as

the interaction between the film and the incident phonons. These assumptions are seldom

accurate enough for quantitative measurement of actual thin films. These techniques also

require a long sampling time to collect a strong enough signal for analysis. The

capability for in-situ stress measurement, as a result, is difficult to achieve.

1.3 The MEMS Approach

With the development of surface micromachining has come a new generation of

techniques and novel devices. Figure 1-2 shows some examples of MEMS structures that

are built for mechanical property measurements. MEMS techniques have three major

advantages over the curvature method. First, measurements can be performed in a very

local area on a wafer due to the small size of MEMS devices. Information on the

uniformity of the deposition process can thus be obtained. Second, these techniques have

the potential to be used on-chip because they are closely compatible with silicon

processing technologies. Hence, mechanical properties of thin films can be measured

real-time by tiny sensors on a wafer during manufacturing. Third, MEMS devices can be



made to be sensitive to small changes in stress and elastic properties regardless of the

wafer thickness because they are usually thin, with thicknesses on the order of 1-2ptm.

So far, these potentials have only been realized for films deposited by evaporative

and sputtered deposition, for which an array of techniques have been developed. Among

them, two have received the most interest - the bending of cantilever beams [Klo 68, Abe

90, Kim 99] and the electrostatic pull-in of cantilevers, doubly-supported beams, and

circular diaphragms [Ost 97, Bla 98]. In both techniques, the film under investigation is

deposited on fabricated MEMS structures and the change in deflection (for beam

bending) or pull-in voltage (for electrostatic pull-in) is measured to extract material

properties. These two techniques, however, are not suitable for use in CVD systems. In

the case of beam bending, films can cover both sides of the beam, resulting in a stress-

balanced and unbent beam. In the case of electrostatic pull-in, films can deposit between

the beams and the electrodes, thereby shorting (for metal film) or insulating (for dielectric

film) the electrical circuit elements that apply the bias and detect pull-in.

Only ex-situ MEMS techniques have been proposed for CVD films. Some

(a) (b) (c)

Figure 1-2. SEM photographs of some examples of MEMS structures for material
property extraction - (a) a series of diamond structures for the measurement of tensile
stresses, (b) a single set of rotating beam structures for the measurement of both
tensile and compressive stresses, (c) and an array of buckled microbridges for the
measurement of compressive stresses. [Elb 97]



examples include the bulge test of clamped square membranes [Vla 92], the uniaxial

tension test of opposing microfabricated structures with different widths [Meh 87], and

the bent-beam technique using rotating polysilicon structures [Gia 96]. The majority of

these MEMS-based techniques employ the methodology that the film under investigation

is patterned into the desired mechanical structures, from which measurements are made.

This poses a number of restrictions and limitations. First, changes in the mechanical

properties of the as-deposited film that occur immediately after deposition - which can

result from oxidation, room temperature recrystallization, and stress relaxation - are not

detected as the film has to go through further processing. In addition, films that are much

thicker than those used in actual electronic devices are often tested because thinner films

are less likely to survive the measurement process. There is also little flexibility in the

choice of the substrate material on which the film is deposited, even though it is well

known that the substrate plays an important role in the initial phase of film formation and

in epitaxial growth. Polysilicon films, for instance, are predominantly deposited on

sacrificial silicon dioxide layers.

1.4 Thesis Organization

CVD films are one of the most technologically important and relevant materials.

And yet, there is a lack of reliable methods for the characterization of their mechanical

properties during and after film deposition. It is therefore the goal of this thesis to

investigate new methodologies, based on the MEMS approach, for the ex-situ and in-situ

measurement of the stress of CVD films.



In the previous section, it is noted that there is no net bending in a MEMS

structure when it is covered on all sides with a deposited film. Although the structure is

stress-balanced, there is still a very small and difficult to measure in-plane strain due to

the residual stress. Potentially, the stress can be extracted if the in-plane strain is

converted into some measurable quantities. Chapter 2 presents a method that makes use

of the buckling of SOI membranes to translate small in-plane strain into relatively large

and measurable deformations, which is related to the residual stress in the film and can be

measured in ex-situ experiments.

Real-time measurement tools often require special setups which are difficult to

accomplish in commercial batch processing equipment. Chapter 3 describes a rotation

technique that magnifies in-plane strain into relatively large lateral displacements. The

displacements are modulated by a film thickness dependent stopping mechanism that

records the history of stress evolution during deposition. In this way, "in-situ"

measurements are performed after deposition without the need for real-time measurement

tools. Chapter 4 then summarizes the work presented and suggests future work.



Chapter 2

Ex-Situ Technique: SOt Membranes

2.1 Introduction

When a perfectly straight beam is compressed, its straight form is initially in a

stable equilibrium, meaning that the beam remains straight even if it is perturbed. As the

load gradually increases, a critical point is reached when a slight perturbation produces a

stable lateral deflection. This phenomenon is referred to as buckling. The critical load

for buckling, Pcr, can be solved using a differential equation describing a deflected beam.

The case of a beam with one end fixed and the other end axially loaded was first

discussed by Euler [Tim 36], the solution of which was given by

Pcr = 2EI, (2.1)
4J22

where f is the length of the beam, E is the Young's modulus, and I is the moment of

inertia of the beam. Buckled beams typically have deflections that are relatively large

and measurable, thereby forming a useful basis for measuring the compressive stress in



the beam. In this chapter, we will describe the design and fabrication of silicon-on-

insulator (SOI) membranes, on which thin films can be deposited. Changes in the

buckling behavior of these membranes are then used to characterize the stress of the film.

The use of buckling in residual stress measurement was first applied to MEMS by

Guckel et al. using an array of clamped polysilicon beams with different lengths [Guc

85]. While the longer beams buckled, the shorter ones remained straight. To measure the

compressive stress, the critical buckling length - the length of the shortest buckled beam

- was determined by visually examining the beams using an electron microscope. Later,

a more novel structure that was shaped like a diamond was proposed to characterize the

residual stress in tensile films [Guc 92]. Since then, more sophisticated analytic models

have been developed to include effects such as structural imperfection [Fan 94] and non-

linearity [Nic 99] in beams. In addition to beams, the buckling of square membranes has

also been studied to measure the residual stress in compressive films [Pop 94, Zie 99].

Generally, the film under investigation is patterned into the desired structures - either

beams or membranes - and the magnitude of deflection is measured. As a result, the film

must be under compressive stress, or no buckling will occur. Furthermore, in the case of

beams, there must be a reliable process to pattern the film into the desired shapes.

Therefore, copper films, for which there is a lack of a dry etching technique, are not

suitable for the above techniques. In the case of membranes, the film must be resistant to

chemical etchants,, such as potassium hydroxide (KOH) and tetramethylammonium

hydroxide (TMAH) solutions, that are used during backside etching. These requirements

have imposed significant limitations on the use of these devices.



2.2 Sensor Design and Device Layout

The difficulties mentioned above can be overcome by depositing the film of

interest on buckled membranes. The stress of the film changes the magnitude of

deflections of the membranes. The film no longer needs to be patterned nor to be in

contact with etching solutions. In addition, both tensile and compressive stresses can be

measured.

The silicon-on-insulator (SOI) membranes used in this work are composed of a

2pm-thick single crystal silicon layers with a 2ptm-thick thermally grown silicon dioxide

layers underneath. They are fabricated from SOI wafers by anisotropically etching the

backsides, resulting in sloped backside cavities. There are 23 membranes in various sizes

on a 1cm x 1cm die as shown in Figure 2-1. Table 2-1 lists the dimensions of the

openings in the photo mask and the resulting sizes of the membranes. The membrane

sizes are calculated assuming that the (111) planes are the planes with the slowest etch

rate and that the wafer is 450pm thick. In order to measure both compressive and tensile

stresses, the membranes are designed to buckle even without film deposition. This is

A 'B C D E F G H

J. K L M N

O p device silicon layer

R A silicon dioxide

S T V silicon
handle wafer

Figure 2-1. Front view of a die, 1cm x 1cm in size, with processed square membrane
structures. The labels correspond to the names used in Table 2-1. A cross-sectional
view of a membrane is shown on the right.



