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Abstract

This thesis reports the investigation of the properties of high temperature
sputtered uluminum for microelectronics applications.  Aluminum films were deposited
by« I-step process with substrate temperature fixed. and a 3-step process with a heating
sequence of no heating, temperature ramping, and hot. The films were characterized in
terms of their grain sizes, crystal orientation. and coverage over topography. Also, film
growth was simulated utilizihg two models, namely, SIMSPUD and SIMBAD. From the
I-step method, the aluminum film properties critical to electromigration resistance
improved as the substrate temperatures increased to a maximum of 550 °C. These
improved properties included a larger grain size, strong <111> crystal orientation, better
coverage over topography. and were the result of an increased adatom diffusion length at
higher temperatures. The 3-step process improved coverage in some regions, but was
inconsistent over a die. Outgassing and lack of sustained baking were believed to be the
cause of the inconsistency for the 3-step process.

This thesis has provided the first ex :rimental verification of the SIMBAD model
for high temperature sputtered aluminum.  SIMBAD successtully predicted the film
profile for high temperature tilms. The surface diffusion length constant \/—150—1 and
activation energy Q. for diffusion were inferred from a comparison of simulation and

experiment and found to be 38 im and 0.59 ¢V, respectively.
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Chapter 1 : Introduction

Over the last three decades. integrated circuit (IC) technology has advanced
significantly towards smaller feature size, higher packing density, and larger die size.
Many technical difficulties during IC fabrication have been encountered. One of the most
difficult problems is depositing effective metailization to provide conducting paths
between devices. Because of the reduction in lateral dimensions, the conventional
metallization technique, sputtering, is unable to provide sutficienty uniform coverage
over extreme topographies. such as high aspect ratio (depth:width) vias and trenches.
Inadequate coverage may lead to interconnect failure by electromigration or stress-
induced voiding. This is especially true at the high current densities associated with
<maller dimensions. Therefore. new metallization techniques are emerging to overcome
the deficiencies of conventional sputtering. By experiment and simulation. this thesis
investigates one of the new metallization techniques, high-temperature aluminum

sputtering.

1.1 Review of the State-of-the-Art and the Requirements of Metallization

To facilitate the demands for higher tunctionalitv and larger data storage. more and
more devices e being packed 1nto a single integrated circuit (IC) chip. The current
eeneration of 1Cs. atilizing ultra large scale integration (ULSD), has more than 10
million transistors on a chip and has feature sizes less than 1 um [1.21. As a result ot the

high packing density. the amount of area consumed by interconnections often exceeds the
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area occupied by devices [3.4]. Multi-level metallization schemes are being emploved to
stack up metallization lavers vertically in order to utilize die areas effectively [3.5]. A
schematic drawing of a four level metallization structure is shown in Figure 1.1. The
added levels complicate and lengthen the processing sequence because cach additional

layer requires a similar number of processing steps as a single laver.

Passivation —
B —~  Metl
— inter-
Interlevel connects
dielectrics = —

it

Silicon substrate

Figure 1.1 Cross-sectional view of a generalized four-level metallization structure [5]
The increased number of processing steps has a direct impact on the manufacturer's
vield. The total vield of a complete IC process is equal to the product of the vield of each
individual processing step :
Yield = Yield,  Yield. Yield,- - Yicld, t1-1)

Here. the subscripts denote successive processing steps. The final vield is diminished as



more steps are involved. Thus, complicated metallization methods are not recommended

on the basis of yield optimization.

Another important issue in aluminum-based metallization is electromigration.
Electromigration is an electron current-induced diffusion of material along a metal line.
When electron current is passed through a metal line, the collisions of the electrons with
positive metal ions push material away from the anode toward the cathode of the wire.
As long as the migration of material is uniform across the wire, no damage will occur in
the metal line. However, the; inhomogeneous grain-boundary structure of sputtered metal
films disrupts the flow of material. Consequently, material is preferentially removed at
some locations, forming voids, and accumulated at others, forming hillocks [6,7]. A

more detailed discussion of electromigration is in Section 1.1.1.

As the features on IC’s become smaller, less material is able to be deposited into
vias and trenches by conventional sputtering techniques. The insufficient metal coverage
over the vias and trenches escalates the problem of electromigration. Issues of deposition

and coverage will be presented in Sections 1.1.2 and 1.1.3. respectively.

1.1.1 Electromigration

Electromigration was first identified as one of the failure mechanisms for
metallization in the mid-1960s [8]. With feature sizes reduced by 30-fold since that time,
clectromigration is becoming the primary failure mode of metallization. The resistance to
clectromigration is commonly evaluated by the quantity mean time to failure (MTF)

which is related empirically to the current density and temperature by {8]:



MTF e J‘"exp(k—f?) (1.2)

where ] is the current density. n is an exponent between | and 3. Q is the activation

energy, ki is Bolizmann's constant, and T is the absolute temperature.

