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Abstract

As microelectronie device dimensions continue to scale to smaller sizes. metallization
faces over greater challenges arising from the degradation of step coverage, the increase
in electromigration, and the growing importance of the intrinsic microstructure of
the metal films. In order to meet some of these challenges. a number of advanced
metallization processes have been proposed involving optimized sputter distributions.
bias sputtering, high temperature deposition. or metal chemical vapour deposition.
Lach of these processes has both advantages and iimitations which must be better

understood before it can be applied in a production environment.

In order to facilitate this understanding. this thesis presents the development of thin
film growth simulation tools suitable for studying and optimizing several of the ad-
vanced metallization techniques. Specifically discussed are the development of the
SIMSPUD simulation for predicting realistic sputter distributions and the extension
of the SINIBAD model to ailoy sputtering, bias sputtering, high temperature deposi-
tion. and refractory metal chemical vapour deposition. Experimental verification of
each of these models is presented along with examples of applications for each of the

advanced metallization processes mentioned above.
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Chapter 1

Introduction

Since the invention of the transistor in 1947, [1] the application of microelectronics
has become one of the most potent technological forces in modern society. This
ongoing phenomenon has been driven by the dramatic improvement in integrated
circuit capabilities. As more and more components are fabricated onto a single silicon
‘chip’. it becomes capable of more sophisticated functions and can bhe produced at
lower cost per function. Table 1.1 charts the progression from Kilby's first integrated
circuit in 1858 [1] through successive stages of integration until today, with the start
of production of 16 megabit memory chips by IBM, [2] we are at the beginning of

ultra large scale integration (ULSI). {3,8]

Year Scale of Integration | Number of Components
1958 srnall (SSI) 1-10

1962 medium (MSI) 10-103

1969 large (LSI) 10%-10°

1975 very large (VLSI) 10°-107

1992 ultra large (ULSI) 107+

Table 1.1: Scale of integration, number of corresponding components and approximate
year of achievement. There is considerable diversity in the definitions of the transition
points between the classes of integration. [3-7] Because of this, rounded median values
are used in this table.
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These increased capabilities have only been possible through a sustained improvement
in mannfacturineg technology -~ especially with respect to reducing the size of features
oti the integrated cirenit. Figure 1.1 illustrates the exponential decrease in the min-
imum feature size over the last three decades which improvements in manufacturing
have enahled. T he benefits of such miniaturization include not only increased density

and functicrality, but also increased speed and reduced cost per function. {3]

It is almost taken for granted that this dramatic trend will continue over the next
decade [8] which implies reaching features of 0.1 — 0.2 um by the year 2000. How-
ever, extending conventional manufacturing techniques toward this goal will become
increasingly difficult. An obvious example of this is the use of optical lithography
which is approaching the fundamental limits of the wavelengths of light used. [9] In
fact. sustaining the trend of scaling to smaller dimensions presents challenges in al-
most all areas of microelectronics fabrication. One area where this is especially true

is metallization. [10] which is the principle focus of this thesis.

1.1 Metallization

Metallization is the task of depositing the conductive materials that provide inputs,
outputs, power, and interconnections to the active devices of an integrated circuit.
[18] This requires choosing the optimal combination of both material and deposition
process for every aspect of this task. Figure 1.2 shows a hypothetical multilevel
metallization structure which demonstrates many of the 'elements of metallization
such as contact layers, barrier layers, gates, contact and interlevel vias, and horizontal

rinners. The difficulty of forming such increasingly complex structures is worsened
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107 ¢ : , —
r

Minimum Feature Size ()

10 1 L 1 S 1 — { 1
1960 1970 1980 1990 2000)
Year

Figure 1.1: Plot of minimum feature size on representative integrated circuits over
recent decades. [2,3] The dashed line shows the extrapolation of this trend to the year

2000.
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passivation _ second metal
first metal via
gate inter-level diffusic
dielectric  contact via itusion

barrier
runner

B

gate oxide

contacy  Source/drain field oxide

silicon

Figure 1.2: Cross-section of a hypothetical MOS structure with a two level metal-
lization scheme. Various elements of metallization are identified. Typical integrated
circuit stratification and topography is demonstrated. {12.14] Currenti;. up to five
levels of metallization are employed. [19]

by the severe topography.

The criteria of a good metallization material are effectiveness (low resistivity in vias
and runners, low contact resistance in contact layers, low permeability in diffusion
barriers). reliability {low electromigration and film stress), compatibility (no undesir-
able interactions with surrounding materials), manufacturability (ease of deposition,
patterning. and etching over topography, good adhesion, high yield, stability during

subsequent process steps) and low cost. [18]
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There are currently no ideal material choices. At present. aluminum is the dominant
material because it is effective, inexpensi\:e. and manufacturable. However, even with
the addition of small amiounts of copper to reduce electromigration anl of silicon
to reduce interactions with the junctions, there are concerns about aluminum’s re-
liability and compatibility. [15] Tungsten is a more reliable material with very low
electromigration and reasonably well established manufacturability. but its higher
resistivity make it less effective. [15] Copper is both effective and reliable, but it is
less compatible with other materials and less manufacturable due to problems with
deposition and etching. [20.21] This lack of an optimal material makes it likely that
a combination of metals will be used in complementary roles. This hybrid approach,

of course, further increases the complexity and cost of metallization.

1.2 Metallization Techniques

In the past., evaporation was the primary technique for depositing metallization lay-
ers. [22] It is a relatively simple and inexpensive process involving heating the source
material (by ohmic or electron beam heating) in a vacuum system until it has a sub-
stantial vapour pressure. This vapour then condenses on the (much cooler) substrate
to form the metal film. [16,17] However, despite the simplicity of this technique, prob-
lems with step coverage (see below for a discussion of step coverage) has limited its

use in most advanced applications today. [22]

Currently, the dominant deposition process is dc magnetron sputtering. [23] (See
Figure 1.3 for a schematic diagram of this process.) This is also a vacuum deposition

technique, but, in contrast to evaporation, the flux of condensing metal is generated
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v the recoi! of high energy ions striking the metal target. [16] One important result
of this difference is that sputtered flux is much more energetic than evaporated Hux.

This difference has an important impact on film properties. {16.23]

In de magnetron sputtering. the jons are created in a glow discharge plasma which
results from applying a large negative potential to the target in the presence of a low

pressure working gas (usually argon which is intentionally added to the vacuum sys-

and accelerate themn into the target. Magnets are arranged behind the target to con-
fine the plasma [22,25] and thereby enhance the efficiency of the process. Typical
sputtering pressures are 1-10 mTorr! for magnetron systems. [24] Because the sput-
tered flux is generally from a more distributed source (the target) than evaporation,
the step coverage of sputtered films is generally much better. The ramifications of

fAux distribution and step coverage will be discussed to a greater extent in Chapter 3.

Another deposition technique which is becoming increasingly important to metalliza-
tion is chemical vapour deposition (CVD). [23.26] In this process. gaseous reactants
are introduced into a chamber containing the substrate to be coated. Thermal or
plasma activation initiates a surface reaction on the substrate whose solid product
species is the mxaterial being deposited. Chemical vapour deposition has long been
nsed i1 microelectronics fabrication for growing dielectric and polysilicon layers, but
its application to metallization is recent. [26] The reaction precursor source is trans-

ported by diffusion processes and not limited by line-of-sight. The source is. therefore.

“In this work. pressure is reported in units of Torr to conform to industry convention. The SI
nnit of pressure is the pascal. There are approximately 133 Pa in 1 Torr
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Figure 1.3: Schematic diagram of a dc magnetron sputtering system. The vacuum
chamber is filled with low pressure argon gas. A potential is applied to the metal
target which creates a glow discharge plasma. lons {rom the plasma are accelerated
into the target and cause target material (for example, Al or Al-Si-Cu alloy) to be
¢‘ected. Magnets confine the plasma near the target for greater efficiency.
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usnally well distributed and CVD step coverage can be much better than for evapo-
ration or sputtering. [26] This deposition technique will be discussed in greater detail

in Chapter 6.

1.3 Scaling Metallization to Smaller Dimensions

A number of fundamental difficulties arise for a metallization scheme, such as Fig-
ure 1.2, as dimensions scale below the current levels. The most important of these
problems are high current density, poor step coverage, cross-talk, and the intrinsic

film microstructure. [18,29,13] To a large extent, these problems are inter-related.

The increased current den<ity results from the reduced cross section of the conducting
paths as their dimensions aecrease. This can lead to long term reliability problems due
to a process called electromigration — particularly with aluminum alloys which are
currently used. Electromigration is a thermally activated diffusion process whereby.
at high current densities, the conducting material is literally carried away by the
current. [27] This results in the conductor becoming depleted of material in some
regions (leading to open circuit failures) and forming bridges in regions where material
collects (leading to short circuits). Large aluminum grain size or the addition of
small amounts of copper help reduce this problem, [27] but with continued scaling,

electromigration will remain a serious problem.

The problems of electromigration are compounded by poor step coverage. Step cover-
age is a measure of the ability of a process to deposit films uniformly over topography.

It is usually defined as the ratio of minimum sidewall coverage to the nominal film
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step coverage = b/a aspect ratio = d/w

low aspect ratio high aspect ratio

Figure 1.4: Definitions of the step coverage of a film deposited over topography (a)
and of the aspect ratio of that topography (b). Step coverage generally degrades as
aspect ratio increases from (c) to (d).

thickness on the top surface. (See Figure 1.1a.) For conventional metallization (sput-
tering). step coverage is degraded as devices scale to smaller sizes because dimensions
are reduced primarily in the plane of the wafer since the thickness of the dielectric be-
tween metal layers cannot be scaled as quickly and still maintain adequate electrical
isolation. [29] This means that the aspect ratio (Figure 1.4b.) increases. and it be-
comes more difficult to uniformly coat inside topographical features. (See Figure 1.4¢
and 1.4d) Figure 1.5 clearly illustrates this trend for films deposited over a 1 pm deep
trench with varying widths. Relatively good coverage is obtained for 2-3 um wide
features. but step coverage falls off very rapidly in the high aspect ratio sub-micron
range which is currently of interest. [11] (The factors which determine step coverage

will be discussed in greater detail in Chapter 3.)
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Figure 1.5: Variation in step coverage with feature width for a 1 pm deep trench with
vertical sidewalls. [11] While absolute coverage depends on substrate geometry and
a number of system parameters, the trend toward very poor step coverage above an
aspect ratio of 1 is consistent for all conventional sputter systems.
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Of course. any decrease in step coverage means that current densities down sidewalls
are increased which compounds the electromigration problems there. In addition, the
reduced metal coverage increases the resistance. This i1s undesirable since 1t increases
capacitance delays (resulting in slower circuits) and it increases ohmic heating which,
once again. increases thermally activated electromigration. CGf course, in extreme

cases. step coverage will reach zero and an open circuit faiture will result.

Another scaling problem encountered in metallization is increased cross-talk and line
delay which result as conducting lines become closer together under continued scaling.
[29] To avoid this. multilevel metallization schemes are cmployed where extra levels
of conducting lines (separated by layers of dielectric material) are stacked vertically
to reduce line densities in any horizontal plane. In order to accomplish this, a thick
dielectric laver is usually used to planarize (bring all topography to a constant level)
before each additional metallization layer. [15] (See Figure 1.6) As a result of this
planarization. very high aspect ratio vias are required to interconnect some of these

layers. This. of course, increases problems with step coverage. [13]

1.4 Film Microstructure

One problem that metallization is increasingly encountering as dimensions scale fur-
ther is the intrinsic microstructure of metallization layers. Microstructure refers to
the internal structure and inhomogeneities of the film. Typically. deposited metal
films are polycrystalline and composed of a matrix of roughly cylindrical columns
which extend through the film. {14.28] The orientation of these columns is dependent

.1 the incident angle of flux relative to the substrate normal. [30] Because the surface
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, planarizing dielectric

,high aspect via

Figure 1.6: Planarized multilevel topography prior to deposition of the second metal
layer. The thick planarizing dielectric layer creates very high aspect ratio vias.

normal varies substantially over integrated circuit topography, this columnar struc-
ture can become complex. Not surprisingly, it has an increasingly important impact

on filim properties as device dimensions approach those of the microstructure.

Figure 1.7 shows examples of two films which have been sputter deposited over to-
pography and which demonstrate pronounced microstructural features. Figure 1.7a
is a scanning electron micrograph (SEM) of a molybdenum film deposited over sili-
con dioxide steps on a silicon wafer. (The film has been lightly etched to highlight
the structure.) The film columns can be seen radiating from the tops of the steps,
and between steps, the columns are oriented perpendicularly to the substrate. Not

< irprisingly. such columnar structure can result in anisotropic film properties and
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(2)

(b)

Figure 1.7: Cross-sectional electron micrographs of (a) a molybdenum film sputtered
over silicon dioxide steps on a silicon wafer and (b) a titanium film deposited over
a pair of vias etched into silicon dioxide on silicon. Microstructural features such as
columns, voids, low density regions, and poor step coverage are visible.
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o+l higher resistivity than that found in the corresponding bulk material. In
addition to the colnmns. a very pronounced void can be seen extending out of the
top corners of the step. Clearly. such a void makes the film discontinuous and would

present a -crious problem for current flow over the step.

Figure 1.7b shows a tungsten film deposited over a pair of contact vias (round holes
which provide a connection path for the metal film through the silicon dioxide to the
underlyving silicon). As discussed earlier. the step coverage over them is quite poor
(about 10% in this case) due to the high aspect ratio. In addition. it can be seen that
the film on the sidewalls of the vias is porous and of lower density than the film on
the top surface. One consequence of this lower density is a higher resistivity along
the sidewall — in the very area where there are already concerns about high resistance
due to poor step coverage. This makes these areas doubly at risk for electromigration

failure.

In fact. the microstructure is also of interest to electromigration for a more gen-
eral reason. Since electromigration is a diffusion process, it is more likely to occur
along surfaces and grain or column boundaries where activation energies for diffusion
are lower than for bulk material. [27, 78] Therefore, charting these boundaries and
their orientation to current flow is important for predicting likely electromigration

behaviour.

A microstructure feature that is of concern to subsequent integrated circuit fabrication
steps is the surface roughness. It is difficult to uniformly expose photoresist over a
metal surface that is rough due to problems with depth of field and notching. [22] It

is also difficult to uniformly deposit subsequent layers upon such a surface. Since the
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microstructure of one laver can propagate into the laver deposited on top of it. it is

important to maintain as smooth a surface as possible.

Film microstructure also affects gate metallization. since it can atfect the tilm's
stopping power during implantation which is critical for forming self-aligned strue-
tures. [13] In addition. the columnar structure can trap impurities along column

boundaries which then degrade gate performance. {15}

1.4.1 Origin of Microstructure

The columnar microstructure arises primarily from growth instabilities due to self-
shadowing. {33] Any region of the film which has grown slightly higher than its ncigh-
bours will intercept a greater proportion of the incident film flux and hence grow
.nore quickly — eventually shadowing the neighbouring regions entirely and creating
a film column. These instabilities are at least partly offset by the effects of surface
diffusion (and grain boundary and bulk diffusion at higher temperatures) which tends

to redistribute material from the fast growing regions to the slower ones. [33]

Typically, films initially nucleate as a collection of small islands. (28,31, 32] Often
these film islands form around substrate defects, but even a perfect crystal can have
island nucleation — depending on the respective interfacial energies of the substrate
and film. [33] These nuclei gradually grow together and eventually the film becomes

continuous. but this process creates the perturbations which initiate columnar growth.