Table 2-1. Dimensions of the backside openings laid out on the photo mask and the
resulting membrane sizes. Labels for the membranes are shown in Figure 2-1. The
sizes of the membranes are calculated assuming a wafer thickness of 4 5 0 Rm.

V 686 50 K 1036 400

W 686 50 L 1136 500
H 711 75 M 1236 600
G 736 100 N 1336 700

F 761 125 Q 1436 800

786 150 R 1636 1000
D 811 175 U 1886 1250

C 836 200 T 2136 1500
H 861 225 S 2386 1750
A 886 250 0 2636 2000
1 936 300 P 3136 2500
J 986 350 All values listed in gm.

accomplished because the silicon dioxide layers are under compressive stress. Most

membranes buckle in the first buckling mode, the shape of which resembles a cone.

Films can be deposited on either one side or both sides of the membranes because

buckling is determined by the in-plane stress, not the moment, in the membranes. So,

even though the membranes are moment-balanced when films are deposited on both

sides, the in-plane stress is in fact twice as much as when films are deposited on one side

only. Changes in the buckling behavior due to the additional film, which can be

deposited either before or after the release of the membranes, are then used to extract the

residual stress of the film.

The mechanical responses of these membranes are rather complex because of

bending-stretching coupling that is characteristic of unsymmetric laminated plates,

defined as plates that are asymmetric with respect to the middle plane of the plate. The

analytical solutions for this type of membrane generally require finite element

simulations or numerical solutions [Jen 88, Qat 93]. This approach, however, is not

practical for material property extraction as the number of parameters are too numerous

and the resulting expression will be too cumbersome to use. By restricting the analysis to



first mode buckling and utilizing the Rayleigh-Ritz energy method, a simple analytic

model for the extraction of mechanical properties is developed and presented in the next

section.

2.3 Analytic Model

2.3.1 Approximate Buckling Solution for Clamped, Square

Laminated Plates

In large deflection theory, when the out-of-plane deflection is comparable to the

thickness of the plate, the buckling response is non-linear. The governing differential

equations for such a case generally do not yield closed-form solutions. Hence, the

Rayleigh-Ritz energy method [Tim 36], on which this analysis is based, is typically used

to obtain an approximate solution by minimizing the elastic strain energy of the plate.

We first consider a square laminated plate of size 'a' with rigidly clamped edges.

The center of this plate is situated at the origin of a Cartesian coordinate system. The

reference surface, z=O, is taken at the neutral plane, where the top surface of the laminate

is located at z=h2 while the bottom surface is at z=-hi. The plate is composed of an

arbitrary number of anisotropic and homogeneous layers, each with different elastic

stiffness constants cij(k), residual strain so(k), and thickness h(k), where the superscript k

denotes the kth layer of the composite plate.



For a thin plate with thickness much less than all its other dimensions, it is

assumed to be in a state of plane stress and all stresses, except ax,ay, and axy, are zero.

The elastic strain energy for such a plate is given by

U= I af( +YSY +a Tse )dV , (2.2)
2Vol.

where Ex and ey are normal strains, and exy is the shear strain; ax and y are normal

stresses, and axy is the shear stress. The stress-strain relationships of thin laminated

plates, unlike those of thin homogeneous plates, have to satisfy interfacial continuity

conditions in addition to the equilibrium conditions for each layer. The complete solution

was presented by Lekhnitskii and later extended to a more general case by

Ambartsumyan [Bog 96]. The resulting plane-stress constitutive equation, for the kth

layer in a laminated plate, is given by [Whi 87]

y [Q= Q22 2) j y,) 2, (2.3)
(k) (k) Q(k) Q(k) (k)

where the reduced stiffness terms Qi are related to the elastic stiffness constants, cij, as

Qi =ci -c -3cj3 (2.4)
c33

Knowing that the deformation results in small strains but large deflections, the von

Kirmain's non-linear strain-displacement relations are used, where, for the kth layer, we

have [Chi 80]
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where z is the distance from the neutral plane; and w(x,y), ux(x,y), and uy(x,y) are the

displacement functions for the out-of-plane deflection and the in-plane displacements in

the x and y directions, respectively. The first column in equation (2.5) represents the

biaxial residual strain of each layer. The second column represents the normal strain

caused by any in-plane deformation. The third column is the rotational strain due to large

deflection. The contribution of rotational strain does not become significant until the

deflection is on the order of the plate thickness and is, therefore, normally neglected in

small deflection analyses. The fourth column shows the strain induced by an applied

curvature. This portion of the strain becomes zero at the neutral plane.

Here, we further restrict our analysis to cubic and isotropic materials, thus

reducing the stiffness matrix to three independent variables - QI,, Q12, and Q44 (which is

equivalent to Q66) - for cubic materials, and two independent variables - Q11 and Q12 -

for isotropic materials.

To find the strains in equation (2.5), the three displacement functions, w(x,y),

ux(x,y), and uy(x,y), must be known. For w(x,y), the shape of the deflection surface can

generally be written in terms of an infinite sum of some suitably chosen trigonometric

functions that satisfy the boundary conditions of a clamped plate:

w(x,y) - aw(xly) - -w(xy 0  (2.6)
ax a
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Figure 2-2. The approximated shape of a membrane in the first buckling mode.

at the four edges of the plate. For simplicity, we shall limit the scope of this analysis to

the first buckling mode, in which case the shape of a buckled membrane can be

approximated in the form of

w(x,y)= w"' I+ cos 2nx I+ cos 2nK, (2.7)
4 ( a )(a

where wmax is the maximum deflection, found at the center of the plate. The shape of

such a surface is shown in Figure 2-2. The trial functions for the in-plane displacements,

on the other hand, must satisfy the boundary conditions:

au (x,y) au, (x,y)28u.(x,y)= u,(x,y)- au(xy - -u(xy =0 (2.8)
ay x

at the four edges. In addition, they must be compatible with equation (2.7) since the out-

of-plane deflection defines the in-plane displacements. Consequently, the trial functions

can be written as



U.(x, y)= c sin 2 1x I+ cos 271y
a a J (2.9)

lu, (x, y) = e sin 2 ay 1I+ Cos2ax

for the displacement in the x and y directions, respectively, where c is a variable.

Evaluating equation (2.2) and utilizing the fact that residual stress and elastic

properties are constant within a homogeneous layer, we have, for a laminated plate with n

layers, the expression for the elastic strain energy, U:

7 3 cw 2  5 7E4 w4
U= (A1 2 -A 4 4 ) max +(21A +5A 2 +10A 44 ) 40 "ax

4a 4096a2

+(3A 1, +A12 +2A 44 )c2R2 +(3B1 +B12 + 2 B44) cwmax

4w3 n4W2 2a ,(2.10)
+(B1 -B 44 ) max + (3D +D + 2D 44 ) "'"wa

8a2  4a 2

37[2w2 n
+ '"ax - h (k)a(k)

16 k=1

where

h 2

(AIg,B,Di )= JQk)(1,z,z2 )z (2.11)
-hi

and cyk) is the residual stress of the kth layer. In this form, the integrals are evaluated

with respect to the common neutral plane at z=0. To take advantage of the symmetry

about the middle plane of each layer, we transform the axes [Tsa 88] such that the

integrals are evaluated with respect to the middle plane of each individual layer, as

illustrated in Figure 2-3. Equation (2.11) then becomes



n

Aij = I: Qhk)
k=1
n

Bi= JAk)d(k) (2.12)
k=1

nI (N

Dij = A Aj d(k)2 + h(k)2)

k=1 12

The transformation results in the quantity d(k), which is the distance between the middle

plane of the kth layer and the common neutral plane of the laminated plate. The neutral

plane is defined as the plane where the strain due to an applied curvature vanishes. For

isotropic or mid-plane symmetric plates, the neutral plane coincides with the middle

plane of the entire laminate. However, for unsymmetric plates, it can be shown, using a

force balance analysis (see Appendix A), that the location of the neutral plane can be

found by satisfying the condition:

Bo +B 12 = 0. (2.13)

The minimum in the elastic strain energy of the plate is then found by solving the

two equations,

Z=h 2

Z=0 ------ ----- ----------- + common
O__neutral plane

d

......... middle plane
Z=-h, of a layer

d = z middle z common
plane neutral plane

Figure 2-3. Schematic illustration showing the transformation of axes in an
imaginary three-layered laminate. The distance between the middle plane of a layer
and the common neutral plane, d, is given by the equation in the figure.