Increased current density, associated with reduced feature size. escalates the
problem of electromigration. A further complication is the poor heat dissipation of the
multilevel metallization structure. The metallization is usually encapsulated by insulating
dielectrics which have low thermal conductivities and are located at a distance from the
heat-sunk substrate. The encapsulation hinders heat dissipation and results in clevated
temperature of the metal lines [9. 10]. Proper consideration of thermal management is

necessary when designing four- and five-level metallizations.

A small line width and poor metallization coverage are other factors affecting
electromigration lifetime. The increase of the current density is inversely proportional to
the line width. Thus. the MTF decreases with decreasing line width. In addition to
narrower line width, the nonconformal coverage of a metal film over features enhances
the current density at the thin regions, such as the side-walls of an oxide step. The ohmic
loss is larger at the thin region because of higher electrical resistivity. Therefore, the local
temperature is elevated with respect to other regions [10, 11, 12]. The iarger current
density and higher tempcrature at the thin region enhance the eclectromigration
phenomenon. A better metallization technique for providing improved coverage is
necessary to ensure the »dvancement of the microelectronics in the directions of high

functionality and reliability.



In addition to film coverage, the grain size, crystal orientation, and alloy
composition have great influence on the electromigration resistance of aluminum films.
Grain boundary diffusion has been identified as the dominant transport mechanism for
clectromigration [13]. Since the grain boundaries per volume for larger grain films is less
than that for finer grain films, the finer grain films have lower electromigration resistance
[14, 15]. When the grain size is larger than the width of the metal lines, grain boundaries
are often oriented acrcss metal lines rather than along the lines. This ‘bamboo structure’
climinates the effect of grain boundary diffusion along the direction of electron flow.
Hence, bamboo structures increase the MTF {14, 16, 17]. It has also been found that the
MTF of strong <111> oriented films is longer than that of randomly oriented films [4].
The randomness of crystal orientation re-enforces the divergence of material transport
that ultimately leads to electromigration failures. Another important factor affecting
clectromigration is that aluminum films alloyed with a small percentage of a transition
metal show an improved MTF. The most widely used alloying metal is copper, but many

other metals. such as Ti. Pb, Sc. Nb, and Mg also show improvements in MTF for

aluminum films [18].

In summary, clectromigration failure rises from a flow of material under the
influecnce of electron current. High current flow and any non-uniformity in the aluminum
films will accelerte the process of electromigration. The desired qualities of aluminum
films that resist electromigration are uniform coverage, large grain size. and strong <111>

orientation.



1.1.2 Sputtering

Sputtering is the most widely used metallization technique and is a well-
developed process with a variety of configurations [19, 20]. The most popular
configuration is DC magnetron sputtering (See Figure 1.2 for a schematic diagram of this
process). During operation, a working gas, typically argon. is injected into an evacuated
chamber to create a partial vacuum and sustain a glow discharge. The discharge is ignited
by an applied DC voltage to the cathode. This voltage ranges from tens to hundreds of
volts. The discharge creatés positively ionized gas particles in the plasma which are
accelerated toward the negatively biased target. The target is the source of coating
material and is mounted on the cathode. The bombardment of the target by energetic ions
causes ejection of target material. The ejected material is intercepted by a substrate which

is placed in front of the target.

The major distinction of magnetron sputtering over other configurations is the
magnet located behind the target. The magnetic field contines the plasma near the target;
therefore, the plasma can be ignited at a relatively low voltage and operated efficiently
relative to other sputtering systems without magnets [20, 21]. The confinement of the
plasma enhances the erosion and the ejection of sputtered material. Due to the localized
crosion, a circular magnetron sputtering source would produce a ring of deposition {lux.
Because of the large area in sputtering compared to the point-like source in evaporation,

the depositing flux reaches the substrate with a wider angular distribution. The spread of
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sputtered flux is further enhanced by collisions with the working gas during transport
from the target to the substrate. Thus, the angular distribution of the sputtered flux is also
a strong function of the working gas pressure. The broad angular distribution ot sputtered
material provides for a better coverage over topography. such as oxide steps.  For this
reason evaporation, which has a very small spread of tlux. was replaced by sputtering as a
metallization technique [15, 19]. However. conventional sputtering still has difficulty

filling narrow vias and trenches on today's ULSI IC’s.