Self-shadowing is determined by geometrical considerations. Diffusion. however, is
determined by material properties and temperature. [78] Consequently, the relative

importance of these competing mechanisms is shifted by changing the temperature.
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For evaporated films. this relation was recognized by Movchan and Demchisin in
their Structure Zone Model. [34] The model (see Figure 1.8a) identified three distinct
classes of structures which were determined by the substrate temperature during
growth relative to the melting temperature of the film material. At low temper-
atures, surface diffusion is minor and shadowing dominates. The resulting zone 1
structure is porous. with separated microcrystalline columns and low overall density.
At higher temperatures (up to about one-half the melting temperature), surface dif-
fusion causes the broader, more densely packed columns of zone 2. At even higher
relative temperatures, grain-boundary diffusion, bulk diffusion and grain growth be-
come more important to the structure. In this zone 3 structure, the columns are

replaced by large polycrystals. [28]

Thornton extended this work to sputtered films by incorporating the effects of pressure
during deposition. [36-38) (See Figure 1.8b) The higher pressures involved moderate
the energy of the (initially much more energetic) sputtered atoms through collisions
with the gas molecules while travelling between the target and substrate. Since high
adatom energy raises the effective film surface temperature, both the pressure and
temperature are considered in Thornton’s model to determine the characteristic film
structure. Another factor that must be considered for sputtered filins is the effect
of other energetic particles which are also generated by the sputtering process and
which can bombard the film. It is believed that these particles are responsible for the
formation of the zone T structure of dense, fibrous columns intermediate to zones 1

and 2. [33]

These structure zone models are useful for providing a qualitative understanding of

tiie origin of thin film microstructure. This is valuable information since, as discussed
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Figure 1.8: Movchan and Demchisin proposed a th' - zone structure model (a) for
evaporated films based on the ratio of absolute substrate temperature to #lm melting
temperature (T,,). Thornton extended this model (b) to sputtering by accounting for
the effects of sputtering gas pressure. (Figure used with permission of R.N. Tait. (35])



Chapter 1. Introduction 18

above. the microstracture of metallization layers can have an important impact on

their performance in advanced metallization applications.

1.5 Advanced Metallization Techniques

In order to alleviate some of the problems discussed above (particularly those due
to poor step coverage). several advanced techniques for metallization have been pro-

posed. These include [23,22

1. use of optimized sputter distributions

[

bias sputtering
3. high temperature aluminum deposition

1. metal chemical vapour deposition

All of these approaches have a marked effect on both the step coverage and mi-
crostructure of the metallization layers. The relative costs and complexities of these
four approaches increase in the order presented. However, as will be demonstrated
in the following chapters, the effectiveness of these approaches (paiticularly with re-
spect to step coverage) also increases in the same order. Therefore, a trade-off must

be made between cost and effectiveness.

This thesis investigates each of these four advanced metallization processes in Chap-
ters 3 through 6. respectively. One goal of this work is to determine the key parameters
to each process and their effect on the step coverage and microstructure of the result-

ing film. Since a thorough experimental analysis of all of these techniques would be
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prohibitively expensive in terms of cost and time. the primary vehicle for performing
this analyvsis is through simulation studies. Since no completely suitable simulation
tools are currently available, the second. and perhaps more important, goal of this
work is to develop such tools as are required to investigate and help optimize cach of

these proposed advanced metallization processes.

The organization of the remainder of this work is as follows: Chapter 2 reviews the
existing simulaticn tools and their suitability for simulating advanced metallization
techniques. Emphasis of this chapter is on the SIMBAD model and how it might be
extended to achieve the desired goal. Chapters 3 through 6 each discuss the model
development and then the experimental and simulation results for one of the proposed
metallization processes listed above. Finally, Chapter 7 summarizes these results
and presents the conclusions of this thesis as well as recommendations for further

work. The Appendices discuss aspects of the simulation algorithm and program

organization.
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Simulation of Thin Film Deposition

The goal of simulating metallization processes is to provide realistic and useful de-
pictions of the resulting films at lower cost and/or faster than is possible through
experimental means. Another benefit of simulation is it can often assist fundamental
understanding of the process at a level not possible through experiments. However,
due to the abstractions and approximations that must be made to develop a workable
model, it is not possible to guarantee that simulation results will accurately reflect
reality. For this reason, simulation can supplement and complement experimentation.
but cannot completely replace it. Wherever feasible. experimental verification and

calibration are required.
The requirements of the metallization simulation needed for advanced metallization
processes are

e capability to simulate a variety of deposition techniques

e ability to represent arbitrary sub-micron substrate topography

ability to depict step coverage and film microstructure

high speed and low cost of execution
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The bLest computing plattorm for such a simulation is probably an engineering work-
station since it represents an acceptable comprowmise between cost and performance
and is likely to be readily available to the metallization engineer or process developer
who would be most interested in process simulation. Supercomputers are undoubtably
capable of more detailed depictions. but their rarity and high cost can make them less
attractive than experimentation. On the other hand. personal computers are cheap
and prevalent. but their more limited performance may not be adequate for detailed

simulation requirements.

One common approximation made by many thin film process models is to reduce
the problem from three to two dimensions. 1his can make an enormous ditference
to computational requirements since only N?/3 elements need he considered. rather
than N. This reduces both the computational and the memory requirements of the
simulation. In addition. many of the geometric calculations are much stmpler in two
dimensions which further decreases execution times. However, there are legitimate
concerns about the validity of this dimensional reduction in some situations. [39 1]
Strictly speaking, this approximation is only valid under circumstances when there is
a symmetry which reduces the dimension of the problem. This would be the case for
deposition over long features of constant cross-section {such as trenches or steps)
or features which are cylindrically symmetric (such as round vias). Fortunately.
this subset of features is still very useful for testing the effectiveness of deposition

techniques over advanced integrated circuit topographies.
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2.1 Types of Models

There have been several approaches to simulating thin film growth which have vary-
ing levels of detail. At one extreme are the atomic-level models such as molecular
dyvnamics and atomistic Monte Car’o models, which account for the positions and
interactions of every individual at~ . At the other end of the spectrum are the
continuum and string algorithm models which only account for the position and de-
velopment of the gross film surface Somewhere in between are ballistic deposition
models, which use abstractions of the film material which are larger than atomic size,
hut provide greater detail than string algorithms. This section will explore the suit-
ability of each of these types of models to meet the simulation requirements stated

above.

2.1.1 Molecular Dynamics

Two or three dimensional molecular dynamics models compute the forces between all
combinations of interacting atoms and solve the resulting equations of motion. [42]
This very detailed approach is quite useful for modeling inter-atomic processes such
as recrystallization, epitaxy, and stress generation. [43-16] Unfortunately, most prac-
tical applications to ULSI fabrication, even in two dimensions, involve on the order of
10% atoms.! Since the positions and velocities of each of these must be calculated for

each time step and stored in memory, application of molecular dynamics simulations

! Assuming a simulation region of 2um by 2um and an atomic density of aluminum, [47] this gives
(0.0002 em)? x {(2.702 g/em3) x (6.022 x 1022 atomns/mole)/(26.98 g/mole))?/3 = 6.2 x 107 atoms
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on this scale leads to enormous computational requirements. Furthermore, the ap-
propriate time scale for the dynamics of inter-atomic interactions i sub-nanosecond.
while typical film depositions occur over at least several minutes. [12.43] This means
some 10! time steps are needed to model a deposition realistically. These enormous
computational requirements seriously limit the widespread application of molecular

dynamics simulations as process development tools.

2.1.2 Atomistic Models

Atomistic Monte Carlo simulations are similar in scale to molecular dvnamics models.
but avoid the time scale problems by requiring only one time step per atom added to
the film. This is accomplished by assuming a greater degree of independence between
atoms and making some assumptions about equilibrium conditions. [42,46, 18] How-
ever. there is still the limitation that even representing very small ULSI structures
requires a very large number of atoms. Therefore. even though they can provide
detaileqd microstructure information, the necessary computing requirements of atom-
istic Monte Carlo and rnolecular dynamics models effectively limit their application

in integrated circuit process simulation.

2.1.3 String Algorithms

String advancement models, such as the popular SAMPLE [49] from the University
of California at Berkeley or SPEEDIE [50] from Stanford University. represent only
the surface of the film at relatively coarse resolution and in only two dimensions.

Consequently. these rmodec . are very practical to implement on current computers.
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Figure 2.9: SAMPLE depiction of a film deposited over a via. Surface profiles from
various stages of growth are shown.

The film surface is modeled in cross-section as a continuous line composed of line
segments, called strings — each of which is advanced as the film grows in accordance
with the calculated flux reaching it. [41] These simulations can execute very quickly
and can be quite useful for predicting film coverage over various topographical fea-
tures. (See Figure 2.9) This simplicity and speed have resulted in string algorithms
being extensively used in commercial products such as DEPICTTM [51] or SSAM-
PLE. [52] Recently. this concept has been extended to a full three dimensional model
to increase its applicability. [41] However, by their nature, string algorithm models
treat the film as homogeneous and, hence, they can provide no information about

the internal microstructure. Since knowledge of this microstruciure is important for
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predicting the performance of ULS[ metal films. string algorithins are not well suited

for the proposed advanced metallization simulations. cithe:

2.1.4 Continuum Models

Like string algorithins., continuum models represent only the film surface but at a
higher level of resolution. This surface evolves according to nonlinear analytic mod-
els which try to account for surface diffusion and shadowing. [53-57] These models
de qualitatively reproduce the growth instabilities which lead to the columnar mi-
crostructure, and can be very fast and efficient to execute in two dimensions. However,
significant approximations are usually required to make solutions of the mathematics
tractable. [54-56] Also, the deterministic analytic models may not be well suited for
capturing the essential features of nucleation which is principally a stochastic pro-
cess. [30] Thus far. these models have not been applied to simulating deposition over

integrated circuit topography.

2.1.5 Ballistic Deposition

Originally applied to thin film deposition by Henderson, [38] ballistic deposition mod-
els are similar to the atomistic Monte Carlo models except that in order to make the
execution time and memory requirements reasonable, they deal with abstract parti-
cles which correspond to chunks of film material much larger than individual atoms.
These particles represent a statistical average of many atoms each with similar trajec-
tories and energies. The size of these particles is chosen so that they are much smaller

than the microstructural features they are supposed to illustrate, hut large enough
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such that sulticiently few are needed to keep the simulation times practical. [43.58.54]

Since these particles are abstractions of the actual deposition process. the rules gov-
erning their interactions and incorporation into the growing film are not as intuitive
as for atomistic models. {For instance, to model diffusion. one must consider factors
such as film curvature and not simple random lattice site hopping.) Poessibly as a con-
sequence of this, there have been few applications of ballistic deposition to technolog-
ically important processes such as integrated circuit fabrication. [60.66] Nonetheless.
such models are capable of both the microstructure-level representation and practi-
cal application to advanced metallization processes. The SIMBAD model [66] has

probably the greatest suitability in this regard.

2.2 SIMBAD

The basic SIMBAD (SIMulation by BAllistic Deposition) model was developed by
Professor M. Brett at the University of Alberta, [61-63] and has been extended to
simulate a variety of thin film properties and processes. [64-77] The primary purpose
of the program is to provide step coverage and microstructure depictions of films
deposited over integrated circuit topography. SIMBAD is a two-dimensional simulator
which is capable of providing cross-sectional depictions in reasonable times (as little

as a few minutes) on a typical engineering workstation {Sun SPARCstation 2).

In the SIMBAD algorithm, the film is represented by the aggregation of 10* to 10°
identical hard discs. These discs represert statistically averaged physical particles

such as atoms. molecules. or ions, which have similar trajectories and impact points.
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Figure 2.10: Schematic description of the SIMBAD algorithm. Discs are la iched
from a random position just above the substrate with a trajectory given by an angle
randomly generated from the appropriate angular distribution. They diffuse from
their impact points to sites which maximize coordination with other discs within a
maximum searching range.

Shadowing and surface diffusion, which primarily determine film columnar microstruc-
ture, are incorporated into SIMBAD in a two-stage algorithm. (See Figure 2.10).

Periodic boundary conditions are employed in this algorithm to prevent unwanted

edge effects.

In the first stage of SIMBAD., the discs are serially and independently launched {romn
random locations just above the substrate. (The exact distance above is unimpor-

tant provided that it is much less than the mean free path for collisions between the
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depositing flux and the ambient gas. This restriction is lifted in the case of high
pressure deposition as discussed in Chapter 6.) These discs have a trajectory deter-
mined randomly from an angular distribution which is dependent on the deposition
process. Fach disc follows a straight line trajectory until it strikes the substrate or
a previously-deposited film disc. This ballistic stage of the algorithm intrinsically
incorporates the effects of shadowing. both by the substrate topography and by the

neighbouring filin regions.

Surface diffusion is accounted for in the second stage of the algorithm. Once the im-
pact point has been determined, the film surface is scanned in both directions up to
a maximum diffusion length for the closest position which cradles against vae largest
number of previously-deposited discs (without overlapping any of them). This sim-
ple algorithm is efficient to implement and tends to reduce both local concentration
gradients and local film curvature which are qualitatively the desired effects of short
range surface diffusion. [78,79] This diffusion algorithm is somewhat size-dependent,
however. and if extended beyond a maximum range of about 6 disc diameters, it leads
to unphysical surface facetting along the hexagonal, closest j cked, planes. (See Fig-
ure 2.11) For reasonable resolution at ULSI dimensions, this limits the application
of the basic SIMBAD algorithm to low and moderate deposition temperatures corre-

sponding to zone I and Il growth.

Girain growth effects are not currently modeled by SIMBAD. At the temperatures
appropriate for SIMBAD depiction, film columns are generally polycrystalline. As-
suming random grain orientation. any anisotropic effects of crystal orientation will
be averaged out and. hence. will not affect column growth. (At higher temperatures,

however, each column can become a single crystal and the grain and column structure
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Figure 2.11: Anomalous facetting of column tops occurs for long diffusion lengths with
the basic SIMBAD algorithm. Diffusion ranges of 2 disc diameters (a), 4 diameters
(b), and 12 diamneters (c) are shown. (For a typical ULSI topography simulation,
a disc diameter would be 5-10 nm.) By (c), only 0° and £60° surfaces tend to
develop. This limits the current SIMBAD algorithm to relatively short diffusion
ranges corresponding to low and moderate temperatures.
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are vqui\‘alcnt )

The inputs to SIMBAD are simply the initial topography profile, the angular distri-
bution of the incident particles, the surface diffusion length. and the film thickness.
(Additional parameters will be introduced in successive chapters.) The output of
SIMBAD is a final film profile composed of the deposited discs. (See Figure 2.12a) In
addition, since SIMBAD is a stochastic model, successive runs with different randdm
seeds will generate slightly different representations of the film. Several of these can
be averaged together to produce a density profile (See Figure 2.12b). This capability

to generate density maps is a feature unique to SIMBAD. [65]

This conceptually simple model successfully captures most of the essential features
of thin film step coverage and microstructure formation. (For example, compare
Figure 2.12 with Figure 1.7) However, in order to extend this model to account for
advanced metallization processes, several features must be added to SIMBAD. These
include prediction of the appropriate angular distributions for different sputtering
conditions, incorporation of the effects of ion bombardment during bias sputtering,
extension of the diffusion model to longer lengths corresponding to higher tempera-
tures, and incorporation of the effects of non-unity sticking in chemical vapour depo-

sition. Each of these areas will be discussed in succeeding chapters.
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Figure 2.12: SIMBAD output formats. Film cross-section (a) showing columns and
other microstructural features, and density map (b) showing density variations over

topography. These results can be compared to the experimental photographs of I'ig-
ure 1.7
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Sputter Distributions!

3.1 Introduction

The properties of a sputter-deposited film are strongly dependent on characteristics
of the flux arriving at the substrate. Film growth simulations. such as SIMBAD. can
predict and help optimize such properties only if these characteristics of the incident
flux are known. Since this information is tedious or difficult to measure experimen-
tally, it is desirable to develop a model to predict these characteristics. SIMSPUD
(SIMulation of SPUtter Distributions) is such a model, which provides information
about the spatial flux density distribution and the angular and energy distributions
of particles arriving at the substrate. This information can be used to determine rel-
ative deposition rates, thickness uniformity across a wafer, and, in conjunction with
SIMBAD. step coverage and microstructure of the metallization layer under vari-
ous deposition conditions. This information is important to determining throughput,

vield, performance, and reliability of the metallization film.