U = 0 aU _0, (2.14)
wmax c

which gives the solutions

w P + Vp-p 2 - p3 Sa2 , (2.15)

w P - p3 - p2 - p3Sa 2

where

= -192 (A J -A )(3B 11 +B1  2B 44 )-(B,2 -B44X3A1 +A 12 +2A 44 )]
5(21A + 5A +10A )(3A + A 2 +2A 4 )-64(A1 - A4 )2

P2 = 512[(3A 1 + A12 + 2A44X3D1 + D12 + 2D44 )-(3B + B1 +2B+ )2
5(21A, + 5A 2 +10A44X3Al + A12+ 2A4)-64(A,2 -A 4 4 )2

P3 = 7[2 384(3A, + A12 + 2A 44 ) . (2.16)
5 2(21An + 5A 2 +10A 44X3A 1 + A12 + 2A 44)-642(A 12 - A44)2

S = j h(k)aCyo)0
k=1

The solution wmax= corresponds to the flat state. This is the only solution when

the applied stress is below the critical buckling load. The other two solutions are

imaginary. Above the critical buckling load, the positive solution represents the buckled-

up state while the negative solution represents the buckled-down state. The two states are

slightly different in magnitude because of the terms Bij's, which have finite values for

unsymmetric laminated plates. In the cases of isotropic and symmetric laminated plates,

the terms Bij's vanish and the two solutions become identical in magnitude. The strain

energies are slightly different for the two states. One of the states, as a result, will be

energetically more favorable than the other. It can also be seen that the clamped-edge

boundary condition averages the through-thickness stress gradient, resulting in a

thickness-averaged stress quantity.



For comparison, the solution is recast into the form used by Ziebart et al. [Zie 99]

for isotropic plates as

wmax 192(1 +ou) ( 4.386 a2 C (1-o)
h 657 2 1+u h2 E ' (2.17)

where E/1 - o is the biaxial modulus. Figure 2-4 shows a comparison of equation (2.17)

and the solution in [Zie 99], obtained by performing over 1,000 numerical simulations.

The difference between the two solutions is less than 9% over the entire range

considered.

2.3.2 Material Property Extraction

Experimentally, the three quantities, P i, P2, and p3S can be obtained by measuring

wmax as a function of the membrane size 'a' in both the buckled-up and buckled-down

states, using the following expressions:

-800 -600 -400 -200 0

2 2
o (1-v)a /Eh

Figure 2-4. Comparison of the approximate solution in the current work for the
case of isotropic plates and that obtained by Ziebart et al. [Zie 99] using data from
over 1,000 numerical calculations. The difference is less than 9% over the entire
range considered.

------- Ziebart et al.

Current work
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2 = (w ma w") at a = 0. (2.18)

p 3S = d(w" -wma" )/d(a2)

Having three equations relating film properties to experimental measurements, a

maximum of three unknown properties - such as residual stress, elastic constants, and

film thickness - can be solved in any multi-layer system. However, two challenges

remain. First, the prediction of the material properties of the deposited film requires

accurate knowledge of the residual stress, elastic properties, and thicknesses of the

starting materials, which is not readily available and can vary substantially with

processing conditions. Second, the solution presented above is, after all, an

approximation. Generally, approximate solutions contain all the correct functional

dependence, thereby providing useful insights to otherwise unsolvable problems.

However, the level of quantitative agreement attained is seldom satisfactory, as

evidenced in the comparison in Figure 2-4. This is a common difficulty encountered by

workers in the MEMS area. To overcome this problem, data obtained from finite element

modeling of the corresponding MEMS structure are typically used to compare with the

approximate solution and the coefficients in the analytic expression are fine tuned. An

example of this technique is demonstrated in [Mas 88]. An alternative, and perhaps more

practical, approach is to carry out calibration with real device structures and fit the

calibration data to the approximate solution to extract the correct coefficients, as outlined

in greater detail in the next section.

2.3.3 Device Calibration

To effectively calibrate the mechanical responses of the membranes, it is

important to apply a known stress to the structures and then measure the change in out-



of-plane deflections. For the particular design in this work, calibration can be done by

heating due to the difference in thermal expansion between silicon and silicon dioxide.

Consequently, we have the ability to vary S, relative to the initial residual stress, and a2 in

equation (2.15), to find the coefficient p3 and the residual stress S, which are given by

d u(/W o - p)

3 
max 2)

S wd(S o -p) 2 , (2.19)

p3 d(a2)

where up/down means that only data that are taken from either all in the up states, or all

in the down states are considered. Using thermal expansion data reported by Blech et al.

[Ble 82], the change in stress is related to temperature change as

dS E Sio2 hsi S0asi - acsio 2)

= 0. 165h SiO 2MPa - pm*C- (2.20)
dT 1-u 1 0o 2

where axsi and ao2 are the thermal expansion coefficients of silicon and silicon dioxide,

respectively. Applying a thin film approximation, thus assuming the stiffness of the

laminated plate does not change with the addition of a film, the stress-thickness product

of the deposited film, h a , can be written as

hf (f = Swith - S without (2.21)
film film



Experiment

2.4.1 Fabrication

The fabrication process for the SOI membranes is shown in Figure 2-5. To

fabricate the SOI wafer substrate, 2pm-thick films of silicon dioxide were thermally

grown on 450pm thick (100) silicon handle wafers. These were then fusion bonded to

(100) silicon device wafers, which were subsequently etched and polished to a nominal

thickness of 2pm. Next, the silicon dioxide films grown on the handle wafers were

(e)
LJ(h

(h)

Figure 2-5. The process flow for the fabrication of the SOI membranes - (a) (100)
silicon handle wafer; (b) 2pm-thick thermal oxide; (c) wafer bonding with another
(100) silicon wafer that is subsequently thinned to a nominal thickness of 2[im; (d)
removal of the thermal oxide from the backside; (e) 1000A-thick LPCVD silicon
nitride; (f) patterned photoresist used as etch mask for silicon nitride patterning; (g)
silicon nitride dry etched; (h) backside anisotropic etch using KOH and TMAH; (i)
silicon nitride stripped using phosphoric acid.

2.4

j



removed from the backsides using a buffered oxide etch, leaving behind layers of silicon

dioxide sandwiched between pairs of silicon wafers. The backsides of the bonded wafers

were then polished and the wafers were thinned to a final thickness of 434pm. Blanket

films of silicon nitride were deposited on both sides of the wafers by low pressure

chemical vapor deposition (LPCVD) to function as etch masks. Square openings of

various sizes, with edges parallel to the <110> directions of the device layers, were

patterned on the backside using reactive ion etching. After the patterning step, the wafers

were placed in special Teflon holders in which the front sides of the wafers were

protected from wet chemical etching using ethylene propylene (EPR) O-rings while the

backsides were exposed to the etch. The wafers were then dipped in 50:1 HF solutions to

remove native surface oxide layers. After a quick rinse using de-ionized water, wafers

were anisotropically etched in 20wt.% KOH solutions at 854C until about 60pm of the

silicon handle wafers were left. The remaining silicon was etched in 25wt.% TMAH

solutions at 85*C with silicon dioxide layers serving as the etch stops. To remove the

silicon nitride hard mask, the full wafers were etched in phosphoric acid for 40 minutes at

155*C. The wafers were then diced into 1cm by 1cm dies and the structures were ready

for thin film deposition after the magnitude of deflections had been measured.