1.1.3 Sputtered Film Characteristics

The characteristics of sputtered films depend mainly on two parameters,
sputtering pressure and deposition temperature. In 1974, Thornton extended the
structure-zone model (SZM) [22-25], which was originally proposed by Movchan and
Demichishin (MD) [26] for evaporation, to magnetron sputtering. Both SZM's we shown
schematically in Figure 1.3. The MD model categorizes cevaporated films into three
groups based on the ratio of substrate temperature. T, to the melting point, T,,, of the
material. A brief description of the film growth sequence for physical vapour deposition
is illustrated in Figure 1.4 to help explain the effect of substrate temperature on film
characteristics. The first step of the deposition is the trunsport of the depositing material
from a source to a substrate. Any structure above the substrate may intercept the
depositing flux and shadow the substrate from flux. After impact, the depositing atoms

will diffuse a short distance before incorporation into the film. The surface diffusion
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Figure 1.3 Structure-zone model for metal tilms deposited by a) evaporation and b)
magnetron sputtering. (Figure used with pernussion of R.N. Tait. {27])
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length increases monotopicai:v with substrate temperature.  On average, the adsorbed
atom should finally bond i a location that has the lowest surtace energy. thus material
deposited at high surrace energy areas (convex surfaces) would diftused to low surtace
energy areas (concuve surfacesi and resulted in lower surface curvature on both convex

and concave surfaces. In this manner. substrate temperatures have a great effect on the

surface morphology ot deposited tilms.

Transport

Surtace diffusion

Substrate

\/ A
Bulk diffusion

Figure 1.4 Schematic illustration of a tilm growth process by physical vapour deposition
[24].

In the MD model. for low deposition temperature. T/T,, < 0.3, the surface
diffusion ot adsorbed atoms cadatoms) is nsigniticant so that the adatoms remain at the
original impact site. Films deposited in this runge of temperature are columnar and tull of

volds and are categonzed as having zone | structure. Not shown in the MD model. the
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angular distribution of vapour flux has a pronounced effect on the structures and
properties of the zone | films. At higher temperatures. 0.3 < T/T, < 0485, surface
diffusion dominates and grains are well defined by grain boundaries. Because of the
surface diffusion, the influence of the angular distribution of vapour flux is less. Bulk
diffusion comes into effect for the zone 3 (T/T,, > 0.45) films. The grains are larger and

smoother than those of the zone 2 films because of the long surface diffusion length.

Thornton extended the MD SZM to magnetron sputtering by including the effects
of sputtering pressure and cnergetic species. An additional zone, called zone T, is
included in the Thornton SZM and is an intermediate zone between zone | and zone 2.
Since aluminum is a low melting material for which T/T,, is greater than 0.3 at room

temperature, only zone 2 and zone 3 are of concern in this thesis.

1.1.3 Coverage

The coverage of a metal film over a trench is commonly evaluated by the terms
step coverage and bottom coverage. These two quantities are defined in Figure 1.5 along
with the aspect ratio. The bottom coverage is the ratio of the film thickness at the cenier
of a trench bottom to the nominal film thickness. The step coverage is the ratio of the
thickness at the thinnest region of the side-wall of the trench to the nominal thickness. In
an ideal situation, these two ratios should be 100 percent. A scanning electron
micrograph of a series of oxide steps coated with sputtered aluminum is shown in Figure
1.6. Most of the aluminum is deposited on the top of the oxide step, but only a small

amount of aluminum is deposited on the side-wall and the bottom of the trenches. The
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. h
ASPECt ratio =
w

b
Bottom coverage = -

a
Step coverage = -

Figure 1.5 The definition of bottom and step coverages.

0a

Figure 1.6 Conventionally sputter deposited aluminum on a series of oxide steps.
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bottom and step coverages for the film shown in Figure 1.6 are 30 percent and 15 percent

respectively, far from the ideal 100 percent.

The poor coverage on the trench is due to the shadowing effect of the oxide steps
which prevent the sputtered flux from entering the trenches. As the aspect ratio of the
trenches increases, the acceptance angle for sputtered flux to enter the trench is reduced
correspondingly. The relationship of the flux acceptance angles at the bottom and the
lower corner versus the width of a 1 um deep trench is plotted in Figure 1.7. For trench
widths of 1.5 pum or larg.er. the flux acceptance angles decrease slowly with the
decreasing width. As the width drops below 1.5 pum, the flux acceptance angles fall
linearly with the width. The abrupt drop of the flux acceptance angles for narrow

trenches is the reason for the poor coverage of small features on today ULSI IC'’s.

Although the tlux acceptance angle is almost the same at the corner and at the
centre for a trench widths less than | pum, the bottom coverage on the micrograph shown
in Figure 1.6 is much greater than the step coverage. The worse step coverage is caused
by the additional shadowing trom the portion of the film overhanging from the oxide step.
This self-shadowing effect is more noticeable when the width of the trench is comparable

or smaller than the overhang portion of the film.

Current minimum feature sizes of IC’s have fallen below 0.5 um, and 0.25 pm
feature sizes are expected very soon [2]. Therefore, the filling of vias and trenches by
sputtering is expected to deteriorate as the trend in feature size continues. As mentioned

in Section 1.1.1. the inadequate tilling on vias and trenches poses serious concerns
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regarding electromigration. In addition to the reliability problem. the higher resistance at
the thin areas will lower the operation speed of the circuits. The propagation delay due to

RC time delay associated with an interconnect is given by [28}:

RC=—— (1.2
Uy ©
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Figure 1.7 Flux acceptance angle at the corner and the centre of a trench as a function of
the width orf a I wm deep trench.  The insert shows the definition of
acceptance angle at the two locations.
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interconnect, k is the dielectric constant of the oxide film, and t,, is the thickness of the
oxide films. The lower coverage on the side-wall and bottom of trenches increases the

time delay and slows down the operation of the circuits.