SIMSPUD is a three-dimensional Monte Carlo vapour transport model. Similar mod-

els have been developed previously, but they have either been limited to provide

'The material in this chapter has been accepted for presentation at the National Symposium of
the American Vacuum Society, in November, 1992, and will be reviewed for subsequent publication
in the Journal of Vacuum Science and Technology, A.
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information only about the energy distribution [80-33] or spatial tlux density: [
have applied only to specific or unusual geometries: [85.36] have omitted the energy

dependence in collision cross-section: [81.32,

o

4,86, 87} or have required a supercom-
puter for execution. [88] In addition to being efficient. versatile. and providing more
information about sputter distribution characteristics. SINMSPUD has an important

advantage of being readily iniegrated with a general film deposition model. such as

SIMBAD.

3.2 Sputter Distributions and Film Properties

By modelling the transport of particles from generation at the target to deposition
at the substrate, SIMSPUD can directly predict uniformity profiles and relative de-
position rates. However, the angular and energy information produced by SIMSPUD
must be passed to SIMBAD in or r to provide step coverage and microstructure
depictions. This information is used by SIMBAD to predict film properties in the

following manner.

Step coverage is determined in SIMBAD by the interaction between the incident
angular distribution and the substrate topography. For example, if the angular dis-
tribution is asymmetric, the coverage inside of topography will also be asymmetric.
(See Figure 3.13a.) If the distribution is tightly focussed about the substrate normal,
then ive coverage along the bottom will be good, but sidewall coverage will be poor.
(See Figure 3.13b.) If the distribution is too broad, much of the flux will exceed
the maximum acceptance angle into the feature, and both poor sidewall and bottom

coverage will result. (See Figure 3.13c.) Obviously, an intermediate situation would
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Figure 3.13: The effect of angular distribution on coverage and microstructure. An
asymmetric distribution (a) causes uneven coverage and angled columns. A focused
distribution (b) leads to narrow columns with good bottom coverage but poor sidewall
coverage. A very broad distribution (c) creates broader columns and poor coverage
throughout the feature.
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be preferred.

The columnar micrestructure is also affected by angular distribution zince shadowing
is an important component of miicrostructure development. Figure 3.13a also shows
the tendency of columns tu uricnt toward the direction of incident flux. For mono-
angular dux (such as often found in evaporation) this 1s empirically given by the
tangent rule [39]

1
tan¢ = Z tand {(3.1)

where ( is the column angle {rom the local surface normal and & is the incident flux
angle. For diffuse sources. the column angle would depend on weighting this relation

by the angular distribution. fu,(0)d6.

Figure 3.13b and c also show that focused angular distributions lead to narrower
columns with greater intercolumn gaps on angled surfaces than do broader distri-
butions. The column shape is also affected by the energy distribution, since higher
mean incident energy will increase the effective temperature of the growing film and.

hence. increase surface diffusion and column width (as can be seen in Figure 2.11).

3.3 The SIMSPUD Model

As mentioned above. SIMSH 1D is a three-dimensional Monte C'arlo simulation which
provides distribution information about the sputtered atoms arriving at the substrate.
In order to accomplish this, SIMSPUD must incorporate the effects of two events. -
First, the gereration of sputtered atems at the target with appropriate spatial, angu-

lar and energy distributions must be considered. Then, SIMSPUD must account for
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the ovolntion of those distributions as the particles move from the target to the sub-
«trate. This second phase is complicated by scattering events between the sputtered
particles and the argon gas. The: "ol scattering can vary considerably because sput-
tering generally occurs in the threshold pressure regime between molecular (where gas
collisions rarely occur) and Knudsen (where collisions are important) behaviour. [90]
Hence. a small change in gas pressure can substantially change the importance of
gas scattering. At low sputtering pressures, the flux experiences very few collisions
and arrives at the substrate with high energy and unmodified angular distributions.
Higher pressures cause significant energy loss to the sputtering gas and broadened

angular distributions.

The sequence of the SIMSPUD model is shown schematically in Figure 3.14. Sput-
tered particles {(usually atoms) are generated at the targr surface, typically in a
spatially nonuniform manner. Magnetron sources, especially. have a high sputtered
atom flux density variation due to the localized plasma confinement. To account for
this variation. SIMSPUD uses a sputter density function which is inferred directly
from the depth of the erosion pattern on a used target. Obviously, different erosion
patterns must be input for different magnetron source configurations and target ma-
terials. For simplicity, a planar target with cylindrical symmetry is assumed. (This
corresponds to the most common sputtering source geometry.}) The simulation input
i= then a radial erosion depth profile. S(p). Simulated atoms are generated randomly
on the target at a position. P, given in cylindrical coordinates by P(p,, @o,2o) where
s = =, corresponds to the target separation from the substrate at = = 0, and (po. @o)

are determined from the random distribution

fpip.o)dpdo = Cp pS(p)dpdo (3.2)
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Figure 3.14: Schematic description of the SIMSPUD algorithm. Sputtered atoms
are emitted {ront the target at coordinates (po. o, 2o) with a trajectory (#,.~,) and
energv E,. The: follow straight line trajectories, possibly suffering collisions with the
process zas en route to the substrate.
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where (p 1s a normalization constant.
The angle of atom emission. (8,.7,). is randomly chosen from the distribution [84]
Fa(8.+)d0d~ = Cq g(6) sin 8d0 d~ (3.3)

where ('g is a normalization constant and ¢(€) is the emission angle distribution

function which is given from simple theory by [32]
g(8) = cos @ (3.4)

However, emission is often complicated by the type and grain structure of the target,
and the type. energy, and angle of incidence of the sputtering ion. [91.92] For this

reason, an arbitrary empirical e, on function, g(9) can be input into SINISPUD.

The energy distribution of sputtered atoms can be approximated by the Thompson

model developed from collision-cascade theory: [82]

—(m+my) x ((Ey + E)/(4m,mE))Y/?

1
fe(E)E = C E<«(1+ E,/E)®

dE (3.3)

where my, and m are the masses of the gas molecules and sputtered atoms, respec-
tivelv: Ey is the binding energy of the target material: E; is the energy of the incident
jons. and C is a normalization constant. The ion energy is, itself, derived from a
distribution [93,94] which depends on the dc target voltage, V;. For a magnetron
discharge. this distribution is highly peaked near the target voltage and Turner e!
al. [35] argue that it is sufficient to use an averaged value of E; in determining fg.

For a typical magnetron plasma, the average ion energy was determined to be [94]
E; =0.733 ¢}, (3.6)

where q is the electronic charge.
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Figure 3.15: Diagram of collision between the sputtered atom (s} incident from the
left. and the stationary gas atom (g). The impact parameter. a. determines the
scattering angle, a from the initial trajectory.

Ejecte! particles are assumed to travel a distance. A, in a straight line between colhi-
sions with gas molecules. The free path between collisions, A. is determined randomly

from a Poisson distribution: [30]

dA
Fr(A)dA = —\—e"‘/""‘ (3.7)

where A, is the mean free path.

To simplify calculation of the collision angle (the angle of deviation from the initial
trajectory). a binary elastic hard-sphere collision model is used. The scattering angle

in the centre-of-mass reference frame for such a model is given by {96,81]
Qem = T — 2 arcsin(a/d) (3.8)

where a is the collision impact parameter and d = r, + r, is the maximum radius
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at which the sputtered and gas atoms interact. (The out-of-plane scattering angle.

4. is randomly chosen from the interval [0.27].) This is translated to the laboratory

reference frame by the relation [96)

tan a = m, sin Q.m /(m + mg cos a.n) (3.9)

For an elastic interaction. the fractional energv change for each collision is given
. (=]

Efinat m? + 'm; - 2mm, (1 — 2(%)?)

1 .
= 3.10)
Eivitial ( '

(m + my)?

For the hard sphere-model, the impact parameter is equal to the distance from the
trajectory of the incident particle to the centre of the gas particle. (See Figure 3.15)

It is randomly distributed according to

9 ada .a<d

<

fela)da = 7 o 4 (3.11)
. a

In order to determine a new trajectory (#',7’) after the collision, the scattering angles

must be rotated from relative to absolute coordinates. {97}
cos§’ = cosf cosa — sin fsina cos 3 (3.12)

cos~' = (cos B cos~ sinacos 3 —sin=sinasin 3 +sinfcosycosa)/sing  (3.13)

The mean free path between collisions depends on the gas pressure (p) and thermal
energy (A7) according to

A== (3.14)
Do

where & is the collision cross-section. Robinson [98] has shown that o is energy-

dependent and an empirical fit to his computed values in the range of interest to
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Figure 3.16: Dependence of o on E in the regime of interest to sputtering according
0 the model of Robinson. [98] Also shown is the empirical fit used by SIMSPUD.
(E) = a(E)(£)7%%.
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sputtered particles (1 eV to 200 eV') shows that this dependence can be approximated

(at least in the case of Ar-Ar collisions) by a power law: (See Figure 3.16)

E .
o(E) = rf(Eo,\(—E—)"O'm.E > E, (3.15)
where £, = 1 eV. This is the energy below which the particle is presumed to be

virtually thermalized, and ¢ can be approximated using [99.82]
o = m(1 + m/my)03(re + r5)° (3.16)

where ry and r,, are the radii of the thermalized sputtered atoms and gas atoms.

respectively.

Only collisions between the sputtered atoms and gas molecules are considered in this
model. Collisions with other sputtered atoms or with argon ions or with high energy
neutrals are much less frequent [99] and have, therefore. been ignored. Another

assumption is that the working gas is homogeneous and at uniform pressure. This

ignores the pressure variations which can occur during sputtering due to gas heating.

[33]

3.3.1 Algorithmic Details

Using the relations developed above, SIMSPUD can follow the generation and mo-
tion of large numbers of atoms from the target to the substrate. Particles that travel
behind the target or outside the simulation volume (defined by a cylinder of radius
much larger..than the target or substrate radii, or the target-substrate separation) are
presumed ‘5 be deposited onto the chamber walls. Particle trajectories that extend
bevond the substrate plane are projected back onto that plane and considered de-

posited. Histograms can be collected on the energies and incident angles of deposited
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=3

Figure 3.17: Coordinat - system for projecting SIMSPUD angular distributions into
two dimensions. Parti: "¢ trajectories are projected onto the x-z plane.

particles falling within a particular region of the substrate plane to estimate angular
and energy distributions. Similarly, the radius of particle impact can be binned to
determine thickness uniformity, and collection efficiency (number of deposited atoms
divided by the number of generated ones) can be computed to measure relative depo-

sition rates. (See Appendix B for description of the SIMSPUD program organization.)

Since SIMBAD is a two-dimensional model, the SIMSPUD angular distribution may
require projection into two dimensions before use in SIMBAD. This would be the
case for simulating deposition into a long trench, for example. but not for cylindri-
cally symmetric vias (See Appendix A). This projection is accomplished through a

coordinate change as shown in Figure 3.17 where

tan 8,p = tan d cos v (3.17)
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A Monte Carlo simulation. such as SINNBAD. depends on generating long sequences
of uncorrelated pseudo-random numbers. The algorithm used by SIMSPUD is by
Press ef al. [100] and employs a linear congruent generator with a shuffle table. This
provides uniformly distributed pseudo-random values on the interval {0.1). To gener-
ate a value. X. from an arbitrary distribution. f(x)dxr. the uniform random values.

£, must be mapped through the inverse function [101]

X = F71(§) (3.18)

~ .

where F' is the cumulative distribution function

Flr) = /Or fiz')da' (3.19)

For user-specified distributions. such as fp, the integral F is computed numerically
and the inverse function is stored in a lookup table indexed by equally spaced values
of & € [0.1). Interpolation between F~!(£,) for the values of &; bracketing £ gives the
generated value of X. Generators for analytic distributions. such as fi. can usually
he determined analytically. For example. FA(A) = 1 — e™"/*" 5o random values are

given by A = F{'(€) = —AnIn(1 - £)

The execution time of the SIMSPUD model is strongly depcndent on the ratio zo/Am
which characterizes the number of collisions each deposited atom experiences. How-

ever, tvpical execution times are about 10-100 minutes on a Sun SPARCstation 2

workstation.
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3.4 Experimental Verification of SIMSPUD

In order to verify the validity of the SIMSPUD model. or to calibrate an unknown
parameter such as o( E,). the simulation results can be compared to those of a pinhole
experiment. This primarily tests the angular distribution. which tends to be the most
sensitive distribution to parameter values and 1s the most important to determining

many of the film properties.

In a pinhole experiment. (See Figure 3.13) a filin is deposited through a small hole in
a mask just above the substrate (preferably close enough to it that little scattering
would occur between the mask and the substrate). The thickness protile of the result-
ing film is highly sensitive to the angular distribution arriving at the pinhole. 1his
thickness profile can be directly measured using a profilometer (Tencor Alphastep
200) over steps in the film which have been etched using standard lithographic tech-
niques. With minor modificaticn. SIMSPUD can generate a profile which is directly

comparable to the experimental pinhole result.

Figure 3.19a shows a comparison between an aluminum pinhole film deposited at a
pressure of 5.1 mTorr and the corresponding SIMSPUD result. Table 3.2 shows the
conditions and parameters used. Unfortunately. there are no established values for
o(E,). so this quantity was treated as an adjustable parameter in this comparison.
Therefore. in order to make a fair test of the model. the experiment was repeated at
20.1 mTorr using the value of o(£,) determined at 5.1 mTorr. (See Figure 3.19b).
Clearly. there is very good agreement between the experimental and simulated results

in both cases which confirms that the model scales correctly.
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pinhole mask

film

substrate

Figure 3.18: Diagram of the pinhole experiment. The thickness profile of the film
is strongly dependent on the angular distribution arriving at the pinhole. (The film
thickness is grea: iv «xaggerated in this diagram.)

The curves at these two pressures show g=-7'iztively different behaviour because at
low pressure there is relatively little scai.-ing and the peak in the pinhole image
is off-axis, corresponding to the peak in the target erosion profile caused by the
magnetic confinement. At the higher pressure, however, any memory of the sputtering
distribution at the target is lost through numerous randomizing collisions in the gas.

This shifts the distribution peak to a position along the substrate normal.

In order to test the generality of the SIMSPUD model, this verification process was
identically repeated using copper. (See Figure 3.20) Once again, there is very good
agreement between the experimental and SIMSPUD profiles. This high level of agree-
ment between the simulation and experimental results makes it appropriate to employ

the model in some applications which are of current interest.
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Geometry o
Target diameter 5.0+0.1 cm
Target-mask distance 4.7840.10 c¢m
Mask-substrate distance 1.34£0.0-4 ¢
Pinhole diameter 0.16+0.01 cm
Pinhole taper 56°
Mask thickness 0.040£0.003 ¢m
Experiment
Power (all runs) 100 W
Base Pressure (all runs) 1-4%107% Torr
Gas flow (5.1 mTorr) 14.7 sccm
Gas flow (20.1 mTorr) 45.9 sccm
Mean voltage (aluminum, 5.1 mTorr) 161 V
Mean voltage (aluminum, 20.1 mTorr) 370 V
Mean voltage (copper, 5.1 mTorr) 453 V
Mean voltage (copper, 20.1 mTorr) 345 V
Substrate silicon wafer
Model
Thermal radius (aluninum}™ 2.0 A [47]
Thermal radius (coppe:)™ 2.1 A [47)
Thermal radius {argon) 1.82 A {90]
Binding energy (aluminum) 3.39 eV [102]
Binding energy (copper) 3.49 eV [102]
Emission angular distribution (aluminum) Tsuge [91]
Emission angular distribution {copper) cosine

. Cruss-section at 1 eV (aluminum) 50 A?

. Cross-section at 1 eV (copper) 21 A?

*Interpolated Van Der Waals radii

Table 3.2: Experimental conditions and model parameters for the aluminum and
copper pinhoie experiments. Depositions were performed at both 5.1+0.2 mTorr and
20.140.2 . Torr ifor each material.
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Applications of SIMSPUD

There are a variety of possible applications for SINMSPUD/SIMBAD. It can be used for
designing magnetron sputtering sources. optimizing deposition parameters such as gas
pressure or target-substrate separation. gauging the effects of substrate topography. or
predicting filin properties. Three examples of such applications are presented below to
illustrate the usefulness of the model. The first examines the effect of target-substrate
distance on film properties of interest in a production environment. The second looks
at the effectiveness of a new magnetron design for uniform target erosion. The third
example looks at compositional variations. which the model predicts will result when

sputtering from an alloy target.