2.4.2 Device Characterization and Calibration

The vertical profiles of the buckled membranes were measured using a Wyko

NT2000 3D optical profiler that had a 0.01ptm vertical resolution and a repeatability of

better than 0.5%. Measurements were made by passing white light through a beam

splitter, with one beam being directed towards the sample and the other being reflected to

a reference mirror. Interference fringes, the brightest of which was located at best focus,

were generated by combining the light reflected off from the two surfaces. The surface

of the sample was scanned along a normal axis, using a piezoelectric motor, and the
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Figure 2-6. Quantitative measurements of the vertical profiles of the membranes are
made using a Wyko optical profiler. The figure on the left shows a colored height
contour generated by the Wyko analysis software. The plot on the right shows a
cross-section through the center of a buckled membrane, from which the magnitude of
the maximum deflection is measured.

change in light intensity was captured using a CCD camera. The images were

demodulated and converted into a quantitative vertical profile of the sample surface, an

example of which is shown in Figure 2-6. The maximum deflections of the buckled

membranes were then measured. The sizes of the membranes were measured with a

Vernier scale in an optical microscope using a 20X objective.

Calibration was carried out on a hot plate, on which a tape-mounted thermocouple

sat side by side with the samples. Measurements were taken at various temperatures,

from 24 to 1 10*C. At temperatures above roughly 75*C, the air flow near the sample

became uneven and jerky, thus generating random noises in the measurement. A small

fan was, therefore, placed at a distance from the setup, blowing air slowly towards the

sample. As a result, although the air flow was still uneven, the noise generated became

more regular and could be removed by averaging many measurements.



2.4.3 Thin Film Characterization

As a proof-of-concept demonstration, the stresses of evaporated chromium films

were measured using the buckled membranes and curvature measurements. Prior to

deposition, the baseline curvature of 290pim-thick (100) silicon wafers weres measured

using the Tencor FLX-2320 thin film stress measurement system. The deflections of the

membranes were measured with the Wyko optical profiler described in the previous

section. The two samples were then cleaned twice in 3:1 sulphuric acid-hydrogen

peroxide solutions for 10 minutes. After that, 500A-thick chromium films were

deposited at a rate of 2A per second simultaneously using electron beam deposition on

the samples. The pressure was maintained at about 5 x 107torr throughout the deposition.

The samples were then taken out of the deposition chamber for stress measurement.

Measurements were taken every five minutes for the silicon wafer and roughly every two

hours for the buckled membranes.

(a) (b)

Figure 2-7. Optical images of buckled membranes in (a) the first buckling mode, and
(b) a higher mode, at which point the structure no longer possesses rotational symmetry
about the vertical axis.



2.5 Results and Discussion

Figure 2-7 shows the optical images, taken using Normaski optics, of two

membranes of different sizes viewed from the top. The smaller membrane buckles in the

first mode whereas the bigger one buckles in a higher mode, as evidenced by the break

from rotational symmetry about the vertical axis. Figure 2-8 shows a comparison of the

actual shape of a membrane in the first buckling mode and the approximate displacement

function used in equation (2.6). It is apparent that the two shapes match, proving that the

out-of-plane displacement function used in the analytic model is valid. The in-plane

displacement functions, however, are unverifiable given the current technique and

therefore remain as approximations. Figure 2-9 shows a plot of deflections versus

membrane size. As expected, buckling occurs abruptly above a critical size. In the early

stage of the post-buckling regime, the magnitude of the deflection increases rapidly with

the size of the membranes. The rate of change slows considerably as the size becomes

larger. It can also be seen, for a given membrane, that the buckled-down states have
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Figure 2-8. A comparison of the approximate displacement function and the actual
shape of a membrane in the first buckling mode. The figure shows the vertical
deflection profiles through the cross-section of the center and the diagonal of the
membrane. Both shapes match.
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Figure 2-9. Deflection plotted as a function of the sizes of the membranes.

slightly larger deflections than the buckled-up states. This is a direct consequence of the

bending-stretching coupling experienced by unsymmetric laminated plates, as clearly

illustrated by the analytic model discussed in the previous section. Using the energy

expression in equation (2.10), it can be shown that the buckled-down state, for a given

membrane size, has a lower elastic strain energy than the buckled-up state. As a result,

the buckled-down states are energetically more favorable than the buckled-up states.

Nonetheless, if an initially flat membrane were to buckle, it should be equally likely to

settle in either one of the two states because the flat position is located at a local energy

maximum. However, nearly 90% of the as-fabricated membranes were found to be

buckled-down. This is most likely because silicon dioxide, being hydrophilic and in

contact with the etching solution, is slightly pulled towards the solution at the end of the

etching process. As a result, when the membranes are released and become unstable,

they tend to be trapped in the buckled-down states.
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Figure 2-10. Deflection data for two membranes, plotted as a function of
temperature.

Figure 2-10 shows deflections as a function of temperature for membranes of

different sizes within one die. As temperature rises, the difference in thermal expansion

of silicon and silicon dioxide results in a tensile stress. Consequently, deflections

decrease with increasing temperature. Using equations (2.19) and (2.20), P3 and S of this

particular die are calculated from the calibration data as

(p3 = 1.3 x 10-6 ±0.15 x 10-6 MPa-1 -pm-1

S = -498±63 MPa - pm ~

The errors in p3 and S are about 10-15%. This rather large variation is the result of

measurement error incurred during calibration since the changes in deflections caused by

heating are comparable in magnitude to measurement noises. In contrast, the variation in

the product p3S, obtained from deflection data measured as a function of membrane size,

is less than 1%. It has also been found that P3 and S are not uniform across a wafer. The

thickness variation in the silicon device layer, as a result of polishing, is believed to



contribute to the relatively large variation over a wafer in the extracted value of P3, which

has a linear dependence on thickness. Tightly spaced, multi-color contour lines, which

indicate thickness variation, can be observed on the silicon device layer with the naked

eye. In addition, the polishing step used to thin the silicon device layer may have also

created localized stress in the bonded wafer.

Figure 2-11 shows a comparison between the stress measured using the curvature

method, using thin wafers that are more sensitive to small stresses, and the SOI

membranes after chromium deposition. Evaporated films were used for comparison

instead of CVD films because, as explained in the previous chapter, CVD films do not

cause curvature changes since the wafers are moment-balanced. It was observed that the

stress of the chromium film was tensile and increased rapidly for the first few hours after
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Figure 2-11. The stress of an evaporated chromium film measured using the
curvature method (using especially thin wafers - 290pm-thick - that are more
sensitive to small stresses) and the SOI membranes. The values only differ by about
5% and the trend in the stress evolution is matched. The confidence limit is also
shown for the case if the wafers were 775pm thick.



deposition. The rate of change slowed to a stable value about 7 to 8 hours after

deposition. The high tensile stress observed is consistent with the fact that evaporated

chromium film, having the body centered cubic (BCC) structure, has a high melting

point. This class of film materials, termed type I materials, is known to have a low

mobility at room temperature. They exhibit only tensile stress with increasing film

thickness. [Abe 90] The lack of stress relaxation during deposition, due to low atomic

mobility at room temperature, results in high stresses at room temperature. The increase

in stress after deposition is likely a result of grain growth, the exact causes of which are

outside the scope of this work. By comparing the stress values obtained by the two

techniques, it can be seen that the values differ by only about 5% and the error bars are

comparable in magnitude. The trend in stress evolution was also captured correctly using

the membrane technique. It should be noted that the wafers used for curvature

measurements in this work are especially thin so that they are more responsive to small

stresses. If thicker wafers with greater diameter were used instead, the confidence range

would be much greater, as shown in the same figure.

In summary, we have demonstrated that the accuracy and sensitivity of the

membrane technique are comparable to those of the curvature method. Improvements,

which are laid out in greater detail in the next section, can be made to enhance the

accuracy and sensitivity. The design allowed for the deposition of films on both sides of

the membranes, making it suitable for measuring the stress in CVD films. The small

sizes of the membranes also allowed for the construction of stress maps that

quantitatively describe the stress distribution on wafers. Thus, it is apparent that the SOI

membrane technique has proven to be a sensitive and useful stress measurement tool for

CVD films.