Although the time delay can be reduced by increasing the thickness of the oxide
film, a thicker oxide film would lead to higher aspect ratio features and consequently poor
coverage. Therefore, the thicknesses of the oxide film has not been changed and remains

at about | um while the lateral dimensions of features on IC’s continue to shrink.

In summary, conventional sputtering techniques are unable to provide sufficient
coverage over small geometry in today’s ULSI IC’s. The poor coverage increases risk of
clectromigration and slows down the operation of IC circuitries. New metallization

techniques are required for overcoming the deticiencies of conventional sputtering.

1.2 Emerging Techniques

In response to the needs for better coverage, new techniques are emerging to
tulfill the metallization requirements. Bias sputtering [29, 30], tungsten plug [31, 32],
laser irradiation [33, 34], and high temperature sputtering [35-37] are new techniques for
combating the inadequate coverage provided by conventional sputtering. Each of these

techniques has its own advantages and disadvantages, as described in the following

sections.
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1.2.1 Bias Sputtering

Bias sputtering is an effective technique for improving coverage. During
sputtering, the substrate is biased to a negative electric potential so that the substrate is
subjected to positive ion bombardment. The ions sputter off the film material
accumulated at the top of vias and trenches, especially the overhang portion, and
redeposit some of this material back into the vias and trenches. Although the biasing
improves coverage, the bombardment by argon ions may introduce undesired side-effects.
The incorporation of argon- atoms and the growth of smaller grain films commonly
associated with bias sputtering lower the electromigration resistance of the deposited film
[30]. Also, the film is under compressive stress because of the ion bombardment during
deposition. The reduced electromigration resistance and compressive stress currently

limit the application of bias sputtering to ULSI metallization.

1.2.2 Laser Irradiation

The basic principle of aluminum reflow by laser irradiation is based on the ability
of molten aluminum to drawn itself into vias and trenches due to surface tension. UV
excimer laser is commonly used as the heat source for melting the aluminum [33 and 34].
The laser is pulsed at regular interval of several hundred Hz to irradiate the IC die during
processing. The reasons for using UV laser are because of its ability on delivering short
wavelength (easily absorbed by aluminum) and high energy density (up to scveral
J/cmz/pulse) light pulsesf33 and 34] which is critical for melting aluminum at a very short
time. The irradiated aluminum has very good electromigration resistance due to the large

grain film resulted from the melting of aluminum. However, the difficulties with



17

maintaining a large area and uniform laser beam and maintenance problems with excimer

laser have limited the use cf the technique to research laboratories.

1.2.3 Tungsten Plugs

The conformal coverage poossible with chemical vapour deposited films make the
tungsten plug process an attractive alternative to conventional metailization. Because of
the high electrical resistance of tungsten. only the vias are plugged with tungsten and the
rest of the interconnect is linked by lower resistance aluminum. The tungsten plugs can
be fabricaied by ecither blanket and selecive depositions. For the blanket process, the
substrate is completely covered by CVD tungsten The tungsten deposited on the
dielectric is then removed by an etch-back process which leaves only the tungsten in the
via.  After the etch-back. the planarized suiface is then covered with aluminum to

omplete the interconnect.

WF, is the precursor for the selective deposition process and does not dissociate
casily on oxide or nitride surfaces to form tungsten [19]. Since the dielectric on IC’s is
cither an oxide- or nitride-based material, tungsten is preferentially deposited on vias
where the dielectric is ctched out and the underlying metals or silicon are exposed. Thus,
tungsten grows upward to form plugs. Although selective deposition is a simpler method,
difficulties of controlling the sclectivity have so far prevented large scale industrial

application.
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Although the coverage problem is resolved by using a tungsten plug, the
electromigration resistance and the complexity of the process limit the usefulness of
tungsten plug technology. Tungsten by itself is very robust to electromigration, but
aluminum is depleted at the interface with tungsten without replenishment from the
tungsten plug and consequently. and consequently open failure may result at the interface.
A recent report indicated that the electromigration lifetime of aluminum metallization
was superior than that of the combination of tungsten plug and aluminum metallization
[38, 39]. The complexity of the process make tungsten plugs less attractive because of
the added processing cost and the difficulty in attaining high yield. However, this process

is currently in use.

1.2.4 High Temperature Sputtering

At a low deposition temperature. T/T,, <0.45, the deposited materials remain close
to their point of impact, and may cast a shadow on surrounding regions. To overcome
this self-shadowing effect. the substrate can be heated to enhance the movement of
material into vias and trenches of high concave curvature. Investigations have been
reported of improved coverage by aluminum deposition at a substrate temperature
between 500 and 550 °C [40, 41]. The virtues of this technique are the compatibility with
the traditional metallization techniques and their simplicity for implementation. Only an

additional substrate heating mechanism is required for implementation.