3.5.1 Target-Substrate Separation

The distance from the target to the substrate is a very important parameter because
it determines how both geometric factors and gas scattering will affect the sputtering
distributions. For example. Figure 3.21 shows the predicted relative film thickness
variation across a 15 cm diameter wafer for a 20 cm aluminum magnetron system
at a pressure of 5 mTorr. (These specifications correspond to typical production
metallization conditions.) This variation is of concern in microelectronics fabrication
because process tolerances are very tight and significant deviations in thickness will
reduce vield and reliability. The figure shows that at short distances. such as 40
mm. the thickness profile mirrors the target erosion pattern and the wafer centre is
not well coated. Near 60 mm. the film is at its most uniform with slight thinning

.car the periphery. Bevond 60 mm. the target starts to resernble a point source
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Figure 3.21: Radial film thickness profiles for a 20 cm magnetron source at 5 m'Torr
for three different target-substrate separations across a 15 cm wafer. Thicknesses are
relative to the wafer centre. Error bars correspond to two standard deviations.

at the wafer., and the film thickness drops off monotonically from the centre. To
sbtain good uniformity outside of the optimal separation range requires substrate
motion during deposition which adds cost and complexity to the system and usuaily
generates particles inside the deposition chamber which can reduce yield. The exact
value at which the optimal uniformity occurs will vary slightly with details of the
target erosion profile and pressure. but this general behaviour is characteristic of

conventional magnetron systems.

Another importaut consideration in a production setting is the deposition rate which
affects throughput as well as film quality. Figure 3.22 shows the change in simulated

deposition rate (at the wafer centre; with target-substrate separation. There is a
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Figure 3.22: The effects of target-substrate distance on relative deposition rate.

substantial drop in deposition flux density as the distance increases due to losses out
the sides to the chamber walls and to backscattering. The reason Figure 3.22 shows
an initial increase in rate is because little flux can reach the wafer centre from the

target erosion ring at very short distances.

Another important factor affecting yield and reliability is the sidewall (step) coverage
for high aspect ratio topography. The variation of this with target-substrate distance
for a 1:1 aspect trench is shown in Figure 3.23. At small separations, step coverage
ix poor because the incident angular distribution is too broad for much flux to travel
well into the via. As the separation increases. the distribution narrows. and step
coverage increases as more flux reaches the sidewalls at the critical regions near the

Lottom of the feature. As the distribution becomes too narrow, however. the sidewalls
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Figure 3.23: The effects of target-substrate distance on average sidewall coverage are
shown for 3 mTorr pressure. 20 cm Al target. and 1:1 aspect ratio topography.

present a very small cross-section o the flux and coverage starts to fall off. Under
the conditions examined here. however, this diminution is forestalled by increased gas
scattering which tends to broaden the angular distributi :u at larger separations. The
importance of this scattering to sustaining step coverage at larger separations can be
seen by comparing with the zero pressure coverage (also shown in Figure 3.23). which

peaks and then steadily drops as there is no scattering.

Another quantity that varies with target-substrate separation is the average energy
of incident atoms. This is of interest to film quality since it affects microstructure
factors such as column and grain size. As Figure 3.21 shows, the average energy

decreases monotonically with distance as the average number of collisions with gas
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Figure 3.24: The effect of target-substrate distance on the average adatom energy
(left axis) and average number of collisions with gas molecules (right axis).

molecules increases. The number of collisions is not linear with distance because. as
the energy decreases, so does the mean free path between collisions due to the energy

dependence of the collision cross-section.

In summary. for this application, the preferred target-substrate separation would be
near 60 mm since this corresponds to almost peak deposition rate, uniformity, and
step coverage. and still maintains a high average incident energy. However, this may
be a fortuitous case, and different pressures, targets, or substrate topography may
present less ideal solutions. Also. it should be pointed out that even the peak coverage
obtained by optimizing the angular distribution is still poor. This implies that for this
aspect ratio. either the sidewalls must be‘tapered_(which dramatically improves step

~overae- hut increases the effective size of the via) or one of the deposition processes
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dizeussed in subsequent chapters will be required.

3.5.2 Swept Field Magnetrons

Recentiy. microelectronic equipment vendors have introduced magnet ron sources which
employ moving magnets to sweep the confined plasma across the target in order to
obtain uniform target erosion. {103] This has the advantage of extending the target
lifetime and, providing a stable (flat) target surface profile at all times. iowever,
the effects of this novel magnetron configuration on factors such as uniformity and
step coverage have not been thoroughly examined. SIMSPUD and SIMBAD can be
used to make some comparisons hetween the moving maegnetron and conventional

magnetron coufigurations.

For example. Figure 3.25 shows the variation in relative thickness across the wafer
for a 20 em aluminum target with a moving magnetron source. Profiles for three
different target-substrate separations zre shown which can be directly compared with
those in Figure 3.21 for the conventional magnetron design. There is very little
variation in thickness uniformity with target-substrate spacing for the new magnetron
in comparison with the conventional one. This allows for greater flexibility in choosing
the spacing to optimize another film property such as step coverage. On the other
hand. the best uniformity that can be obtained with the moving magnetron is not
as good as the best result with the conventional one. Conceivably. one could use
SIMSPUD to tailor the swept magnet design so that the film uniformity could be

improved further. (Of course. th - erasion profile would then no longer be uniform.)

One important benefit of the «cv = o 1 v design is improved coverage uniformity
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Figure 3.25: Radial film thickness profiles for a 20 cm swept field magnetron source
at 5 mTorr for three different target-substrate separations for a 15 cm wafer. Error
bars correspond to two standard deviations.

across the wafer. Typically, deposition off of the central axis of the sputter source
results in asvmmetric coverage. This reduces yield and reliability near the edge of the
wafer and must be minimized as much as possible. Figure 3.26 shows that the off-axis
coverage resulting from the moving magnetron (Figure 3.26a vs. b) is decidedly less
asymmetric than that from the conventional one (¢ vs. d). The deposition conditions
used for this figure are comparable to those used above (20 cm aluminum target, 30

min target-substrate spacing. 5 mTorr pressure).
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Figure 3.26: The effect of magnetron design on off-axis step coverage uniformity.
Film deposited using a moving magnetron at radii of 70 mm (a) and 0 i (b) can
be compared witi; those from a conventional one at 70 mm (c¢) and 0 mm (d).
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3.5.3 Alloy Sputtering

That the incident sputter distributions for copper and aluminum are different is ev-
ident from the simulation and experimental data shown in Figures 3.19 and 3.20.
This suggests that aluminum and copper sputtered from an alloy target (such as is
increasingly being used for metallization layers) would not necessarily be deposited
in the same relative concentration across a wafer or over topography. i present.
these compositional variations ceuld be quite important to metallization reliability
as electromigration resistance is sensitive to copper content. [14] Obviously. such
compositional variations would not be limited just to aluminum-copper alloys. This
effect would be expected for any alloy whose constituents have different scattering

characteristics due to differences in atomic mass or collision cross-sections.

Figure 3.27 shows a map of simulated copper concentration in a Al-Cu{4%) alloy film
deposited over a 1:1 aspect trench. (This nominal copper concentration is arbitrary.
The simulated relative variations should be representative for any minority concen-
tration.) The angular distributions used to generate this result correspond to the 5.1
mTorr results presented above. Pronounced variations in stoichiometry are clearly
predicted under these conditions. In fact. the average sidewall concentration is re-
duced to T3+5% of nominal. and along the bottom of the via it is raised to 126:£5%.
The minimum and maximum values at these locations would deviate even further
from the desired composition. At the higher pressure of 20.1 mTorr, these values are

slightly closer to the optimal at 90+5% and 12446%, respectively.

These simulation results are based on the assumption that the sputter distributions
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Figure 3.27: The simulated variation of copper concentration in a Al-Cu alloy filin
deposited over a 1:1 aspect feature. Sidewall concentration is reduced and bottom
concentration is enhanced. Tlie legend bar indicates percentage concentration.

for a compound target can be predicted by the superposiiion of the results for indi-
vidual targets. While this is likely true for aluminum if there is only 4% copper in the
alloy, it is much less clear that the emission properties of copper will be unalffected by
the majority of aluminum. However, similar simulations using the cmission angular
distribution, g(#), of aluminum for the copper in the alloy do yield similar results,
which suggests that this effect is not primarily dependent on the emission conditions.
Also not included in this simulation is the effect surface diffusion may have in redis-
tributing the copper once it is deposited. At relatively high deposition temperatures,

this may be a significant factor.

If composition varies over topography, it may also vary across the wafer as has
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Figure 3.23: The predicted relative variation in copper concentration in a Al-Cu alloy
filin across a 6 cm wafer. The wafer centre is copper-rich while the edges are deficient
in that element.

been suggested by Rossnagel. [83] Figure 3.28 shows this radial variation across a
6 cm wafer as predicted by SIMSPUD for the conditions described above at 5.1
mTorr. There i-. indeed, a trend from excess copper in the centre of the wafer to a
copper deficiency at the periphery. However, the magnitude for this variation is much
less than that which is predicted for the variation over topography under the same
conditions. Nonetheless. these two effects are additive, and variations across the wafer
will exacerbate those over topography and contribute to premature electromigration

fatlure.
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3.6 Summary

The SIMSPUD model has been developed and verified experimentally using a pinhole
image technique for both sputtered copper and aluminum. When combined with
SIMBAD. the model provides a powerful tool for tailoring and optititizing sputtering
distributions to improve coverage, uniformity, microstructure, and composition. The
model predicts improved uniformity for moving magnetron sources over conventional
cnes. compositional variations for sputtered alloys. and an optimal target-substrate
spacing for a typical production scenario. However, the model indicates that even
optimized distributions cannot provide satisfactory coverage on vertical sidewalls as

topography aspect ratios approach 1.
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Bias Sputtering!

4.1 Introduction

As demonstrated in the previous chapter. it is possible to tailor sputter distributions
to hmprove film presorties such as step coverage. However. at higher topography as-
pect ratios. this approach becomes less effective and alternate cnes must be developed
to enhance coverage. One such *echnique which has had initial success in enhancing
the coverage of metallization lavers is bias sputtering. [104-107] Under ideal condi-
tions. completely planarized features (completely filled to the top surface level) have
been obtained. [104-106] Such planarization is attractive. not only because of the
ideal conduciion capabilities. but also because it makes subsequent photolithography

and deposition simpler.

The kev to bias sputtering is ion bombardment of the film during deposition. These
jonis canse resputtering of the film which reduces the net deposition rate. However.
til:  ators which are re-emitted from inside topography such as vias or trenches are
likelv to be intercepted and redeposited elsewhere inside the {eature. whereas atorus
resputtescd irom the top surface of the filmi are usually lost. This results in net

enhancement of relative deposition rate inside topography. which generally irnproves

Fhe matenal i this chapter has been published as references [72,73].

62
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[igure 4.29: Ion bombardment during deposition causes lilm resputtering which re-
duces deposition rate. However. resputtered film material from the top irface (A)
is usually lost while material from within topography (B and C) often redeposits
within the same feature. thereby increasing the net relative deposition rate along the
sidewalls. This results in improved step coverage.
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step coverage. (See Figure 129,

In bias sputtering. the ion bombardment is generated by applying an rf (radio-
frequency) voltage to the substrate holder to create a glow discharge plasma at the
substrate. (See Figure 4.30.) Due to the difference in mobilities between ions and
clectrons (i this plasma. the snbstrate holder develops a negative de bias voltage to
retain charge neatrality. 1.0 This net voltage causes positively charged argon ions
in the plasma to be accelerated toward the substrate and strike the growing film.
Typically. the bias voltage is between -100 V" and -2 kV. [16.24] (A dc bias could also
be applied for a similar effect. but to sustain a dc discharge at the substrate generally

requires higher energies which can be detrimerntal to the him.)

In addition to resputtering. the ion flux striking the film can cause a number of
other events to occur. For example. the ions may be reflected off the film surface
(particiutarly if they are incid nt at glancing angles). or. due to their high energies.
theyv may become implanted into the filin and cause argon gas incorporation, c. - Hev
may transfer that energy to the film atoms and cause surface relaxation and diffusion.
All of these effects (with the probable exception of gas incorporation) can affect the

lilin coverage and microstructure.

As with anv new metallization process. it is desirable to have a process model in order
to better understand its sensitivities and to help optimize its parameters. The best
«uch model o far is that of Bader and Lardon. [108.109] However, this mode! is based
on a string algorithm so it cannot provide microstructure or density information. It
also does not consider the =ffacis of ion reflection or surface diffusion which can

be very important. In addition. the effects of gas scattering on the incident angular
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Figure 1.30: Schematic description of bias sputtering. Radio-frequency power applied
to the substrate holder creates a discharge and net negative dc bias there. This causes
argon ion bombardment of the substrate in » manner similar to that occurring at the
target.
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distribution of the sputtered fiux (which were seen in the previous chapter to strongly
affeet step coverage) were not incorporated.  Because of these shortcomings. it s

desirable to extend the SINIBAD model to simulate bias sputtering.

4.2 SIMBAD Bias Sputtering Model

In order to extend the SINMBAD model to simulate bias sputtering. it is necessary to
senerate jon dises as well as film ones. These ion discs represent averages of many
individual ions in the same manner that filin discs represent many film atoms. How-
ever. unlike the film dices. the ion dises are not incorporated into the film. Instead.

they act on the aggregated film discs to redistribute or rearrange them.

Under typical bias sputtering conditions. the ions are not scattered during their accel-
eration toward the substrate. This means they arrive at angles very close to normal
incidence to the wafer and with energies close to the bias voltage. [108.110.111] There-
fore. when generated in SIMBAD. the ion discs are assumed 1o be mono-energetic

and uniformly incident at the wafer normal angle.

Like the film dsscs. the ion discs follow straight line trajectories until they strike the
film. Once the point of impact is determined. an ion can reflect off the surface, and/or
resputter the struck film disc. and/or cause local film surface relaxation. Which of
these fates occurs depends largely on the ion energy and angle of incidence relative

to the local film surface normal.

The probability of an ion (and the corresponding ion disc) wcflecting off the film de-

pends on its energy. angle of incidence, and mass relative to the atoms in the reflecting
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surface. {112,113} Unfortunately. the details of this dependence have not been well
investigated - particularly in the energy regime of interest to biax sputtering,. {112]
The ion reflection model used by SINIBAD i based on calculations made by Hou e
al. "113] using the program. MARLOWE. Their results show the ion has a very high
probability of reflection above a critical angle (for example. that angle is 77° for 3 keV
argon ions striking copp: v). Below this angle. there is a relatively narrow transition to
very low reflection probabilities. Within that transition regime. a lincar dependence
is used by SINIBAD to approximate the MARLOWE results. { Another model capa-
ble of predicting ion reflection probabilities. TRIMSP. {112} has qualitatively similar
results.) If the ion disc is reflec.ed. a specular reflection angle is assumed. (The angle
of reflection equa' the angle of incidence relative to the local surface normal.) A
resuit of this reflection behaviour is the ion etching of small trenches at the base

steeply angled featues during bias sputtenug as extra ons are reflected there, (See

Figure 1.31)

The probability of the ion disc cansing film resputtering is directly proportional 1o
the ion sputtering vield. Like the reflection prot-~tility. the sputter vield depends
on the ion energy. the angle of ion incidence. and the material being bombarded.
(92,114} Fortunately. there is somewhat more experimental characterization of this
dependence which usually makes it possible to employ empirical sputter yields in
SIMBAD. Figure 4.32 shows the typical angular dependence of yield increasing with
angle as more of the ion’s energy is transferred to the surface atoms since the lon does
not penetrate as deeply into the film. The trend reverses at higher angles, however, as
the probability of ion reflection increases. [114] This angular dependence is important

to bias sputtering since the average angle of incidence and. hence. average sputter
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Figu-e 1.31: Reflection of ions off steeply angled "-atures increases relative ton im-

pingement at the feature base (circled region) and causes trench formation.

probability will vary over topography. it SIMBAD. the ions are assumed to be .aono-
energetic and an erapirical angular-dependent sputter vield should be used which is

appropriate for that energy and film material.