2.6 Design of Next Generation Device

The next generation device should aim for three goals - enhanced sensitivity,

better accuracy, and versatility.

To enhance device sensitivity, the membranes should, in general, be made less

rigid so that deflections are greater and more easily measurable for a given stress. This

can be achieved through several means. First, the thickness of the membranes should be

reduced. One added advantage of having a thinner silicon dioxide layer is the reduction

of the thickness-averaged stress in the membranes, which will result in an increase in the

critical buckling size. As a result, membranes that buckled in the first mode are in

general larger and therefore easier to be toggled between the buckled-up and buckled-

down states. Second, the edges of the membranes can be aligned to the <100> directions,

instead of the <110> directions, of the silicon device layer to take advantage of the

smaller plate modulus. The plate modulus (E/1 - 2 ) is the relevant elastic quantity that

describes the rigidity of plates. It should be noted that while the in-plane biaxial modulus

(E/1-u ) of (100) silicon wafers is isotropic, its in-plane plate modulus is, however,

anisotropic. Third, the substrate material can also be changed to ones that are more

compliant.

As demonstrated previously, the coefficients in the analytic expression are found

either by applying a known stress to the actual devices or by comparing the expression

with finite element modeling. While the former method has proven to be adequate, the

small difference in thermal expansion between silicon and silicon dioxide has led to a

calibration error of roughly 10% and has therefore limited the accuracy of the technique.

Comparison with finite element modeling, though time-consuming, may eventually lead



to better accuracy. In addition, the remaining two coefficients, PI and P2, can both be

obtained from finite element modeling, resulting in three equations relating material

properties to experimental measurements. Hence, elastic properties of the film may

potentially be extracted in addition to the stress of the film. However, accurate device

metrology, especially accurate knowledge of the thickness of the films, will then become

important since the coefficients have up to a cubic dependence on thickness. Etch steps,

such as holes in the silicon layer, should be patterned on the front side of the wafer so

that the thickness of the silicon can be measured with a surface profilometer. The

thickness of the exposed silicon dioxide layer in the etch steps can then be measured with

an ellipsometer.

Although this work focuses exclusively on SOI membranes, it should be noted

that the proposed methodology applies to any general composite membrane. For

example, single crystal silicon can be replaced by polysilicon if substrate orientation is

not a concern. In addition, additional layers, such as diffusion barriers and seed layers for

electrodeposition, can be deposited on the membranes prior to the deposition of the film

of interest. This is possible because only the changes in buckling and post-buckling

responses are utilized to extract the stress of the film. The versatility in the choice of

substrate material is an advantage few existing MEMS techniques are able to attain.

2.7 Summary

In this chapter, we described the design, fabrication, modeling, calibration, and

testing of SOI membranes for the ex-situ stress measurement of thin films, in particular

CVD films. The design allowed for the fact that CVD films deposit on both sides of a



wafer, which was a major hurdle for the use of the curvature method. The use of MEMS

devices also allowed for the construction of stress maps that describe the stress

distribution on wafers. The use of composite membranes also eliminated the need for the

film of interest to be patterned or to be in contact with aggressive chemical etchants,

which would otherwise damage the film. Experiments with an evaporated chromium

film showed that both the accuracy and sensitivity of the measurements made using SOI

membranes are comparable to those of the widely used curvature method for 290ptm

thick silicon wafers. In addition, several methods were proposed to improve the

sensitivity, accuracy, and versatility of this technique.



Chapter 3

In-Situ Technique: Stress Pointers

3.1 Introduction

In the previous chapter, we presented the use of buckled SOI membranes to

extract the stress and, potentially, the elastic properties of as-deposited thin films. The

buckling technique is, however, not an ideal tool for in-situ use. A number of challenges

remain to be addressed in order to design devices with true real-time and on-chip

measurement capabilities. First, optical sensing techniques, such as those based on the

use of laser beams and optical detectors, require clear optical paths to the wafers, which

are difficult to realize in batch processing equipment like CVD tube reactors where

wafers are placed side by side. Hence, the use of optical-based techniques, such as the

SOI membranes and the curvature method, is essentially excluded. Second, for most

real-time techniques, special fixtures, such as wafer holders and electrical wiring, are

usually required to be installed in the deposition equipment. The disruptions caused by

the installation not only hamper existing manufacturing process, but may also irreversibly

damage the equipment. For example, electrical wiring may act as antenna inside a



plasma-enhanced CVD system and interfere with the plasma discharge, thus adversely

affecting process uniformity and repeatability. Consequently, real-time measurement

techniques will likely have only limited applications in commercial deposition systems.

In this chapter, we will describe the design and fabrication of a set of MEMS

structures, called stress pointers, that are based on mechanically amplified rotation and

the novel concept of "footprinting". These devices, instead of measuring stress in real

time, mechanically record the evolution of stress as a function of film thickness during

the formation of CVD films. The data is then extracted in ex-situ measurements after the

deposition.

The concept of mechanically amplified rotation was first proposed and applied to

MEMS by Wilner [Wil 92], whose design is shown schematically in Figure 3-1. The

suspended structure shown was composed of two opposing beams that were fixed at one

end to a frame and hinged at the other end to a gauge needle, located in between the two

fixed-hinged beams. The two hinged junctions were slightly offset from each other.

When the structure was released through the removal of the underlying sacrificial layer,

fixed-hinged beams

frame gauge
needle

Figure 3-1. Schematic of Wilner's strainmeter. A magnified view of the junctions
connecting the fixed-hinged beams and the gauge needle is shown on the right. [Wil
92]



the residual stress in the beams was relaxed, slightly changing the dimensions of the

beams. The offset between the two beams caused the gauge needle to turn. The

magnitude of the lateral deflection at the end of the gauge needle was large enough to be

measured optically. However, the mechanical response of the structure was complicated

because the hinges connecting the gauge needle and the fixed-hinged beams were not

perfect and acted like springs. As a result, finite element simulations had to be performed

to extract the stresses in the beams. The need to perform finite element calculation for

every measurement had made this technique very unattractive for practical applications.

Since then, more sophisticated designs with simpler mechanical responses and higher

magnification have been developed [Dri 93, Eri 95, Lin 97, Pan 99], from which sensitive

ex-situ strain measurements have been performed on the materials that constitute the

structures.

In this work, we have adopted the indicator structure designed by Lin et al. [Lin

97], shown in Figure 3-2, as the starting point of our design. The indicator structure is

constructed using a two-mask process, in which suspended polysilicon beams are formed

by removing a layer of sacrificial oxide underneath the polysilicon film. The entire

structure is attached to the silicon substrate at the two anchors only. With no constraint,

the stress in the polysilicon is relaxed, slightly changing the dimensions of the beams.

The test beam on the left of the structure magnifies this small change in dimension by

rotating the slope beam in the middle, resulting in a small rotation of the indicator beam.

The indicator beam turns right if the polysilicon is in compression, and left if it is in

tension. The lateral displacement at the tip of the indicator beam, which is equipped with

a Vernier gauge, is then measured optically with a microscope. The mechanical

responses of the beams was modeled by Lin et al. using simple force and moment

balances. Ignoring the spring effect of the slope beam, the stress in the polysilicon, a, is

related to the lateral deflection, S,, of the tip of the indicator beam as



(3.1)0=2 E Lsb ,,
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where E/1 - u is the biaxial modulus of polysilicon, Lsb, Lib, and Ltb are the lengths of the

slope beam, indicator beam, and test beam respectively. C is a correction factor due to

the presence of the indicator beam, which is given by

Vernier
gaugeindicator

beam

test *'
beam

- anchor

slope
beam

. anchor

Figure 3-2. SEM photographs of Lin's indicator structure. After sacrificial oxide release,
the test beam slightly changes in dimensions due to stress relaxation. This small change
is converted into a rotation of the slope beam, which, in turn, causes the indicator beam to
rotate. The indicator beam turns right if the polysilicon is in compression, and left if it is
in tension. The displacement at the tip of the indicator beam is then measured optically
by referencing the Vernier scale. A close-up image of the Vernier gauge, showing a
tensile stress reading, is shown on the right. [Lin 97]



C= 1-d
2
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where d is the ratio of the width to the length of the indicator beam.