High temperature sputtering does have some disadvantages. Contamination due

to outgassing from the chamber walls and the substrate heater during deposition would
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adversely degrade the quality of the deposited aluminum film [42, 43], and the presence
of impurity gascs lowers the surface diffusion length of the aluminum adatoms [40, 44).
Thus, special care should be taken to ensure the cleanliness of the sputtering system. An

ultra-high vacuum (UHV) environment is a necessity for high-temperature sputtered

aluminum for ULSI metallization.

The reaction of aluminum with silicon at elevated temperatures can destroy the
devices on IC’s. To prevent the reaction, a metallic diffusion barrier is required to isolate
aluminum from the silicon and maintain electrical continuity [45, 46]. Titanium nitride

(TiN) is a commonly used barrier which is sufficiently effective at 550 °C [47].

Another concern with regard to high temperature aluminum is the possible
adverse effect of heat on the dopant profile. Table !.1 lists the bulk diffusion lengths of
some common dopants in silicon after I, 2, 3, and 4 hours of diffusion at 550 °C. The
longest bulk diffusion length is 8.4 x 10™ um for aluminum, the fastest diffusing species.
These diffusion lengths are much less than the dimensions of the doping profile on

current [C’s, theretore, dopant ditfusion during deposition should not be a concern.

Diffusion lengths in pm
Dopant I hour 2 hour 3 hour 4 hour
P 1.0x 107 1.4 %107 1.8 x 107 2.0x 107
As 14x10° 6.3 x 10 7.7 % 10° 8.9 x 10
B 1.6 % 10° 2.3x%x10° 28x10° 3.3 % 10®
Al 1.2x 107 59x 107 7.2% 107 8.4 x 107

Table 1.1 Diffusion length of dopants in silicon at 550 °C.

High temperature sputtering has many advantages over other methods mentioned

carlier, such as process simplicity, good eclectromigration resistance. and low electrical
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resistance. However. the understanding of the relationship of film characteristics with
deposition conditions is still limited. Thus, this thesis is in part devoted to the study of

film properties and film growth parameters of high temperature sputtered aluminum.

1.3 Simulation

Simulation is an economic alternative to experimentation as the cost of equipment
and processing is rapidly increasing. A simulation package. SIMBAD, was utilized for
investigating the effect of deposition temperature (the dominant variable controlling
diffusion) on the growth of aluminum films. The predictive power of SIMBAD has been
verified for simulation of many IC fabrication-related thin film processes, such as
sputtering, evaporation, CVD. reactive ion etching and plasma ctching{27, 48-52], and
has recently been extended to enable simulation of high temperature sputtering {S3]. This
thesis will be the first experimental verification of the ability of this new code to model
specific films from an experimental system. Since the surface diffusion length of
adatoms is very difficult to measure experimentally, the simulation will be a very uscful
tool for evaluating the etfect of deposition temperatures on sputtered aluminum, and for

estimating surface diffusion length.



Chapter 2 : Experimental Setup and Procedure

Due to the stringent vacuum and cleanliness requirements on the equipment for
high temperature sputtered aluminum., an ultra-high vacuum (UHV) sputtering system
was acquired for the experimental work in this thesis. The system was purchased from
UJHV Instruments Inc. which was respensible for the installation of the system, but the
company went into receivership soon after system installation. Thus. full commissioning

of the svstem became a part of this thesis work. The UHV system and the experimental

procedure are described in this chapter.

2.1 System Requirements and Specifications

The diffusion and other properties of sputtered aluminum are very sensitive to
restdual gases in the deposition system. especially to oxygen and water vapour[18, 54,
55]. Verkerk reported that a partial pressure of water vapour at 5 X 10° Pa (3.8 x 10
Torry {42] or oxvgen at 2.5 x 107 Pa (1.9 x 10 Torr) [43] could adversely affect the
properties of evaporated aluminum tilms. Rougher tilm surface. reduced grain size, weak
<l11> crystal orientation. and higher resistivity are the etfects on aluminum films
deposited at high concentrations of oxvgen and water vapour. Both oxygen and water
vapour are expected to have similar influences on sputtered aluminum films. To
minimize the impact of residual gases, the deposition chamber base pressure must be kept

below 2 x 10™ Torr hetore sputtering.
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Baking the system prior to deposition and having a loadlock mechanism for
sample trunsfer are indispensable for achieving this level of vacuum in a reasonable
pump-down time. In addition to the above requirements, an additional pumping
mechanism (cold trap) for water vapour is necessary for minimizing the effect of impurity
zases during deposition. Table 2.1 lists the specifications of the sputtering system and

Figure 2.1 shows the overall layvout of the UHV sputtering system.