If a resputtering event does occur. then the emission angular distribution must be
considered. This function also depends on the ion energy and incident angle as well as
the material and surface properties. [116] At high energies, the ion penetrates deeply
into the material and the emission distribution is close to a cosine. [116,92] However, at
tvpical bias sputtering energies. there is a large component of the emission distribution
in the specular direction. [116.92] In bias sputtering, this preferentic! emission causes

mnaterial on sidewalls to t<.. 1 to resputter further into the topography and thereby
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Figure 1.32. ngular dependence of sputter vield for aluminun. [115)

help 1o (il and planarize it. Unfortunately. there is little empirical data to quantify the
angular dependence for the emission distribution. [92] Probably the most useful of this
data is from Tsuge ef + [91] The emission angular di.* but’ w0 SINBAD s
an empirical function which is based on Tsuge's data for aluminnm. (See Figure 1.33;
An alternate source of information might be the simultion results from the program

TRIMSP. [112]

The final ion bombardment effect that must be included 1. - IMBAD is jon-induced
surface diffusion. Each time an ion strikes the film, it transfers some encrgy to it
which can cause diffusion of the surface atoms. This effect is incorporated into the
SIMBAD model by locally diffusing the film discs in the immediate vicinity of the

ne which is struck by the incident ion, after any resputtering has occurred to allow
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Figure 4.33: Polar plots of the resputter angular distributions used by SIMBAD.
The angle of jon incidence is indicated in each plot by the arrow. This empirical
dependence is based on data by Tsuge et al. [91]



Chapter 1. Bias Sputtering T

for surface relaxation. (Since SINBAD does not corrently represent individuai filin
grains. the impact of this ion bombardment on giam size is not modeled. However

such ion bombardment effects are reported. [1171
I it :

One factor not included in SIMBAD i< argon incorporation. Argon concentration in
the film is known to increase with substrate bias [117] which can atfect film properties
such as resistivity. The impact of this incorporation on film coverage and columnar

microstructure, however. is likely to be minor.

Many of the events that can ocenr when an jon dise strikes the hlm depend on the
local surface normal. ln a discrete simulation. such as SINNBAD. this surface is not
well defined and must be determined by averaging the surface near the mnpact point
over an appropriate length scale. This length must be large enough that the surface
is well defined. but small enough to be relevant to the local conditions at the impact
point. An effective compromise length was found to be 10 15 dise diameters. This
represents only about 29 of the total surface length for a typical stnutlation. so the
valite obtained does reflect a localized surface normal. However, lengths much less
than this resulted in an 1 acceptably broad distribution of surface normals which
average out variations in ~putter yield over tupograpay. Figure 1.34 describes the

SIMBAD surface normal algorithm.

The SIMBAD bias sputtering model executes more slowly than the basic deposition
model for a given film thickness as more particles are involved. Under high bias

conditions, this could be by a factor of 2 to 3.
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Figure 4.34: The surface nrrmal of a disc (cark grey) whose centre is at P is given
by the vector through P from the center of mass (C) of all discs (light grey) whose
centres are within a given radivs of P. The size of this selection radius determines the

amount of surface averaging.
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4.3 Experimental Verification

In order to verify the results of the SIMBAD bias sputtering modell a series of tung
sten films were deposited with varving levels of substrate bias and compared 1o the
SIMBAD depictions. The sputt~ ing system used for this work was a three target
NMRC 8620 of diode system. The rf diode sputter source is similar to the magnetron
one described earlier. but it lacks the maguetic confinement to enhance efficiency and
uses rf power to develop a dc¢ bias at the target in the same manner as it is employed
at the substrate. This arrangement allows a single power supply to be he split ta

apply of power to both the target and the substrate,

In all dep. .. the target pawer was maintained at close to 200 W, and the power
to the substrate was varied from 0 to 50 W. The target and substrate bias voltages
were monitored and used to estimate the division of power between the target and the
substrate. [118] For all depositions. the rf impedance could he tuned nsing a matching

network so that the reflected power was typically less than 3 W,

The targets used were 12.7 cm in diameter and spaced 5.8 em away from the 15.5 em
diameter ( water-cooled) substrate hclder. The argon pressure during deposition was
maintained at 8.0 mTorr with a Alow rate »f 60 sccm of .igh purity gas. The system

base pressure prior to introducing argon was I x 107° Torr,

Using these conditions. tungsten films 600-800 nm thick were deposited onto pat-
terned silicon dioxide trenches and vias on a silicon wafer. An intermediate titanium
layer approximately 20 nm thick was first deposited to promote adhesion of the tung-

sten onto the oxide. Both the targets and the substrate were sputter cleaned for
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2 ninntes at 100 W prior to deposition to remove any surface contamination. The

nominal tunesten deposition rate was 183 nm/min.

After deposition. the samples were cleaved and coated with gold for cross-sectional
analvsis with a scanning electron microscope (SEM). Unfortunately. adhesion of the
tungsten films at low and moderate bias levels was poor. and many of the samples
delaminated during this step. However, zero and high bias level samples were success-
fully examined using the SEM. Film thicknesses were measured by vrofiling a step in

the film (made using a shadow mask) using a Sloan Dektak II profilometer.

[ Substrate bias | Target bias | Forward power [ Target power | Rate (nm/min)
0oV -1.90 kV 200 W 200 W 18.7x£0.9
-102 -1.78 208 197 14.5£1.5
-190 -1.54 215 192 12.3£0.8
-247 -1.47 231 198 10.90.5
=338 -1.53 238 196 8.5+0.5

Table 1.3: Deposition conditions for individual tungsten bias sputtering runs. Total
film thicknesses were 600-800 nm.

Table 1.3 shows the bias voltages, powers, and deposition rates of the tungsten de-
positions. Figure 1.35 shows the dependence of the observed net deposition rate on
substrate hias. The linear dependence is consistent with the results of others. [104]
Since the target power is constant, it is assumed that the rate of sputtering of the
target is constant and, hence, the flux of tungsten arriving at the substrate is con-
stant. Therefore, the drop iu depositi~n rate shown in Figure 4.35 must be due to
ion etching of the film. The dep=nde:s i thi ton = «# - (Jo/ R} on the substrate
bias (V) can be described Ly

nin .
min-V AC (4:20)

TER = (0.0299 + 0.002
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Figure 4.35: Dependence of deposition rate (normalized to 200 W target power) on
substrate bias voltage.
Figure 1.36 shows the variation in the simulated relative deposition rate with the
ratio of ion disc flux (I',) to film disc flux (Iy). This also shows a linear dependence
for deposition rate due to increased ion etching. The simulated 10on etch rate (SER)
can then be given by:

SER = (0.402 + 0.007)L; /T, (4.21;

In ocrder to maich the experimental and simulated results, the experimental ion etch
rate can be equated with the simulated one. This gives a calibration of the simulated

ien flux to the equivalent substrate bias:

[; = (0.0039 4 0.0002 volts~')V} (4.22)
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Figure 1.36: Dependence of simulated deposition rate on relative ion dise flux. This
can be combined with Figure 4.35 to calibrate ion disc flux against substrate bias
voltage.

Using this ion flux calibration, the reflection, resputtering, and re-emission depen-
dencies described above, and an incident angular distribution for film discs obtained

using SIMSPUD, the SIMBAD bias sputtering model is completely specified for this

experimental system.

Figure 4.37 shows the experimental and SIMBAD depictions of the tungsten film
deposited without an applied bias over a 0.55 aspect ratio trench. There is good
agreement between the two profiles and the observed variation in column orientation
over the feature is well represented in the simulated result. Figure 4.38 shows the
corresponding results with an applied bias of -338 V. As can be seen by comparing

with the previous figure, the relative sidewall coverage has approximately doubled
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Figure 4.37: Tungsten film deposited without applied rf bias (top) and corresponding
SIMBAD depiction (bottom).
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Figure 4.38: Tungsten film deposited with -338 V rf bias (top) and corresponding
SIMBAD depiction (bottom).
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with the application of rf bias. The surface of the biased film is more planar but with
two distinct taper angles. In the bottom centre of the biased film. there is a triangle
of vertically oriented columns flanked by almost horizontal ones growing from the

sidewalls. All of these structural features are captured in the SIMBAD depictions.

One feature that is not present in the simulated biased film is the pair of small trenches
in the silicon on either side of the central triangle. These are likely caused in the early
stages of growth by ions reflecting off the central triangle and etching into the silicon.
This trenching is not duplicated in the simulations as etching of the substrate is not

vet modeled.

Figure 4.39 shows a thicker film deposited with a -330 V rf bias, along with a cor-
responding SIMBAD density piot. (This film was deposited with a slight tilt which
has been included in the SIMBAD plot as a 5° offset in the film distribution.) This
film shows excellent filling of the trench and relatively good overall planarity. The
density plot shows the sidewall regions are almost as dense as the top ones. (This
is in contrast to the film without bias which results in much lower density along the
sidewalls.) In addition, it shows a small void in the centre of the trench which is also

visible in the experimental film.

Figure 4.40 shows the -338 V film deposited over series of trenches with varying
aspect ratios. This shows an increase in the ion etching of the silicon at the bottom
of each trench as the aspect ratio increases. This is caused, in part, by the tapered
sidewalls reflecting and focussing the ion flux into a progressively smaller area in the
trench centre. This trend is also visible in the SIMBAD density plot of a higher aspect

trench. Once again. the etching of the substrate is not supported by SIMBAD, but its
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Figure 4.39: Thicker film deposited with -330 V rf bias (top) and corresponding
SIMBAD density plot (bottom) averaged ovar 6 films.
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Figure 4.40: Series of trenches with varying aspect ratio (top) and a SIMBAD density
plot of a narrower trench (bottom) averaged over 5 films.
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likelihood is indicated by the presence of exposed substrate segments. Furthermore,
the number of SIMBAD ion discs striking the bottom surface of the trench provides

a measure of the amount of etching damage.

4.4 Applications of SIMBAD Bias Sputtering Model

Having verified that the SIMBAD bias sputtering model produces results consistent
with experiment, it is possible to apply the model to investigate the effects of sev-
eral parameters. Specifically, the effects of bias voltage. target-substrate separation,
and protective layer thickness on sidewall coverage and substrate damage will be

examined.

4.4.1 Effects of Bias Voltage

As indicated by Equation 4.20. a higher bias causes increased ion bombardment and,
hence, an increase in film redistribution within topography. Figure 4.41 shows the
predicted variation in sidewall midpoint coverage with bias voltage. (The midpoint
coverage is used instead of minimum coverage because the film taper on the biased
films is such that the minimum occurs at the film top corner rather than inside the
feature. Since the corner coverage can be easily increased by further deposition with
or without bias, it is not as critical a measurement as the sidewall coverage.) As
expected. the sidewall coverage significantly improves with increasing bias, with close
to a linear dependence. However, also shown in Figure 4.41 is the variation in ion
damage due to increased ion flux onto the silicon at the bottom of the trench. Since

this damage will impair the function of the underlying doped regions. it is desirable
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Figure 1.41: The dependence of the simulated film coverage at the sidewall midpoint
on substrate bias voltage is shown for a 1.55 aspect trench (left axis). Also, the
relative variation of the ion flux striking the bottom of the trench is given (right
axis).

to minimize it. Clearly, under the conditions employed for these simulations, there

must be a trade-off between improved coverage and increased ion damage.

4.4.2 Effects of Target-Substrate Separation

The previous chapter demonstrated the importance of the incident film flux angular
distribution to determining step coverage. Since bias sputtering also changes step
coverage. it is worthwhile testing the combination of bias sputtering with factors
which affect angular distribution. such as target-substrate separation. Figure 4.42

<hows the results of just such a study using the same topography and other conditions
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Figure 4.12: The simulated dependence of film coverage on the target-substrate sep-
aration is shown for -338 V bias conditions (left axis). Also, the variation of the ion
filux striking the bottom of the trench is given (right axis). Nermalization of the jon
flux is the same as for Figure 4.41.

described above.

Clearly, the target-substrate spacing does have some impact on the resulting step
coverage, but the ion bombardment effects appear to be dominant at this level of
bias. Some improvement can be obtained at larger separations as the distribution
becomes narrower and more material enters the trench - even if it does not initially
deposit on the sidewail. The logical conclusion of this trend is to evaporate or sputter
using a collimator [119] so that the material travels straight down into the feature
with a very narrow distribution. Such an approach has been successfully employed

by Bader and Lardon using alternation between evaporation and ion etching. [120]
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A more serions effect of changing the target-substrate separation, however. is on the
level of 1on damage to the underlyving silicon. At small separations. relatively few
atoms reach the bottom of the trench to form a protective layver. This allows very
high bombardment and resulting damage. At larger separations. this protective layer

forms more readily and ion damage is significantly reduced.

4.4.3 Initial Protective Layer Use

Despite the tremendous improvement in coverage shown by Figure 4.41, bias sputter-
ing will not be a candidate for advanced metallization situations unless it can be used
for higher aspect ratio features without substantial etching damage. The results of
the previous section highlight the importance of maintaining a protective film layer
on the bottom surface. One possible way to accomplish this is to initially deposit a
thin layver without rf power applied to the substrate in order to establish a protec-
tive coating. Then, the rf is applied for the remainder of the deposition to enhance
coverage. According to SIMBAD predictions, a protective layer just 15% of the total
film thickness is sufficient to completely eliminate the ion damage for the 0.55 aspect
trench at -338 V bias. The penalty for this two-step process is a slight reduction of
coverage from 1.07 to 0.98. (It should be remembered. however. that this reduced
value is still much higher than the value of 0.22 obtained for the simulation without

bias sputtering.)

Applying this approach to a higher aspect ratio (1.0) trench gives the simulation
results shown in Figure 4.43. (Due to the advantages suggested by Figure 4.42, the

angular distribution for these results corresponds to the 120 mm target-substrate
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Figure 4.43: The dependence of film coverage (left axis) and ion damage (right axis)
on the thickness of an initial (unbiased) protection layer for a high aspect (1.0) trench
under -333 \V bias conditions. Normalization of the ion flux is the same as for Fig-
ure 4.41.

separation conditions.) These data show that the ion bombardment of the trench
bottom drops off very sharply with a relatively thin initial unbiased layer, but does
not reach zero until the protective layer exceeds 50% of the total film thickness.
However. the step coverage is virtually constant below 50% so there is no benefit to
using a thinner protective layer than this anyway. The maximum step coverage that
can be obtained using this two-step approach for the 1.0 aspect ratio is not as good
as was seen for the 0.35 aspect feature, but it is substantially better than could be
obtained without any bias sputtering at all (which corresponds to the 100% protection

layer thickness case).
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4.5 Summary

A SIMBAD bias sputtering model has been developed and experimentally verified
using tungsten films deposited over topography. Both the model and experimental
resnlts show improvements in film coverage and planarity with this technique and
adequate coverage can be obtained for aspect ratios near 1. However, a drawback of
this approach is ion damage to the substrate. Although this damage can be minimized
with the appropriate process design. it becomes increasingly severe as the aspect ratio
increases. This may nltimately limit bias sputtering as an advanced metallization

process.
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High Temperature Deposition!

5.1 Introduction

Another approach to advanced metallization which has been receiving a great deal of
interest recently is high temperature aluminum sputtering. [121-128] In this process,
aluminum alloys are deposited under very clean conditions at temperatures close to
their melting points. The resulting films appear to flow into concave topography
(such as a via or trench) and partially or completely fill it. This almost completely
eliminates problems with step coverage and irregular surface topography. An addi-
tional advantage of the high temperature is that it tends to produce larger aluminum
grains which reduce electromigration. Clearly, this conceptually very simple process

has significant potential to reduce important metallization problems.

Despite its apparent simplicity, however, high temperature aluminum has not been
previously exploited because it is very sensitive to residual gas contamination [122,
123] and, therefore, requires ultra-high vacuum (UHV) sputter systems which have
much lower ultimate pressures than do conventional systems. Also, there is a serious
problem with the reactive nature of aluminum at these temperatures, so extra process

steps are required to deposit (and pattern) barrier layers such as TiN or Ti-W alloys

IThe material in this chapter has been published as references {74,75].