(3.2)

3.2 Sensor Design and Device Layout

Building upon the design of Lin's indicator structure, we have added two new

features to the design of stress pointers. Figure 3-3 shows an optical photograph of the

top half of a stress pointer built in this work, whose dimensions are listed in Table 3-1.

The particular features of this design will be discussed in detail later in this section.

Figure 3-3. Optical photograph showing the top view of a stress pointer. Two new
structural elements were added to the design - gate and gatepost. The gate in this
particular stress pointer is 217pm long and the separation between the gate and the
gatepost is 3pim. This particular device was designed specifically for measuring
compressive stress.



First, the structures are no longer used solely for measuring the stress in the

polysilicon film. Instead, the stress of a thin film is measured by depositing the film on

the released structures. The stress of the film will slightly change the dimensions of the

test beam, which, in turn, causes a further rotation of the indicator beam. The change in

lateral displacement, AS8, is then measured with the Vernier gauge. An important

requirement is that films must be deposited uniformly on both the top and bottom of the

beams or the indicator beam will bend, resulting in erroneous readings. Films formed by

CVD potentially satisfy this requirement. Ignoring contributions from films deposited on

the sidewalls of the beams, it can be shown (see Appendix B), by using a force balance,

that the change in lateral displacement is related to the stress of the deposited film, crf, as

Of = 2 E, + hs EI Lab A6,, (3.3)
3C ( 2h, LibLtb

where Ef and Es are the biaxial moduli of the deposited film and the polysilicon beam

respectively, hs is the thickness of the polysilicon beam, and hf is the film thickness.

Note that the measured stress is only a thickness-averaged stress because any bending

effect caused by the stress gradient of the film is canceled out by having two identical

films on both sides of the beams. By applying a thin film approximation, equation (3.3)

can be rewritten in terms of the stress-thickness product hfp f as

Table 3-1. Dimensions of the stress pointers.

Test beam 30pm 500pm

Indicator beam 30gm 500gm
Slope beam 5pm 60pm

Vernier fingers 2pm 10pm

Gate see Table 3-2
Gate Separation see Table 3-2

Center to center separation of Vernier fingers
(at the indicator beam) 5pm
(at the anchor) 4pm



hff,= Esh, Lsb A6. (3.4)
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The second difference between the two designs is that two closely-spaced

structural elements, labeled as "gate" and "gatepost" in Figure 3-3, are included in the

structure for in-situ stress measurement. As illustrated schematically in Figure 3-4,

during the formation of CVD films, the indicator beam gradually turns due to the stress of

the film. The gate, being attached perpendicularly to the indicator beam, also turns and

slowly approaches the gatepost. Meanwhile, the film of interest is deposited on all the

surfaces of the beams, and in particular, on the sidewalls of the gate and the gatepost. As

a result, the separation between the gate and the gatepost, d, is slowly reduced. The gate

eventually touches the gatepost and is welded to it by the depositing film. Once locked in

place, any change in stress or film thickness will not bring about further rotation to the

indicator beam. Thus, the stress and thickness of the film at this particular instant are

permanently recorded by the structure in the form of a mechanical rotation. The point at

which lock-in occurs is set by the length of the gate Lg and the initial separation distance

gatepost

film "locked-in"
gate

indicator
beam

(a) (b) (c)

Figure 3-4. Schematic of the lock-in mechanism - (a) The gate and the gatepost are
separate and parallel to each other in as-fabricated structures if the polysilicon film
has zero stress; (b) during film formation, the indicator beam turns and the film fills
the gap between the gate and the gatepost, reducing the separation between the two;
(c) eventually, the gate touches the gatepost and is locked-in, with the separation
being two times the film thickness at the time of the lock-in. (Drawings not to scale.)



do. The longer the gate is, the lower the stress and film thickness are when the gate is

locked-in. Also, the greater the initial separation is, the higher the stress and film

thickness product is when lock-in occurs. Hence, the stress and thickness of the film at

any given moment, from low to high stress and film thickness, can be extracted by

choosing the appropriate device dimensions - Lg and do. To calculate the relationship

between the film thickness and the lateral displacement at lock-in, it is assumed that the

structures have straight edges and sharp corners. Using simple geometric construction, as

illustrated in Figure 3-5, it can be shown that the film thickness at lock-in is given by

1L
f 2 (0Lib 98tta 35

where 6' is the total lateral displacement, including the initial displacement due to the

stress in the polysilicon beam.

Combining equations (3.3) and (3.5), we obtain two simultaneous equations,

U 0= ~total

+- Li
4~Lg -2hf 4---

LL

------------------------

(a) (b) (c)

Figure 3-5. Determination of the relationship between the film thickness at lock-in
and the total lateral displacement - (a) the gate length and separation distance are
given by Lg and do, respectively, before film deposition; (b) the geometry when lock-
in occurs; (c) schematic diagram showing that the separation distance is two times the
film thickness at lock-in (the location of this cross-section is indicated by the straight
dotted line in (b). (Drawings not to scale.)
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from which both stress and film thickness can be calculated, given Lg and do, by

measuring the lateral displacement before and after film deposition.

A single stress pointer is capable of measuring only a unique set of stresses and

film thicknesses, represented by the curve in Figure 3-6, which we shall call the device

trajectory. The curve is constructed using equation (3.6), by plotting Of as a function of

hf. On the left of the trajectory is the regime in which the gate and the gatepost are not

yet locked-in, thus the structure is free to turn. Whereas on the right is the regime in

which lock-in has occurred and the structure is no longer free to move. The point at

1000
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Figure 3-6. Any pointer structure with a given Lg and do, crosses over from the
"free" to the "locked-in" regime at a unique combination of stress and film
thickness, represented by the device trajectory in the figure. The exact point at
which the cross-over occurs is measured by the total lateral displacement.



which the structure crosses over from the "free" to the "locked-in" regime, which is

measured in terms of total , indicates what the stress is at a certain film thickness.

Extending this idea further, if there are a large number of structures with different

geometry, specifically Lg and do, the evolution of stress as a function of film thickness

can be recorded in-situ without real-time measurements. This leads to the concept of

"footprinting", as illustrated schematically in Figure 3-7. Shown in this figure is a

contour plot consisting of device trajectories similar to the one shown in Figure 3-6.

Each trajectory represents a structure with different geometry. Two different sets of

structures are designed for measuring tensile and compressive stresses separately. The

structures are designed in such a way that their trajectories cover as much area in the

stress versus film thickness plot as possible. During film formation, stress evolves with

film thickness, thus continuously crossing over from the "free" to the "locked-in"

regimes of the various structures. Structures with longer gate or shorter separation
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Figure 3-7. A much simplified contour plot showing an imaginary stress curve
intersecting a series of device trajectories at the dots. "Footprints" of the stress
evolution are captured as a function of film thickness by the lock-in of structures
with various geometry, specifically Lg and do.



distance will become locked-in first, whereas those with shorter gates or greater

separation distances will lock-in later or remain free. "Footprints" left behind by the

stress evolution are traced by the mechanical rotations of the stress pointers. Table 3-2

lists the geometric configurations of the gates and the gateposts used in the current work.

Table 3-2. Geometric configurations of the gate and gatepost used in this work.