Table 1.1 Specitications and teatures of the UHV sputtering svstem.
1. Base pressure : in the low end of 107 Torr
2. Pump down time : less than 24 hours

3. Chamber side-wall bakeout capability
4. Loadlock

5. Sample transter pressure : [ x 107 Torr
6. Substrate heating : < 600 °C

7. Cold trap for pumping water vapour

2.2 Setup of the UHV System

Three important features of the UHV sputtering system needed to achieve the
cleantiness and temperature required for this process are the isolation of the main process
chamber from atmosphere while loading and unloading samples. @ substrate heating

mechianism, and the cold shroud. These are discussed in detail in the following sections.

2.2.1 Loadlock
A oadlock arrangement was emploved tor isolating the main chamber from the
atmoesphere during sample loadin - and shortening the cyveling time between depositions.

The rough pumping tor the loadlock was provided by a mechanical rotary pump made by
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Edwards.  An Edwards EXT250 turbomolecular pump (turbo-pump) was the high
vacuum pump for the loadlock and the rotary pump also provided backing for the trbo-
pump. Two vacuum valves, one at the loadlock and the other at the turbo-pump.
switched the mechanical pump between the loadlock and the turbo-pump. The pressure
in the loadlock was monitored by a Granville-Phillips 275 convectron gauge for pressure
above 0.1 mTorr and a Granville-Phillips 274 nude Bayard-Alpert type ionization gauge
for measurement below this pressure. The readouts of both pressure gauges were
displayed on a Granville-PHillips 307 vacuum gauge controtler. A manually operated
gate valve was employed for isolating the chamber and loadlock. A magnetic-coupled
linear manipulator was installed for transterring samples between the chamber and
loadlock. A dry nitrogen line provided bucktilling for the loadlock during loading and
unloading samples. With the above urrangements. the loadlock was routinely pumped

from atmospheric pressure to 10" Torr in 20 minutes.

2.2.2 Substrate Heating and Baking

Ohmic substrate heating wus provided by a 2.5 m long by 0.5 mm diamcter
platinum coated molybdenum wire which was wound on the backside of the stainfess
steel heater/sample-hold assembly.  The substrate temperature was monitored by a
thermocouple on the heater/sample-holder assembly and was controlled by a Eurotherm
818 series temperature controller with a maximum output current of 10 A, The
temperature controller had two modes of operation.  The first mode was temperature
feedback control. In this mode. the output from the thermocouple was fed back to the

controller which automatically adjusted the output current to the heater wire to maintain
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the temperature set by the operator. While the difference between the setpoint and
feedback temperatures was greater than 30 °C, the controller delivered the maximum
current of 10 A to the heater wire to achieve the minimum rise time on the substrate

temperature. The temperature ramping from room temperature to 550 °C lasted more

than 20 minutes.

The other mode of operation was manual control in which the heater current was
set hy the operator. In this mode, the operator must monitor the substrate temperature and
adjust the heater current accordingly. Since the heating element was very stable and the
thermal mass of the heater/sample-holder cssembly was constant, the same heating
current produced very similar substrate heat-up time from run to run. Typically, 8 A of
the heater current would raise the substrate temperature from room temperature to 550°C
in approximately 30 minutes. The manual mode could provide a longer operation life of
the heater wire. However. all experiments in this thesis were performed with
temperatures controlled in the feedback mode, before a better understanding of the

temperature controller was attained.

A set of heat tapes and heat ribbons with total heating power of 1.2 kW were
mounted on the outside surtace of the chamber for baking the system before deposition.
The heat tapes and heat ribbons were controlled by a Variac and a heat ribbon controller.
A pair of thermocouples were mounted on the outside chamber wall for observation of
the baking temperature. The chamber side-walls were never heated above 50 °C because
of the presence of viton O-rin:  at several locations in the chamber. These O-rings could

be damaged by prolonged heating at temperatures above 100 °C [56]. The substrate
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heater was used for rising the temperature of the heater/substrate-holder assembly and

substrate during baking.

2.2.3 Cold Shroud

Extra pumping of water vapour in the chamber was provided by a cold shroud
which is made of steel. It is a hollow barrel surrounding the heater/substrate-holder
assembly with openings facing sputter guns, view port, and loadlock gate valve. For
activation, the cold shroud was chilled to -196°C (77 K) by filling it with liquid nitrogen.
The pumping mechanism of the cold shroud was through adsorption of condensable gas
species on the cold surface of the shroud. Since the cold shroud was situated inside the
vacuum system and had a large pumping surface, the pumping speed was very high
compared with conventional vacuum pumps. However, the pump capacity was limited.
The pumping speed of the shroud was observed to decrease with time, due to saturation
by pumped gas. Therefore, the cold shroud was activated only when the system was at a
very low vacuum level and before deposition to preserve the pumping capacity for

deposition.