88
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Letween the aluminum and most of the other materials in the integrated circuit.

[123.123)

Because of these difficulties. the application of high temperature aluminum metal-
lization is still in its infancy and could benefit from a microstructure-level model.
such as SINBAD, to help identify key process parameters and limitations and to help

optimize this technique.

5.2 SIMBAD High Temperature Model

The primary benefit of depositing at high temperatures is a dramatic increase in
surface diffusion. This occurs because the diffusivity (D) is thermally activated so
that: [125]

D = Dge~@/*T (5.23)

where Dy is the intrinsic diffusivity and @, is the activation energy for surface dif-
fusion. From empirical studies of metals at temperatures below their melting points
(T ). this energy can be approximately described by [129] (although there is consid-
erable experimental scatter)

Qs = 5kT (5.24)

The average surface diffusion length (L) is related to the diffusivity by [125,32]
L=vDr (5.25)

where T is the mean lifetime for mobile surface atoms. This lifetime is limited by
the deposition rate [127] (which determines the time it takes to form a monolayer

over the atom and effectively bury it) and by the presence of reactive gas species or
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defects which can bind with the atom and fix its position [123] (which is why very

clean vacuum systems are required). Combining these relations gives
T s aT
L = \/Dyre=3Tm/T (5.26)
Unfortunately. since 7 is dependent on system and process parameters, the prefactor.

v Dot. must be calibrated for each system before this relation can be used in SIMBAD

to compute high temperature diffusion lengths.

As noted in Chapter 2, the basic SINBAD diffusion model cannot handle long diffu-
sion lengths. However, in order to fill topography by surface diffusion. it follows that
the diffusion lengths must be of the same order as the size of the topography. This is
bevond the range of the existing algorithm: therefore. a new longer-range SIMBAD

diffusion model is required. This is discussed next.

5.2.1 Capillarity

While the high temperature process does occur at temperatures approaching the
melting point of aluminum, the film does not actually flow in the sense of a liquid.
However, as with liquid flow, it is a surface tension effect that drives the film surface
atoms to diffuse into areas with high (concave) curvature and, hence, fill topogra-
phy. These capillarity forces arise because surface curvature («) modifies the surface

chemical potential (u) according to [130]
=y . +~Vk . (5.27)
where o is the potential of a flat film, v is the surface tension (surface energy) of

aluminum, and V is the atomic volume. The sign of x is chosen such that diffusion

from convex to concave regions lowers the overall energy.
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Figure 5.44: The first stage of the modified SIMBAD diffusion algorithm searches
either side of the impact point for regions of low chemical potential. The second
siage does a local basic SIMBAD relaxation within that region.

With the long diffusion lengths which occur at high temperatures, there can be a
considerable variation in surface curvature which must be accounted for. In SIMBAD,
the chemical potential can be approximated for every surface disc using the definition

of curvature: [131]
aw A
de = Al

K

(5.28)

where ¥ is the local surface normal and ¢ is the surface path length. A is the
difference in surface normals on either side of the disc in question and can be readily
computed using the surface normal calculation described in Chapter 4. Al is then
equal to the twice the disc diameter. In the modified SIMBAD diffusion algorithm,

the surface on either side of the impact point can be scanned up to the maximum
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diffusion length to search for the region of lowest chemiical potential. (See Figure 5.-14.)
Unfortunately. since the calculation of the surface normal used to find Ae involves
averaging the surface over a certain region (see page 71). the exact site with the
lowest chemical potential cannot be adequately localized within this averaged region.
Therefore. the final selection of the site at which to add the new disc within this

region of optimal chemicai potential is performed using the basic SIMBAD diffusion

algorithm described in Chapter 2.

Unfortunately, Equation 5.27 is complicated by the presence of interfaces such as grain
or column boundaries or the substrate. Discontinuities in the chemical potential at
these points lead to effects such as grain boundary grooving and substrate wetting,
respectively. In order to qualitatively account for these features, grain boundary or
interface energy terms can be added to the chemical potential of discs which occur
along grain boundaries or substrate interfaces. A more sophisticated SIMBAD model
that more carefully accounts for these interfacial effects is currently under develop-

ment in collaboration with Dr. T. Smy.

5.2.2 Assumptions

A number of assumptions are implii  in this new diffusion model. For example, the
effects of bulk diffusion are assumed to be negligible. This is reasonable since the
activation energy for bulk diffusion of aluminum (1.48 eV) [132] is much higher than
that for surface diffusion (0.4 eV). [129] As well, grain boundary diffusion is not yet
included. This is less justifiable since it involves an intermediate activation energy,

[78] but. to a first approximation, the primary result of grain boundary diffusion
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wonld be slight grain boundary grooving. [134] Also. anisotropic effects have been
ignored in Equation 5.27. This omission prevents the modelling of crystal facetting,
for example. [78.133] Modification of the film through re-evaporation of the film has
not been included, either. [134] However. even ai high deposition temperatures. the
vapour pressure of aluminum is so low that the re-evaporation rate is usually several

orders of magnitude less than the typical deposition rate. [135]

An important assumption of the current algorithm has been the simplification of
nucleation and wetting effects. The degree to which aluminum will wet the substrate
depends on the corresponding interfacial energies (tensions). [33] If the aluminum does
not wet the underlying material very well, large discontinuous islands will form which
are not desirable for metallization. [123,128] If there is good wetting, a continuous
aluminum film can form even over severe topography. [128] To simplify nucleation
behaviour, SIMBAD assumes that the underlayer is a thin film of aluminum deposited
at low temperature so that the substrate surface tension is the same as that for the
high temperature aluminum film. Fortunately, this assumption is consistent with

common experimental practice. {123]

Because of the overhead involved in computing surface potentials for every disc, the
high temperature SIMBAD model takes longer to execute than the basic model.

Depending on temperature. execution times may be up to 2 hours.

5.3 Model Verification

Figure 5.45 shows the qualitative trend of increasing diffusion lengths as substrate

temperature is increased. Figure 5.43a shows the low temperature Zone 1 structure
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(a) L=27 nm
T=85°C

(b) L=200 nm
T=245°C

(figure continued ...)
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(¢) L=600 nm
T=410°C

(d) L.=930 nm
T=515°C

Figure 5.45: The effect of temperature on SIMBAD film structure and coverage in a
1 pm x 1 um feature. Shading is intended to highlight the column/grain structure.
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that results from aluminum deposition onto cooled substrates. Figure 5.45b shows the
transition to a Zone 2 structure with a kevhole-shaped profile and re-entrant sidewalls.
This profile is typical of metallization films deposited without temperature control.
(The estimated deposition temperature under such conditions is about 250°C.) At
higher temperatures. the profile progresses to a V7 -shaped trough (Figure 5.45¢)
and finally becomes almost completely planar (Figure 5.45d). This sequence of pro-
file and structure development is in very good qualitative agreement with observed

experimental trends. [125,121,127]

In order to translate the diffusion lengths of Figure 5.43 into temperatures. the pref-
actor, v/DoT, must first be calibrated. The correspondence between the protile of
Figure 5.45b and the films deposited by Inoue et al. [121] at 245°C" suggests that this
temperature is appropriate for this simulation. Scaling this assumption to the other

three simulations gives temperatures of 85°C, 410°C. and 515°C.

A more quantitative verification of the SIMBAD model can be made by comparing
the temperature dependence of the fill factor. (This is the ratio of the thickness of
the film at the bottom of the feature to the sum of the feature depth and the film
thickness. This ratio provides a measure of film planarity as a completely planar film
would have a fill factor of 1.0.) Figure 5.46 shows this dependence for SIMBAD and
for experimental results of Aronson et al. {125] and demonstrates good agreement
given the uncertainties in the experimental conditions such as deposition rate, reac-
tive gas pressure, and incident flux angular distribution. The discrepancy at lower
temperatures, particularly, can be attributed to this last factor. Also, the uncertainty

in the value of the activation energy must be considered when comparing these results.
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Figure 5.46: The effect of substrate teiuperature on fill factor for 1:1 aspect ratio
features 1 um deep. Both SIMBAD and experimental results [125] are shown.

5.4 Applications of SIMBAD High Temperature Model

Some of the obvious applications of this model have been presented in the previous
section. Once calibrated, it can he <ed to examine the effects of temperature on film
profile and microstructure. Other obvious :pplications are to investigate the impact
of temperature on step coverage or 11 effects of topography aspect ratio. In addition,
an intriguing prospect is to incor rate the SIMBAD high temperature model with

the bias sputtering model and examine the effects of combining these two techniques.
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Figure 5.47: The effect of substrate temperature on step coverage for 1:1 and 2:1
aspect ratio features.

5.4.1 Temperature and Step Coverage

Figure 5.47 shows the predicted variation in step coverage with temperature for two
different aspect ratios in a 1 um deep trench. For the 1:1 aspect ratio, the coverage
initially increases up to almost 400°C as material migrates into the bottom corners
where curvature is high and the film is thinnest. Just below 100°C. however, the
coverage starts to decrease as the profile changes from the keyhole shape to a “V”
shape. The position of the minimum thickness which defines the step coverage shifts
from near the bottom of the sidewall to the top corner. This corner is a region of
convex curvature so the increased diffusion with higher temperature tends to remove

‘naterial from this critical area and reduce coverage. This trend continues until almost
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150°C when the diffusion length becomes long enongh that material from the top

surface can fill the concave bottom of the trough and start to planarize the film.
g P

The trend in step coverage for the 2:1 aspect ratio trench is similar. but the magnitude
of the improvement below 425°C is small as very little material enters the feature
directly from the vapour and surface diffusion lengths are too short for material from
the top surface to reach he critical area near the bottom. Above 425°C. however.
diffusion lengths become sufficiently long, and the higher average curvature inside the
2:1 aspect ratic, feature drivos che film to full planarity at a lower temperature than

would have occurred for the 1:1 aspect ratio.

5.4.2 Effect of Aspect Ratio

Figure 5.48 investigates the effect of aspect ratio more closely at low (245°C) and
high (440°C) temperatures. (Only density plot surface contours are shown due to the
small size of the plots.) As discussed earlier, the step coverage (and fill factor) at
low temperature is drastically reduced with increasing aspect ratio, and the coating
is discontinuous by a 2:1 aspect ratio. (However. as seen in Chapter 3, step coverage

at this temperature is highly sensitive to the incident flux angular distribution.)

At higher temperature. coverage (and fill factor) are improved for all aspect ratios,
but not uniformly. The low temperature 1:2 aspect film has high curvature in the
critical areas near the bottom corners. Because of this curvature, these areas are
rapidly filled at higher temperatures which dramatically improves coverage. The 1:1
aspect film is less markedly improved at 440°C as the convex regions which supply

material are too far from the concave ones for significant diffusion between them to
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1440°C

Figure 5.48: A sequence of surface contours showing the effects of substrate aspect
ratio at 245°C (left) and 440°C (right).
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ocenr. Possibly because very little additional material is needed. the 2:1 feature is
substantially improved at 440°C, although a small void remains. Filling of the 3:1
film is improved at +10°C, but as also observed experimentally, {127] the film still
does not make contact with the bottom. (For that to occur, even longer diffusion
lengths (higher temperatures) would be required.) These trends in film profile as a

function of aspect ratio agree well with experimental findings. [121,127]

5.4.3 High Temperature Bias Sputtering

One variation on the high temperature process is to combine it with bias sputter-
ing. [125] As seen in the previous chapter, the ion bombardment modifies the surface
both through resputtering and ion-induced diffusion. Since these effects are not tem-
perature sensitive, they can complement the effects of high temperature diffusion and

possibly reduce the temperatures required for improved coverage.

The simulated effect of this combination can be seen in Figure 5.49, which presents a
matrix of surface plots with temperatures ranging from 245°C to 535°C and relative
ion fluxes varying from 0 to 1. As desired, the primary effect of the rf bias is to
lower the temperature at which planarization occurs. { Alternatively, at any given
temperature, the ion bombardment improves the step coverage.) This is attractive
since lower temperatures reduce problems with chemical interaction between the alu-

minum and other materials. These results are consistent with what has been observed
experimentally. [125]

One problem that can be seen in the simulated biased films, however,is the tendency

‘o create a central void which would increase resistivity and electromigration. As
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535°C

490°C

440°C

390°C

340°C

290°C

245°C

1.0 ions

0.0 ions

Figure 5.49: A matrix of surface contours showing the effects of both substrate tem-
verature and substrate bias. Temperature increases verticaliy, and ion bombardment
increases to the right.
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«een earlier. another problem is that ion bombardment of the substrate can cause
damage to the underlving material. This' is particularly important since ion etching
of the barrier layer could cause its failure and lead to significant chemical interaction.
However, the techniaues suggested in Chapter + to prevent this could also be empleyed

here.

5.5 Summary

A preliminary high temperature SIMBAD model has been developed which has goed
qualitative agreement with reported experimental results. Application of the model
indicates that very good coverage and filling can be obtained for high aspect ratio
(above 1) features provided the substrate temperature is sufficiently high. The re-
quired temperature can be reduced withk the inclusion of bias sputtering, although
higher ion fluxes may introduce voids and cause ion damage to the underlying mate-

rial.



Chapter 6

Refractory Chemical Vapour Deposition!

6.1 Introduction

There has recently been a great deal of interest in using chemical vapour depositiot
to form metallization layers. [26,23,136] The primary reason for this is the possibil-
ity of obtaining almost conformal coverage (unity step coverage) even over extreme
topography. [23] Much of the interest so far has been in the refractory materials
such as tungsten, [136-139] molybdenum. [23] WSi.. [136.137] and TiN [140. 111]
which have desirable properties such as high process temperature tolerance, excellent
electromigration resistance, and good diffusion barrier properties. [23.142,143] Most
importantly, they have been relatively easy to deposit and can usually achieve good
conformality. This has already led integrated circuit manufacturers to employ Vb
tungsten in commercial products. [144] However, these refractory materials also have

very pronounced columnar microstructures which can be of concern to film perfor-

mance. [145,28,146]

Refractory metal CVD is usually performed in a single wafer reactor vessel. [136]
(See Figure 6.50 for a schematic diagram.) Reactant gases (such as WF¢ and H,

or SiH, for tungsten deposition) are introduced into the reactor containing heated

1The material in this chapter has been published as references [76,77].

104



Chapter 6. Refractory Chemical Vapour Deposition 105

reactant gases

W

2\

l l l sholwerhelad nozlzle l l l

wafer

heated substrate holder

vacuum chamber

]
vacuum pump
Figure 6.50: Typical single wafer CVD reactor. Reactant gases are sprayed onto the

hot substrate which catalyzes the CVD reaction. Exhaust gases are pumped out to
maintain low chamber pressure.
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substrates {300-450°C for tungsten [136]). The high temperature activates a surface
reaction which produces the metal film. (Gaseous byproducts are desorbed from the
surface and pumped away.) This is usually performed at low pressures to enhance
uniformity and reduce gas phase reactions which produce unwanted particles. [26]

Plasma activation is also possible to reduce process temperatures, but has produced

inferior metal films so far. [26]

Unfortunately, most of the refractory CVD films require extra process steps to deposit
initial nucleation. adhesion. or barrier layvers, in order to promote film growth and
prevent chemical attack by the process gases of the underlying material. [136] (Usually
a sputtered Ti-W or TiN layer is used to perform all three functions.) In addition,
refractory materials such as tungsten have higher resistivities than aluminum so the
refractory material is commonly used only to fill difficult vertical topography such
as vias. and then aluminum alloys are used to form the longer horizontal runners.
However. before the aluminum deposition, the excess tungsten must first be eiched

back to form via plugs. [136] (See Figure 6.51)

Because of the complexities involved in such CVD processes, it is useful to have a sim-
ulation capability to facilitate better understanding and optimization. A number of
general CVD simulations have been developed, [148-135] but these have usually been
string algorithm-based and cannot provide information about the film microstructure.
Since the refractory materials have such a prominent columnar structure, a SIMBAD
C\'D model seems more attractive. For maximum generality, such a model should be

simple and flexible and not optimized for a specific CVD chemistry.
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blank

oxide

oxide

TiN

WSi, W plug oxide

Figure 6.51: Illustration of tungsten plug technology. Blanket CVD tungsten layers
are dey.osited over topography and then etched back to leave only the vias filled.
Horizontal interconnection is then achieved with low resistivity (sputtered) aluminum.
TiN barrier layers are employed in this example, and contact to the silicon is made
by WSi,. In this diagram, the top tungsten layer has not yet been etched back.
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6.2 CVD Microstructure

Since C\'D is a fundamentally different deposition technique than sputtering or evap-
oration. it is useful to re-evaluate the origin of "V'D microstructure hefore developing
a SIMBAD model. In general. CVD film growth involves the following sequence of

events: [147]

1. diffusion of the reactant gases to the surface

o

adsorption onto the surface
3. surface diffusion of reactants

4. surface reaction to form film material

Ot

desorption of the byproduct gases

6. diffusion of the byproducts away from the surface

-1

. surface diffusion of the solid products

The impact of each of these events on the development of the film coverage and

microstructure should be considered.