163 454 228 44 71 119 235 80 105
171 477 239 45 73 122 245 81 107
180 501 251 46 75 125 256 82 108
189 264 47 76 129 267 83 110
198 277 48 78 133 280 84 111
208 291 50 80 136 294 85 113
218 305 51 82 140 309 86 114
229 321 52 84 145 324 88 116
241 337 53 86 149 340 89 118
253 353 54 88 154 357 90 119
265 371 56 90 159 375 91 121
279 390 57 92 164 394 92 123
293 409 58 95 169 414 93 124
307 430 59 97 175 434 95 126
323 451 61 99 181 456 96 128
339 474 62 102 187 479 97 130
356 497 64 104 194 503 98

374 65 107 201 100

392 67 110 209 101

3.3 Device Calibration

As mentioned earlier in the chapter, the mechanical responses of rotational

structures are typically determined by finite element modeling because the hinges are

difficult to analyze. One way to get around this problem is to build calibration structures,



shown in Figure 3-8, alongside the device structures. The calibration beam is affixed to

the test beam at one end and to the substrate at the other. When the structure is released,

the test beam and the calibration beam both undergo dimensional changes that are

opposite in direction. As a result of this strain, the two beams exert a force on each other,

the magnitude of which depends on the width and the length of the two beams. The

displacement at the slope beam, therefore, is dependent on the stress in the beams as well

as the widths and lengths of the two beams. Mehregany et al. [Meh 87] have shown that

the displacement at the junction of two beams with dissimilar widths and lengths, A t, is

given by

At= - 1 wb + wCb (3.7)
E wtb - wb Ltb Lcb

where wab and Leb are the width and the length of the calibration beam, respectively.

Vernier
gauge

indicatoranchor beam

calibration
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test anchor
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Figure 3-8. Optical photograph of a calibration structure. The calibration beam in this
particular structure is 15[tm wide and 250pm long. It modifies the displacement at the
junction with the test beam and thereby changes the displacement of the Vernier gauge.
Calibration is carried out by having structures like this one with various widths.



Therefore, the length change of the test beam and the displacement of the indicator beam

are modulated by the width and length of the calibration beam. By having an array of

these structures with different widths and lengths, an empirical relationship correlating

the change in length of the test beam and the displacement, S8, is obtained. The

calibration beams used in this study are 250gm long, with widths ranging from 15 to

55ptm.

3.4 Experiment

3.4.1 Fabrication

Figure 3-9 shows the process flow for the fabrication of the pointer structures.

First, a roughly 2ptm-thick low-temperature oxide (LTO) was deposited on 525pm-thick

(100) silicon wafers using low pressure chemical vapor deposition (LPCVD). This oxide

layer served as the sacrificial oxide. It was densified at 950*C for one hour in a nitrogen

atmosphere and was then patterned using reactive ion etching with a 3:1 CF4-CHF3 gas

mixture, to form captured oxide supports shown in Figure 3-9(i). The baseline radii of

curvature of the wafers were measured at this point. Next, a LPCVD polycrystalline

silicon with a nominal thickness of 2tm was deposited to form the structural layer. The

polysilicon was covered with a 500A-thick LTO capping layer and implanted with 7x1015

cm 2 of Phosphorous at an energy of 170keV. The implanted wafers were annealed at

temperatures from 900 to 1000*C, resulting in residual stresses ranging from -3OMPa to -

5MPa in compression. The LTO capping layer was then stripped using a buffered oxide

etch (BOE). Polysilicon on the backside of the wafers was etched away using reactive

ion etching with a 1:1 C12-HBr gas mixture. After backside etching, the radii of curvature
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Figure 3-9. Fabrication of the stress pointers (pictures shown are the cross-sections
through one of the anchors) - (a) (100) silicon wafer; (b) 2gm-thick LTO silicon
dioxide; (c) supports are patterned with photoresist; (d) silicon dioxide is etched
using reactive ion etching; (e) 2gm-thick LPCVD polysilicon and 500A-thick LTO
silicon dioxide implant cap; (f) Phosphorous implant at a dose of 7x10 5 cm 2 ; (g)
beams are patterned with photoresist; (h) polysilicon is etched using reactive ion
etching; (i) the silicon dioxide sacrificial layer is stripped by 49% hydrofluoric acid.

of the wafers were measured again to obtain the average stress in the polysilicon layer.

The structures were then patterned to form the pointers. Next, the full wafers were diced

into 1.5cm x 1.5cm dies. The dies were then cleaned twice in 3:1 sulphuric acid-

hydrogen peroxide solutions. The sacrificial oxide was removed through a ten minute

etch in concentrated 49% hydrofluoric acid solution (HF). After rinsing, the dies, with

DI water on top, were immersed in 2-propanol for solvent exchange. The alcohol on the

surface of the dies was subsequently boiled off on a hot plate to prevent the beam

structures from sticking to the surface of the substrate.



3.4.2 Thin Film Characterization

After release and drying, a 0.4pm-thick silicon nitride film was deposited by

plasma-enhanced CVD (PECVD) on the devices for a proof of concept. Prior to

deposition, the temperature of the wafer stage was set to 80*C and was allowed to

equilibrate for at least one hour. The samples were then placed on dummy wafers, which

were transported into the deposition chamber automatically through a load lock. The

base pressure inside the deposition chamber was maintained at around 1 0 -4 torr. To

deposit silicon nitride, 1 0cm-3 s-1 of nitrogen gas and 113 cm 3 - of SiH 4 gas were flowed

into the deposition chamber. The power of the magnetron tube was set at 210W. The

reflected power was constantly kept at zero. The resulting deposition rate was slightly

above 6A per second.

3.5 Results and Discussion

It has been found that the beams stick to the substrate, and thereby become non-

functional, if the beam structures are allowed to dry without the alcohol boil-off process

described above. In some cases, the beams remain stuck to the substrate even though

they are released by alcohol boil-off. This was not a major problem in its original

application by Lin et al. since strain measurements could be made with the structures

submerged in DI water. In our case, however, the structures have to be dried. As a

result, low-pressure CVD (LPCVD) films cannot be deposited on these structures since

the wafers need to be cleaned by wet chemical etches, without the alcohol boil-off,

immediately before LPCVD deposition.



Figure 3-10 shows SEM images of the fabricated structures. After the structures

are released, the beam structures were found to bend down, which leads to unreliable

strain readings. Several reasons may have contributed to the bending. One, stress

gradients in the polysilicon film may lead to beam bending. This may also explain why

beam bending was not observed by Lin et al. since the presence of stress gradients

strongly depends on processing conditions. Two, the different levels of doping in the

polysilicon and the single crystal silicon substrate may have induced a potential

difference across the gap between the beam and the substrate, resulting in an electrostatic

force large enough to bend the beams [Sri 99].

Despite the presence of beam bending, PECVD silicon nitride films were

deposited on the stress pointers to determine whether the films could be deposited

uniformly on the top and bottom of the beams. After deposition, it were found that the

amount of film deposited on the top and bottom of the beams was not the same, as

evidenced by the increased bending of the beams. This indicates that the assumption we

made earlier in the development of equation (3.3) is invalid. The mechanical responses

of the deposited structure, as a result, become very difficult to model unless the non-

uniformity of the films is well characterized.

(a) (b) (c)

Figure 3-10. SEM images of the stress pointers - (a) indicator beam and Vernier
gauge; (b) test beam and slope beam; (c) gate and gatepost.



It is concluded that there are two major shortcomings in the design of the stress

pointers. One, the beams are too compliant in the vertical direction, making them

vulnerable to stiction. Two, the beams are located too close to the substrate, thereby

preventing the diffusion and deposition of gaseous reactants underneath the beams. The

small separation between the beams and the substrate also facilitates stiction. Design

changes that can potentially circumvent the above problems are laid out in greater detail

in the next section.

3.6 Design of Next-Generation Device

A design for the next generation device is proposed in this section. The basic

concept of the new design is essentially the same as the one used in the current work,

Device
wafer

Handle
wafer

gatepost

Figure 3-11. 3-D drawing showing the proposed design of the next generation device.
The thickness of the structure is much greater than the width. As a result, the beams
are much stiffer in the vertical direction.