2.2.4 Sputtering Chamber

The vacuum equipment on the main chamber consisted of a helium closed-cycle
cryopump, a partial pressure analy. 'r (PPA) and three pressurc gauges. The principal
pump was a CVI 8-inch cryopump with pumping speeds of 1,700 L/s for nitrogen,
4.500L/s for water. and 1,400L/s for argon. Since the main chamber was not routincly

exposed to the atmosphere except for the regeneration of the cryopump and maintenance,
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no additional roughing arrangements were installed for it. In the case of pumping down
from atmosphere pressure, the initial roughing was provided by the mechanical pump in
the loadlock with the isolation gate valve opened. The turbo-pump acted as the second

stage of roughing to further evacuate the chamber before the engagement of the

cryopump, to minimize the gas loading.

The chamber pressure was monitored by three pressure gauges. The arrangement
is similar to the loadlock with a convectron for pressure above 0.1 mTorr, a Bayard-
Alpert type ionization gauge for pressure below 0.1 mTorr, and an additional Edward
127A capacitance manometer for monitoring pressure during sputtering. In addition to
the pressure gauges. an Inficon Quadres partial pressure analyzer (PPA) was installed for
leak checking. Since the PPA was mounted on the side of the main chamber through a
section of 67 long tubing and a valve and no additional pumping was installed for it, the
outgassing trom the PPA housing became the dominant part of the measured partial
pressure spectrum at low chamber pressure. Thus, the PPA was not used to analyze
chamber gas composition. Instead, the PPA was a very sensitive leak detector when

working with helium which is absent from the outgassing spectrum.

2.2.5 Basic Sputtering Equipment

A gas delivery system, three 2-inch magnetron sputtering guns, a DC magnetron
power supply, and capacitance manometer comprised the core equipment for deposition.
99.9999 percent pure argon gas was delivered to the chamber through a Sierra 830 mass

tlow controller. The sputtering working pressure was monitored by an Edward 127A
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capacitance manometer and displayed on the front pancl of a VAT PM-S adaptive
pressure controller. The capacitance manometer had an operation range of 0.1 to 100
mTorr. The working pressure was controlled by the pressure controller through a VAT
DN 63-320 stepper motor driven gate valve which was located between the cryopump
throat and the chamber. The controller had two modes of operations, namely, adaptive
feedback pressure control and manual control. When the controller was operated in the
pressure feedback mode, due to the discrete nature of the stepper motor the ga.e valve
was rapidly driven back and forth between steps even after pressure was stabilized. For a
fixed gas flow rate, the same pressure could be obtained with only small adjustment by
the operator on the gate valve position. Therefore, the pressure controller was only

operated at the manual mode for all experiments.

Samples were mounted vertically on the heater/saumple-holder assembiy which
was constructed on a rotating stage. The stage was differentially pumped by the
mechanical pump to prevent leakage through the rotary seal on the stage. The
heater/sample-holder assembly was located at the centre of the chamber with the cold
shroud surrounding it. The samples could be rotated for access to each target on the

chamber and to the loadlock.

2.2.6 Leak Checking and System Performance
After the installation, the system was leak-checked by the partial pressurc
analyzer. PPA, with helium. The lecak check consisted of two stages; the chamber and the

loadlock were checked and then the argon gas line was checked after ensuring no leaks
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from the system. In the first stage, the PPA was operated in leak checking mode with the
scanning mass set at 4 (helium atomic mass unit). Helium gas was sprayed at all fittings

and joints on the chamber and loadlock. After thorough checking, no leaks were detected

on the chamber.

After the confirmation of no leaks to the chamber, the gas line for delivering
argon gas to the chamber was checked. The mass flow controller that linked the gas line
to the chamber was set to maximum flow with gas tank valve closed so that the gas line
was evacuated and could be -leak-checked with the PPA. During the leak checking, some

fittings were found to be leaky. All leaks were repaired by replacing these fittings.

After the lcak checking, the ultimate base pressure achieved by the cryopump with
the substrate heater and heat tapes shut off was 7x10'° Torr after a day of baking on the
chamber side-walls. With the cold shroud, the base pressure could reach as low as 3 X
10" Torr. The performance of the UHV system was satisfactory in terms of short pump

down time and low base pressure.

2.3 Estimation of Background Gas Pressure during Deposition

As noted earlier, the level of oxygen and water vapour partial pressure during
sputtering has detrimental effects on the mobility of adatoms and film properties of
sputtered aluminum. A knowledge of the oxygen and water vapour partial pressure
would be helpful for assessing the cleanliness of the UHV system. The base pressure
before deposition is commonly used for evaluating the presence of background gases, but

the different pumping arrangement during deposition will lead to an impurity partial
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pressure different than that of the base pressure. An estimation of the impurity partial

pressure during deposition is presented in this section.

During deposition, the sources of gaseous impurities are the impurities in the
working gas, and outgassing from the chamber wall. UHP grade 99.9999% pure argon
gas was employed in the experiments to minimize the first source of impurities. The
outgassing was minimized through use of the cold shroud and by pre-deposition baking.