The first item, involving reactant gas diffusion, is important since it determines the
incident angular distribution (discussed below) and shadowing which we have al-
ready seen are important to microstructure development. In contrast, the diffusion

of byproduct gases away from the surface (Item 6) likely has little impact on film

microstructure.
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Items 2. 4. and 5 are all surface events which affect the reaction probability. While
the C'VD reaction generally involves more than one species. under typical conditions.
the reaction rate is limited by the availability of just one. The others are assumed to
he present on the surface in sufficient quantity for the reaction to proceed. However.
the availability of this one critical precursor (reactant) is not simply limited by its
impingement rate as the molecules may fail to be adsorbed (and bounce oft) or may
be adsorbed but subsequently desorb (evaporate’ before a reaction can occur. This
leads to the concept of a sticking coefficient, s. which is the probability that the

critical precursor will be adsorbed long enough for the reaction to occur.

In CVD, the sticking coefficient is often considerably less than 1 because the precursors
are being adsorbed onto a surface whose temperature is well above their boiling points.
(This is unlike physical vapour deposition, such as sputtering, where the substrate is
generally much cooler than even the meliting point.) If the precursors do not stick, the
desorbing molecules are re-emitted from the surface and are free to adsorb and react
elsewhere on the film. However, as seen in Chapter 1, material that is re-emitted
from inside vias and trenches is more likely to be trapped on another surface inside
that same feature. Therefore, one expected effect of a non-unity sticking coefficient

is improved step coverage.

Surface diffusion, of course, also affects microstructure development, and that by the
precursors (Item 3) must be considered since they are loosely bound (as discussed
above) and consequently have a low activation energy for diffusion. However, the
range of this diffusion is limited by the high desorption rate and the reaction rate. The
role of surface diffusion of the product species (Item 7) depends on the material being

deposited. Refractory materials, such as tungsten, are deposited at low temperatures
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compared with their melting points and cousequently experience very little ditffusion
after formation. (In contrast. CVD aluminum is deposited at a substantial fraction
of its melting temperature, [26] and may consequently experience considerable post-

formation diffusion.)

The essential factors. therefore, that must be considered in a CVD microstructure
model for refractory materials are shadowing and surface diffusion of the precursors

as well as a non-unity sticking coefficient. These features can be readily implemented

by a ballistic deposition model such as SIMBAD.

6.3 SIMBAD CVID Model

The SIMBAD representation is sufficiently general that its extension to CVD can
be made with relatively moderate moditication. In the case of SIMBAD CVD. a
distinction must be made between the ballistic (moving) discs and the ones which
are already aggregated into the film. The ballistic discs represent averages of the
precursor species while the film discs represent the (solid) reaction product species.

The transformation of the former to the latter occurs through the surface reaction.

In order to model flux shadowing, precursor discs are randomly launched from an ap-
propriate angular distribution from just above the film surface (well within the mean
free path for collisions between gas molecules). As before, these discs follow straight
line trajectories until they strike an already deposited film disc or the substrate (ini-
tialized to the device topography by a series of line segments). The linear trajectories
used by SIMBAD are valid provided the distances travelled are much less than the

mean free path for collisions in the process gas. For films deposited within micron
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and sub-r: o oatures. this is a safe assumption for tvpical LPCVD pressures of less
than .+l rr. However. there is increasing interest in depositing CVD tungsten
at o res 1o 80 Torr [148] due to the higher deposition rates possible. [136] To

ace inodate these pressures, a two dimensional isotropic scattering model with a

fixed mean [ree path has been incorporated into the SIMBAD ballistic phase.

Once the discs strike the film, they either desorb or react - with the probability
dependent on the sticking coefficient. If they desorb, the discs are re-emitted from
the surface according to a thermal (cosine) random angular distribution. [135] Re-
emitted discs may strike the ilm at another point in an iterative process until either

a reaction does occur or the disc returns to the source gas.

If the precursor disc reacts, it is first allowed to diffuse a limited distance over the
surface using the basic SIMBAD diffusion model. (The high temperature model
described in Chapter 5 is not appropriate since capillarity forces do not generally
apply to adsorbed precursors. [79] They would apply for product disc diffusion, but
such diffusion is virtually insignificant for refractory materials and is ignored in the

SIMBAD CVD model.)

6.3.1 Sticking Coeflicient

The sticking coefficient is clearly a central parameter to this model. In general, its
value depends on the precursor desorption rate (Ra4), the surface reaction rate (R,),
and the impingement rate (R;) according to (60]

Rq + R;

s=(1+ R

)~? (6.29)
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Unfortunately. these rates are inter-related and may vary across the film. However,
it is often appropriate to use a single averaged value. This is the approach employved
by most of the CVD string algorithm profile simulations, {149-153] and is also used

in SIMBAD.

The assumptions and limitations inherent in the constant sticking coefficient ap-
proximation have been explored. [60, 149. 153] Implicit to this type of model is the
assumption that the reaction is limited by the supply of a single precursor species
and that the reaction proceeds at a rate proportional to the supply of that precur-
sor. (This is not always a good assumption if a non-linear reaction mechanism is
involved. [155]) Of course, the value of the sticking coefficient varies with the process
being modeled and is strongly dependent on the conditions being used. Allowing
for multiple sticking coefficients (corresponding to several possible precursors [151])
or sticking coefficients which vary with underlying material (selective deposition) are

straightforward modifications to SIMBAD.

The sticking coefficient strongly affects SIMBAD execution time. In general, there
is an inverse dependence. As a result, low sticking coefficient (0.01) simulations may

take several hours to execute.

6.3.2 Incident Angular Distribution

The angular distribution used by SIMBAD CVD simulations is that due to an ideal
gas at thermal equilibrium impinging on a flat plane. (Since feature sizes are usually
small compared with the mean free path, deviations in the angular distributions due

to non-planar topography should be minor.) Intuitively, since thermal gas scattering
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is isotropic. the incident CVD distribution should also be isotropic (as assumed by
some groups [150, 154] using string algorithms). However. this neglects the increased
probability of scattering for gas molecules impinging at angles nearly tangential to
the surface (since they must travel further to reach the substrate). As well. the
effects of gas depletion near the substrate due to the finite sticking coefficient must
be cousidered. Of course, the distribution must also be projected onto two dimensions

for use in a model such as SIMBAD.

The flux density striking the substrate at spherical coordinate angles (8.v) due to

scattering events in a thin slab at a height & above the substrate can be given by

F(6,v,h)dQdh = (probability of scattering to (6,~) within dQ2)
x (probability of scattering at h £ %dh)

x (probability of reaching substrate from h without rescattering)

= (19) G(h)dh (e~ *m) (6.30)
4

where ) is the distance that must be travelled from k at angle (8,v) to reach the
substrate (A = h/cos ), and A, is the me- . free path for scattering (which is assumed
to be approximately constant). The first term simply describes the isotropic scattering
of a thermalized gas. The second term contains the scattering density, G(k), which
varies with 2 due to the removal of the precursor gas by the CVD reaction. If it
is assumed the change in partial pressure of the precursor within a few A, of the
surface is small compared with the total pressure, then the scattering density can be
approximated by

G(h)dh = A p(h)dh (6.31)

where p(h) is the precursor partial pressure at height k, and A is a proportionality
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constant. From Fick's Law [136]. the flux ditfusing to the substrate is given by

/- dn D Jdp -
TETYI T TR Ak (6.32)

where the gas diffusivity is given by 1A, (3kT/xm)'/? from the kinetic theory of
gases, [156] and p = nkT for an ideal gas. By continuity. it is reasonable to assume .J

is constant (at least for several A,, near the substrate). This flux equals the reaction

rate at the surface.

J = (sticking coefficient) x (impingement rate on the substrate)

= & (27xmkT)™ V2 p(0) (6.33)

where the impingement rate is also given by kinetic theory. [156] Equating (6.32) and

(6.33) and solving the differential equation gives

3sh .
p(h) = p(O)(1 + m) (6.31)

where p(0) is the pressure at the surface. Combining (6.30). (6.31), and (6.34) gives

Ap(0) L 3sh

F (8,7, h) dQdh = —-—(1 + {5

J(e=h/Am oS8y dQdh (6.35)
Integrating (6.35) over A/A,, from 0 to oo gives
F(0,7)dY = C dQ2(cos 0 + ; cos® 9) (6.36)

for some normalization constant, €. In order to collapse this distribution into two
dimensions, the coordinates are changed to (f2p,n) where 0;p is the angle from the
z-axis to the projection onto the x-z plane ard 7 is the angle perpendicular to this

projection. (See Figure 6.52) In this coordinate frame,

dQY = cosn dpdf,p and cos 8 = cos f,p cos
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A

—

Figure 6.52: Coordinate system for projecting CVD angular distributions into two
dimensions.

Therefore, (6.36) becomes

F(0:p,n)cosn dndap =: C cos n dndbzp(cos b2p cosn + 3{- cos? O,p cos®n)  (6.37)

Integrating both sides of (6.37) over n from —x /2 to 7 /2 gives the final distribution

used by SIMBAD.

fo(020) dfap = C(% cosbzp + s cos? 30)d0p (6.38)

6.4 Model Verification

Figure 6.53a shows a CVD tungsten film deposited by Hasper et al. [157,136] over a

trench 3 pm wide and 13 um deep with the deposition conditions given in Table 6.4. It
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Figure 6.53: Comparison between CVD tungsten film (left) deposited by Hasper
et al. [157,130] and the corresponding SIMBAD depiction (right). The trench is
approximately 3 pm wide and 13 pgm deep. The sticking coefficient used in the
simulation was 0.0089. (Photo courtesy J.E. Schmitz. [136])
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clearly <hows the nearly conformal coverage and characteristic columnar microstruc-
ture of CVD refractory metal films. In order to match this film with a SIMBAD

depiction. it is first necessary to determine the appropriate sticking coefficient.

SiH, partial pressure at the wafer 1.5 Pa 11.3 mTorr
WF, partial pressure at the wafer 10 Pa 75 mTorr
total pressure (including argon carrier gas) 133 Pa 1 Torr
wafer temperature 673 K 100 °C
deposition rate 150 nm/min | 2.3 nm/s

Table 6.1: Deposition conditions used by Hasper et al. [157] to deposit tungsten. Their
reported partial pressures have been corrected for diffusion and depletion effects.

Hasper et al. determined that the rate-limiting precursor was silane (SiH4) under
these conditions. This means that the appropriate sticking coefficient is that for
silane. This can be computed by comparing the film growth rate (dh/dt) with the
silane impingement rate (R;).
9
- ivr, (6.39)
where V7 is the atomic volume of tungsten (1.58 x 1072° m? [47]). The 2/3 factor

stems from the consumption of three molecules of silane to produce two tungsten

atoms according to the reaction equation [157,26]
2WFgs + 3SiH; — 2W + 3SiF, + 6H; (6.40)
The impingement rate can be computed from kinetic theory: [156]
R; = psi, (2rmkT)~/? | (6.41)

where m = 32.1 AMU for silane.
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Using the data from Table 6.4. Equation 6.39 becomes
2.5 nm/s = s(232 nm/s) (6.42)

which gives s = 0.0039. Using this value of sticking coeflicient gives the corresponding

SIMBAD depiction shown in Figure 6.53b.

As can be seen in this figure, there is very good agreement between the experimental
and simulation results in terms of step coverage and film microstructure. The observed
coverage of 0.70 is comparable to the simulated value of 0.72 and the column shape and
orientation is also successfully depicted. Two SIMBAD deficiencies should be noted,
however. First, the SINRBAD films do not close as tightly together in the cenvre. This
is due to a decrease in ballistic transport efficiency as the gap approaches the size
of a SIMBAD disc. At these dimensious, the disc is more likely to strike the film
sides than a much smaller atom would. Consequently, an insufficient number of discs

penetrate narrowing regions to close these gaps.

The second SIMBAD artifact is the formation of large wedge-shaped columns at the
feature mouth. The experimental films show a fan shaped array of columns at these
locations because of the highly convex nature of the topography there. This results
in decreased competition between columns for the incident flux and allows columns
that were initially smaller than a SIMBAD disc to grow to substantial size. However,
since SIMBAD cannot represent film structure at sub-disc dimensions, its depictions
show only a few large columns rather than several smaller ones. These problems can
be reduced by decreasing the size of the SIMBAD disc at the cost of longer execution

time and larger memory requirements.
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Despite these minor shortcomings. however. the good agreement between the experi-

mental and SIMBAD results indicates the potential usefulness of the model.

6.5 Applications of SIMBAD CVD

There are a number of possible applications for a SIMBAD model of refractory metal
CVD. An obvious example is to examine the effect of the sticking coefficient on film
coverage and structure. Also, the intere in higher pressure tungsten deposition
suggests examining the effects of gas scattering inside topography using the model.
Another possible application is to examine the implications of selective deposition
where the film only grows on certain materials (such as silicon or metal) and not on

others (such as oxides). Each of these example applications are discussed below.

6.5.1 Effects of Sticking Coefficient

Figure 6.54 illustrates the effect of sticking coefficient on CVD film coverage and
microstructure. Three SIMBAD films are shown deposited over high aspect ratio to-
pography at high, intermediate, and low sticking coefficients. These films demonstrate
the importance of low sticking in attaining conformal coverage. The high sticking film
is more characterisiic of physical vapor deposition methods (for example, sputtering)
than CVD and is discontinuous at the bottom of the sidewalls. The columns inside
the feature for this film tend to be smal] and angled toward the mouth of the feature.
On the other hand, the intermediate and low sticking coefficient films are more char-
acteristic of refractory metal CVD films and have larger columns, which are oriented

perpendicular to the under!; ing substrate and possess an overall higher density along
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Figure 6.55: The effect of sticking coefficient on step coverage for a 2:1 trench with
vertical sidewalls. Results from SIMBAD and Yuuki et al. [151] are shown.

the sidewalls.

£.en though the low sticking coefficient film has good sidewall coverage near the
bottoni. cracks can be seen extending into the corners, where the vertical columns
growing up from the bottom collide with the horizontal ones extending from the
sidewalls. These cracks are also visible in experimental films deposited over trenches
and vias, [137] and may be a concern for reliability — especially of diffusion barriers,

since the cracks provide a diffusion path right through the film. [146]

Figure 6.55 shows the variation in step coverage with sticking coeflicient over a 2:1
aspect trench with vertical sidewalls. As can be seen, there is approximately a ex-

ponential relation above a sticking coefficient of about 0.01 and virtually conformal

o
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coverage below this value. Also shown in this graph are corresponding data measured
from a string algorithm study by Yuuki .c‘l‘ al. [151] The trend in their results is in
overall agreement with those from SIMBAD although some discrepancies are to be
expected due to differences in the respective angular distributions and representa-

tions.