Vernier
gauge



except for the orientation of the beams, which are now rotated 90* about their

longitudinal axes. In this configuration, the widths of the beams are much smaller than

the heights of the beams, as illustrated in Figure 3-11. The heights of the beams should

be on the order of 20 to 30pm. As a result, thickness variation resulting from wafer

polishing will have little influence on the mechanical responses of the structures. Films

that are deposited on the sidewalls of the beams now contribute to the displacement of the

Vernier gauge whereas those deposited on the top and bottom of the beams only have

small influence. LPCVD and PECVD films, therefore, can be deposited on the structures

since they both have good sidewall coverage. The structures can be fabricated from

bonded wafers using deep reactive ion etching, which is capable of etching deep trenches.

The proposed fabrication process is shown in Figure 3-12.

This design potentially solves all the problems mentioned in the previous section.

First, the beams are now separated significantly from their surroundings. As a result,

they should no longer stick to the substrate even when alcohol boil-off is not performed.

Second, the beams are thicker and thereby much stiffer in the vertical direction since the

moment of inertia of a beam has a cubic dependence on the beam thickness. As a result,

the beams should not bend under the influence of gravity. Third, the beams and the

substrate now have the same level of doping. Consequently, there should not be any

potential difference across the beams and the substrate. Single crystal silicon also has

very little strain gradient, which also helps avoid bending. In addition, the elastic

properties of the beams, which are important in the determination of stress, are now more

accurately known.
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Figure 3-12. Fabrication process for the proposed new design for the stress pointers -
(a) (100) silicon handle wafer; (b) a square opening is patterned with photoresist; (c) a
basin is etched using deep reactive ion etching; (d) (100) silicon device wafer, with the
same doping level as the handle wafer; (e) the two polished surfaces are fusion
bonded; (f) backside of the device wafer is etched and polished to the desired
thickness; (g) beam shapes are patterned with photoresist; (h) beams are etched by
deep reactive ion etching.

Summary

We have designed and fabricated a set of MEMS structures, called stress pointers,

for in-situ stress measurement of CVD films. The design is based on mechanically

amplified rotation and the novel concept of "footprinting". Stress is recorded in-situ by

the mechanical rotation of polysilicon beams, which stop turning at various pre-

3.7



determined film thicknesses, thereby measuring stress as a function of film thickness.

The fabricated structures are found to bend significantly and stick to the substrate after

drying. PECVD silicon nitride was deposited on the structures but the amount of film

deposited on the top and bottom of the beams was not identical. An improved design that

may potentially circumvent the above problems was proposed.



Chapter 4

Summary and Future Work

4.1 Summary of Results

Even though stress is not considered a defect per se, its presence can generate

many types of defects that can lead to device failure. The ability to control the magnitude

of stress during film deposition is, therefore, critical. However, the origin of stress in thin

films remains a subject of intense debate, the understanding of which relies on our ability

to make accurate and sensitive stress measurements during and after film formation.

Based on the MEMS approach, this thesis accomplished this goal for one particular type

of film - films deposited by CVD. This type of film is the most widely used in industry

and yet, the formation of CVD films is the least well understood.

For ex-situ stress measurements, we have designed and fabricated buckled SOI

membranes, the deflections of which depend on the average stress of the membranes. An

analytic model has been developed and calibrated to model the mechanical responses of

the buckled structures. By measuring the changes in the buckling behavior of the



membranes after film deposition, it has been demonstrated that the stress of the deposited

film can be measured accurately. In particular, the stresses of an evaporated chromium

film measured using the curvature method and the SOI membranes have been shown to

agree to within 5%, and the error bars are found to be comparable in magnitude.

For in-situ stress measurements, we have designed and fabricated stress pointers,

the rotations of which depend on both the stress and thickness of the deposited film.

Stress is recorded as a function of film thickness in the form of a mechanical rotation,

eliminating the need for real-time measurements. The fabricated structures were found to

bend and stick to the substrate. In addition, PECVD films were found to be deposited at

different thicknesses on the top and bottom of the beams. This precludes accurate

modeling of the mechanical response. A new design that may potentially solve these

problems has been proposed.

4.2 Future Work

From conception to mass production, it is typical for a product to go through

several stages of development before every parameter is optimized. This thesis has

proposed and demonstrated the use of two novel MEMS structures for ex-situ and in-situ

stress measurements of CVD films. Results obtained from first generation devices

suggest that several improvements can be made to the structures to achieve better

accuracy, enhanced sensitivity, and greater versatility. Guidelines for the design of next

generation devices have been laid out in great detail at the end of Chapters 2 and 3.



The goal, as mentioned earlier, for the design of stress measurement tools is to

understand the origin of stress in thin films. Alongside the development of more

advanced stress measurement devices, materials research should be carried out, using the

new capabilities given by the new devices, to further the understanding of stress

generation mechanisms. The results obtained can be used, in turn, to design better stress

measurement devices with well-controlled stress and elastic properties. Ultimately, the

stress and elastic properties of thin films should be controlled with ease by altering

processing conditions such as temperature, flow rate, and base pressure, during film

deposition.



Appendix A

Location of the Neutral Plane

In thin plate, there exist two planes with practical significance - the middle plane

and the neutral plane. Suppose we have a plate in the Cartesian coordinate system

oriented in such a way that the two faces of the plate are parallel to the x-y plane and the

thickness is measured along the z-axis. In this case, the middle plane is usually defined

as the plane that is parallel to the x-y plane and is equidistant from the top and bottom of

the plate. In other words, the middle plane is the middle plane of the plate. The neutral

plane, on the other hand, is defined as the plane that is parallel to the x-y plane and

remains unstretched when a curvature is applied to the plate. This is illustrated in Figure

A-1. When a homogeneous, isotropic plate is bent, one half of the plate is in tension and

the other half is in compression. The plane that is unstretched naturally coincides with

Tension

...-- ---.... Neutral
... ... ~ plane, s=O0
Compression

Figure A-1. Cross-section of a bent isotropic plate, illustrating the stress state and
the location of the neutral plane.



the middle plane due to symmetry. Therefore, in most cases, these two terms are used

interchangeably. This is, however, not the case for composite plates.

Suppose a curvature is applied to a composite plate and that the neutral plane is

located at z=0. The top surface is at z=h2 and the bottom surface is at z=-hi. The elastic

strain, s, resulting from this applied curvature is thus given by

8 = -Kz, (A.1)

where K is a uniform curvature and z is the z-coordinate. The resulting stress is given by

E(k) Kz,
1 - o(k)

(A.2)

where E(k)/I - ,(k) is the biaxial modulus of the k' layer. In order to maintain a force

balance, the total force in the plate must equal to zero. Therefore,

h2

adz = 0.

-hi

The location of the neutral plane must satisfy equation (A.3), which is simplified as

n E(k) 1_(h(k+12 - h(k)2)= 0,
k=1 l iik) 2

(A.3)

(A.4)

where h(k) is the z-coordinate of the bottom surface of the kth layer. Using the same

notation adopted in Chapter 2, equation (A.4) is turned into a more familiar form as

B1 +B12 = 0 , (A.5)

which is a condition the location of the neutral plane must satisfy.



Appendix B

Strain of a Composite Beam

The dimensions of a homogeneous, stress-free beam changes when a film, with a

residual stress ar, is deposited on all the surfaces of the beam. The change in length, A,

results in a strain in the beam that is given by

F = A/ , (B.1)

where t is the length of the beam. The stress of the beam, as, resulting from this strain,

is then given by

c, = Es, (B.2)

where Es is the Young's modulus of the beam. Correspondingly, the stress of the film,

o7 , is then

cif = af - E(3,, (B.3)



where Ef is the Young's modulus of the film. To maintain a force balance, the total force

of the composite beam in the length direction must equal zero. Ignoring the film

deposited on the sidewalls and the comers of the beam, we have

ash, + 2 yfhf = 0 , (B.4)

where hs is the thickness of the beam and hf is the thickness of the film. Substituting

equations (B.2) and (B.3) into equation (B.4), we have the following expression for the

stress of the film as measured by the dimensional change of the beam:

af = (Esh, + 2Efh,)A, (B.5)

which, if expressed in terms of the stress-thickness product, becomes

afhf = hs ES+E f) A. (B.6)
(2h, f
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