6.5.2 Effects of Pressure

Since refractory metal CVD is usually performed one wafer at a time, it is desirable
to keep deposition times low in order to maintain acceptable throughput. One way to
increase depasition rates to achieve this goal is by increasing pressure. [136] However,
there is concern about the effects higher pressures will have on step coverage. As the
mean free path between collisions becomes less than the feature size, gas scattering
will reduce the amount of material that reaches the bottom of vias and trenches and

thereby reduce film growth and coverage there. [136]

Figure 6.56 shows the effect of increasing pressure on CVD film coverage using SIM-
BAD with two different sticking coefficients. In order to convert pressures into mean
free paths for use in SIMBAD, Equation 3.14 was used with an assumed gas tem-
perature of 400°C. Also, a collision cross-section of 180 A? was approximated based
on data for moderate-sized molecules in O’Hanlon. [90] This figure shows that step
coverage does fall off with pressure at constant sticking coefficient due to scattering
in the feature. (Of course, the sticking coefficient may also vary with pressure due to
changes in impingement and reaction rates.) The magnitude of this effect varies with

s as the relative coverage decreases less with pressure at lower sticking coefficients.
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Figure 6.56: The effect of pressure on step coverage for a simulated 0.6 pum by 2 um
trench. Results for two different sticking coefficients are shown.

This effect may ultimately limit the maximum pressure that can be used without

coverage degradation unless compensations in sticking coefficient are made.

6.5.3 Selective Deposition

One potentially useful variation of metal CVD is selective deposition on specific sur-
faces. This is possible because materials such as silicon or metals catalyze the CVD
reaction much more readily than do oxides. With careful control of the deposition
conditions. the reaction can be made to proceed only on these catalyzing materi-

als. [26.136]

This is advantageous since it allows via plugs (of any ciameter) to be produced without



Chapter 6. Refractory Chemical Vapour Deposition 121

Figure 6.57: Selective deposition (left) and selectivity loss resulting in sidewall creep
(right).

an additional etchback step and also drastically reduces the amount of the rcactant
gases required. [136] A drawback of this approach is that it requires all the vias to be of
nearly the same depth or additional steps will be needed to planarize after deposition.
[136] Commercial applications of selective CVD still await further development which

could profit from a SIMBAD medel of this process.

The primary addition to SIMBAD CVD to incorporate selective deposition is to al-
low the sticking coefficient to vary over the substrate. Any surfacc with non-zero
sticking becomes selected. Selective deposition of refractory materials such as tung-
sten results in films with a unique microstructure comprised of long sinuous columns
growing out of the selected surface. {139] Figure 6.57a shows that the SIMBAD model
reproduces this characteristic selective column structure. Microstructure such as this
is potentially important because, for plug applications, the current flow is in the same
direction as the column orientation — in contrast to blanket CVID plugs. Also, these
plugs have no central seam (where the sides grew together) or corner cracks and may

serve as better diffusion barriers as a result.
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One problem currently observed with selective depositiont of tungsten is selectivity
loss. This occurs when reaction byproducts diffuse onto unselecied surfaces and
chemically attack them. [26,136] This creates defects which can nucleate film growth
which is then self-catalyzing. Most commonly. this causes the film to “creep up” the
sidewalls. [26,136] The SIMBAD model can be extended to depict this problem (See
Figure 6.57b) by increasing the likelihood of the reaction products diffusing onto the

sidewalls to create a site for further nucleation.

6.6 Summary

A general SIMBAD refractory metal CVD model has been developed and verified
through direct comparison with reperted experimental resuits. The model shows that
virtually conformal films, even over very high aspect ratio features, can be obtained
provided that a low precursor sticking coefficient is used. The characteristic refractory
VD microstructure (including that of selective deposition) has been reproduced by
the SIMBAD model. However, due to the high resistivity of the refractory materials,
it is likely that this process will be used mainly to form via plugs and barrier layers,
and deposition techniques from one of the previous chapters will be used to complete

the metallization.



Chapter 7

Conclusions and Recommmendations

7.1 Conclusions

This thesis has presented the extension of the SIMBAD simulation and the develop-
ment of the SIMSPUD model as tools for designing and analyzing advanced metal-
lization techniques. These are intended for use by a process designer or metallization
engincer to assess, develop, or optimize a specific metallization process with minimal
costly and time-consuming experimental analysis. Toward this end, a preliminary
version of SIMBAD is being released commercially by the Alberta Microelectronic
Centre. In addition, a more powerful version is planned for the near future which
will contain many of the extensions discussed in this work. A brief summary of the

extensions presented in this thesis and their original contributions is given below.

7.1.1 Sputter Distributicns

The SIMSPUD simulation, described in Chapter 3, can be used to predict the angular,
energy, and spatial distributions of sputtered material arriving at the target. This
information can be utilized by SIMBAD to predict the effects on uniformity, step

coverage, film microstructure, and stoichiometry of parameters such as magnetron

126
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design: sputter gas pressure. temperature. and species: target species and voltage:
target-substrate separation: substrate position; and substrate topography. While
other models have been developed to provide some of the distribution information
generated by SIMSPUD, none have previously been ‘ntegrated with a film deposition
model. such as SIMBAD and. therefore, lack the ability to translate most of their
results into predictions of film properties. Also, previous models have either been
limited in applicability, detail. or have been too computationally intensive to be of

practical use.

Other original contributions of this chapter include the first detailed simulation of
swept-magnetron sputtering systems and the first prediction of stoichiometric varia-
tions of alloys sputtered over topography. Results of the SIMSPUD/SIMBAD model
suggest that even optimized distributions cannot yield adequate step coverage for

vertical features with aspect ratios approaching 1.

7.1.2 Bias Sputtering

The addition of ion bombardment effects discussed in Chapter 4 allows SIMBAD to
simulate the simultaneous deposition and ion etching involved in bias sputtering. This
allows such a process to be optimized with respect to enhancing coverage and planarity
while minimizing ion damage. While the earlier work of Bader and Lardon [108,109]
presented a similar model, it omitted the important effects of surface diffusion and
ion reflection. In addition, their work involved a string algorithm representation and
could not provide any microstructural information. The SIMBAD model rectifies

these deficiencies and also provides the first detailed model which allows analysis
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of ion damage to the substrate in the context of bias sputtering over high aspect
ratio topegraphy. Predictions of the model indicate that bias sputtering can provide
adequate step coverage for aspect ratios near 1. but not without special measures to

reduce substrate damage.

7.1.3 High Temperature Deposition

Efforts to extend the range of surface diffusion and incorporate the effects of capillarity
have been discussed in Chapter 3 and the results allow SIMBAD to successfully
depict high temperature aluminum deposition over topography. This preliminary
model is the first which successfully demonstrates the observed filling of high aspect
topography at elevated temperatures. Predictions indicate that high aspect ratios
{above 1) can be completely filled but only by using very high temperatures during
deposition. These temperatures can be reduced by simultaneous bias sputtering.
A more sophisticated SIMBAD high temperature model is under development in
collaboration with Dr. T. Smy. The purpose of this advanced model will be to examine
the role of substrate wetting and nucleation on high temperature film deposition.
(The contribution of Dr. Smy in co-developing the theory and simulation for the

preliminary high temperature model is re-emphasized here.)

7.1.4 Refractory Metal CVD

The final extension in this work is the development in Chapter 6 of a general SIM-
B8AD model for refractory metal CVD. The resulting simulations successfully capture

the characteristic columnar microstructure and conformal coverage of these films.
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Previons CVD models have employed string algorithms and have been unable to de-
pict this microstructure. Extensions of the SIMBAD model to higher pressure and
selective deposition models have also been made. Model results indicate that even
extremely high aspect ratio features can be adequately covered provided that the

sticking coefficient is suitably low.

7.2 Recommendations for Further Work

There are four general areas for further work to enhance the usefulness and power of
the» models. First, it would be desirable to establish a database of model parame-
ter values (such as gas scattering cross-sections, surface diffusion lengths, or sticking
coefficients) for a wide variety of materials and conditions. This would enable the
casual user of the simulation to get useful information more quickly and with very
little preparatory effort. Second, various parts of the existing model could be refined
to give more accurate depictions. For example, the effects of anisotropic interfacial
energies cotld be incorporated into the high temperature model or a variable sticking
coefficient could be included in the CVD model. The third area of future work could
be in extending the SIMBAD model to different processes. For example, SINMBAD
models for wet [67) and plasma [70] etching have been develuped in conjunction with
Dr. R.N. Tait et al. The fourth area for future development would be to exploit the
microstructure information provided by SIMBAD to predict film performance and
properties. For example, Dr. T. Smy et al. have developed a model for predicting
resistivity, current density, and heating in films over topography using SIMBAD re-

sults. [158] In addition, they are developing an electromigration model which also
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utilizes this microstructure information. [159] Other models could conceivably pre-
dict the effect of microstructure on permeability of diffusion barriers or on film stress

and stress-induced migration.
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Appendix A

Quasi-3D SIMBAD

For a typical via. the topography is often cylindrically symmetric about the via axis.
(‘'This means that any vertical slice through the via centre will have the same cross-
section.) If there is also similar symmetry in the incident angular distribution (a
reasonable approximation unless the topography is far from the axis of deposition), it
is possible to project the three-dimensional shadowing problem into a two-dimensional
one which. with minor variation. is suitable for solution by SIMBAD. Unfortunately.
such a SIMBAD model is not fully equivalent to three dimensions as surface diffu-
sion must proceed in a two dimensional approximation. However. for small diffusion

lengths. this is still a reasonable approximation.

In this quasi-3D model, positions and trajectories in the ballistic phase of SIMBAD
are followed in all three dimensions. but the path is broken into small steps and at
each step it is projected into two dimensions to allow SIMBAD to check for collisions
with existing discs (quasi-spheres) or the substrate. (This projection is equivalent to
rotating the 2D SIMBAD film about ihe central axis.) For example, if the trajectory
of a disc takes it from A (See Figure A.58) towards B then the position at any point

can be represented in cylindrical coordinates by {p,é.h)sp. This can be projected
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to

. '
. 0] .
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Figure A.58: Geometry used for quasi-3d SIMBAD model. The position P of a
particle travelling from A to B is given in cylindrical coordinates by (p. &, h)
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into SINIBAD space as the position (. y)2p by the mapping
rap=p (A.13)

mp =h (A.44)

(Due to the assumed rotational svinmetry. there is no o dependence in this projec-
tion.) Strictly speaking. r,p should range from 0 to pm,r. However. to minimize
modifications to SIMBAD. r,p ranges from —pn.r t0 prar with the sign taken such
that paths in SIMBAD are continuous and do not cross r2p = 0. This means that
the film is duplicated with the left half equivalent (but not identical due to ran-
dom variations) to the right. This theoretically doubles the number of discs required
for the simulation but maintains compatibility with existing routines and simplifies
the boundary conditions at r2p = 0 by eliminating the boundary. The boundary
conditions at #p,. ,. are assumed to be periodic. as hefore. This assumption is not
strictly valid for a cylindrical coordinate frame, but is a reasonable approximation for
puiar > 8p (where 8p is the average change in radial position from particle generation

to 1mpact).

In addition to the 2D position at each step, SIMBAD requires the local trajectory in
order to predict impact points. In two dimensions, this local trajectory varies even
though in three dimensions the particle is travelling in a straight line. The 2D slope

is given by
dy2p _ dp
dl’gD dh

(A.45)

nN.p =

An analvtic expression can be derived for dp/dh. but because the trajectory is gen-
erallyv skewed to the axis of symmetry. the relation is complex and computationally

expensive to evaluate. Instead. since the particle’s position in 2D is tracked in small
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steps. 1t is convenient to approximate the local slope by

Ayap .
Nrop (\16)

map =

Finally. the weighting of particles must be considered. In cylindrical coordinates.
more particles are generated and impact on the film at higher radii: however, their
contributions are divided amongst a correspondingly larger area. This is because the
area between p and p + dp is given by 27p dp and consequently increases linearly with
p. Therefore. particles must be weighted by 1/p when adding to the tilin. However,
since SIMBAD is a discrete sirnulation, this can be accomplished by throwing away
many of the discs and only keeping a given disc with a probability proportional to
1/p. Unfortunately. this weighting factor is singular at p = 0. Therefore, a truncation
radius. w. must be specified below which the probability of keeping the disc is 1 and
above which it is given by w/p. This creates a central notch of width 2w in the Hilm,
but a judicious choice of w can minimize this simulation artifact without unacceptably

reducing the simulation efficiency.

The success of this quasi-3D model can be verified by comparing the resulting via
profile with the corresponding experimental one. (See Figure A.59.) The bottom and
sidewall coverage of the via is correctly predicted to be lower than that for a trench

as can be seen in the corresponding Figuie A.60.
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Figure A.59: Quasi-3d SIMBAD depiction of a film over a 1.1 pum deep by 1.2 pm
wide via (top) and the corresponding experimental tungsten result (bottom).
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Figure A.60: SIMBAD depiction of a film over a 1.1 um deep by 1.2 um wide trench
(top) and the corresponding experimental tungsten result (bottom).



Appendix B

SIMSPUD Program Organization

SIMSPUD consists of about 1000 lines of C code in four modules: one for the main
program control and simulation routines, and one each for input/output, uniform
random number generation, and user-specified distribution generation. Except for
the uniform random generator (based on routines by Press et al. [100]). SIMSPUD

was written by S.K. Dew.

The program is invoked by the command

simspud frame
where frname is the root name for the run parameter input file (fname.spud), and
the angular. energy, and thickness output distribution files (frame.ang, frame.E,
and fname.thick). as well as the summary output file (fname.log). The input file
specifies the simulation parameter values in addition to the filenames describing the

target erosion profile ar:! the emission angular distribution functions.

The sequence of program execution is described in Figure B.61. The main loop is
repeated until a specified number of particles have been generated or collected. The
resulting output is a series of (x.y.dy) values in each of the output distribution files
which is suitable for viewing with common graphics packages (or input into SIMBAD

as in the case of frame.ang).
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s

.

read run parameters ( faame .spud, erosion profile,
T emission angle distributi
initialize random generators angle distribution)

generate particle at target (position, emission trajectory,
emission energy)

process particle

-determine free path
-compute new position
-deternune fate of particle

struck substrate struck chamber scattered
collect finished new
statistics > ? trajectory
ne

Y ves

output distributions and summary

Figure B.61: Diagram of SIMSPUD execution.



Appendix C

SIMBALDL Program Organization

SIMBAD consists of approximately 10000 lines of FORTRAN and C code, including
auxiliary routines to traaslate output into PostScript format and to compute density
profiles. The current version of SINNBAD is called rec6 {revision 6 of a recursive surface
diffusion algorithm) and has been orimarily written by S.K. Dew and T. Smy but is
based on the original (non-recursive) version written by M.J. Brett with assistance

from R.N. Tait and K.L. Westra. It currently consists of 13 separately compiled files.

The program is invoked by the commani

rec6 jnare
where fname is the root name of the input files (the run parameters file, fname.run.
the initial substrate profile, foame.init. and the incident angular distributiorn.
fname.ang) and the output file (fname.film). Translation of the output to PostScript
format (funame.ps) for viewing or printing is achieved by

plotfilm fname
and a density plot (frame.dps) is obtained by executing

nlotdense fname
where fnam:.parm specifies a series of .film files for averaging and density compu-

tation parametors.
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Appendix C. SIMBAD Program Organization

The sequence of SIMBAD execution ix described in Figure .62 As with SIMSPUD.
the main loop is repeated until a Sp("(‘iﬁt"d number of particles have heen generated
or collected. Fates which depend on the type of dise (tilm. ion, or precursor), are
indicated by different styles of lines (=olid. dashed. or dotted. respectively). Common
execution sequences are indicated by thick solid lines. The resulting output from

SIMBAD is a series of positions of dise centres along with some sumimary statistics.
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SINBAD Prograrn Organization

initialize rundom generators

read simulation paramelters ( fnane run, frname .init,

Snanie.ang)

generate particle above substrate (type. position.

V yes

trajectory)

tr
process disc
-determine impact point
-determine fate of disc
- k4 1 Bl )
= ' i \ Se-
' oo ~%.. reflect
] 1 \ ~ '\-..
1 . z ~-
] : \ hid,
add to film N L \ compute
surface diffuse ' . 1 rajectory Sl g~ |

lq !
L

% hN Jesputter

D
relax disc finished remove
surface diffuse [ ] ? disc
no

output film representation and summary

Figure (.62:

Diagram of SIMBAD execution.
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