The impurity partial pressure, Pz, from the argon working gas is :

-

P, = P\V*(l—_zpurity of argon) 2.1
= 10x10™ x(1-0.999999) = 1.0x107® Torr

where P,, is the working pressure which had a maximum value of 10 mTorr. This level of
partial pressure is at the upper limit for deposition of high quality aluminum at high
temperature[42]. The contribution from the outgassing must be small enough to keep the

partial pressure below 2 x 10 Torr.

The calculation for outgassing is more complicated than Pi, and some assumptions
are made. The majority of outgassing is assumed to occur from the heated substrate and
the heater/substrate-holder assembly because outgassing is a thermally activated process
[56, 57] which increases with temperature. Since water vapour is the major component
released from a heated surface [57], a conservative estimate (i.e. worst case) is made with
the assumption of water vapour being the only constituent of outgassing. Accounting for
the worst case situation. the substrate is assumed to be heated to 550 °C which is the
highest substrate temperature used in this work. Also, the system is assumed to be at

thermal equilibrium, i.c.. no sudden change of temperature. The last assumption is not
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true for the 3-step deposition ex weriment which involves ramping up the substrate

temperature during depesition, but it 1s used to simplify the calculation.

The outgassing rate, Quu, of the system before deposition is the product of its base
pressure, Ppa., and the total pumping speed, Sy (See Eq. 2.2), of the system. Qou is
4.5x10™° Torrel/s for a typical Ppy at 1x10° Torr with the substrate temperature at

550 °C and Sy, of H2O at 4,500 L/s.
Qoul = Ph:u‘c*ss‘y\‘ ’ (2.2)

The partial pressure, Poy, of outgassing species during sputtering is the outgassing
rate divided by the pumping speed, S., during the deposition. Since the pump throat is
throttled for regulating the working pressure, S, is less than S Sw is calculated by a

similar expression for Quy and is shown below:

Q. (2.3)

With the working gas tlow rate. Qu, of 15 standard cubic centimeters per minute (sccm)
of argon and the working pressure, Py, of 10 mTorr, the pumping speed of the throttled
cryopump is 19 L/s which is less than 1 percent of Sy for Ar. The orresponding
throttled pumping speed for water is 61 L/s. The partial pressure, Poy of impurities due to

outgassing during deposition is given by:

Q.o 14.5%107" Torr*L /s
P — ol - - 8 x 10-8 T 2.4
out S 6l L/s orr ( )

W

This level of water vapour partial pressure is too high for depositing high quality



aluminum film, especially at high substrate temperature. Since Py is much larger than

Pi., outgassing is the dominant source of impurities.

The above calculation does not include the additional pumping speed provided by
the cold shroud. The cold shroud has a limited pumping capacity which is casily
saturated by the injection of argon gas. However, the pumping speed for water vapour.
which is assumed to be the only component of the outgassing, is still high due to the
small outgassing rate of the water vapour. The pumping speed of the cold shroud is
estimated by comparing the base pressure obtained by the cryopump and by the cold
shroud independently under a single pumping session. Since the outgassing rate tor both
situations are the same (assume the shroud is not the dominated source of outgassing), the
relationship between the pumping speed of the cryopump and the cold shroud can be

expressed as:

Qnul = Pcr)'uscr)'() = Pcnldscnld (25‘1)
S Pcrvo S 2 5h
ol = — St (2.6
cold P.;old €ryo )

where P and S are the base pressurc and pumping speed. respectively and with the
subscripts cryo and cold denoting the pumping mechanism of the cryopump and cold

§ .o
" Torr, respectively.

shroud. The measured P and Pegy were 1<10” Torr and 3x10
With the pumping speed of water for the cryopump at 4500 L/s and the assumption of

water vapour as the only constituent of outgassing, the pumping speed of the cold shroud

is 15.000 L/s. With this pumping speed. Py, is 33107 Torr.
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The contamination by water vapour can be further reduced by depositing films at
high rate so that the deposition rate is much higher than the impingement rate of water
vapour molecules on the sputtered film. For the 1-step method. the deposition rate was
approximately 6 x 10'® Al atoms per cm” per second based on the deposition rate of 0.13
pm per minute. The impingement rate (I') for 3 x 107 Torr of water vapour pressure can
be calculated by [S7):
rep|—-— (2.6)

2nmk, T '
where P and m are the pressure and the molecular mass of water and kgT is thermal
cnergy. I" was found to be 9 x 10" water molecules per cm” per second. The resulting

concentration of water molecules is approximately at one part in 5 x 10°.

2.4 Depoaosition Procedures

The effect of substrate temperature on sputtered aluminum in two deposition
processes was investigated in this thesis. The experimental procedures for the |-step
deposition experiment and 3-step process are described in Sections 2.4.2 and 2.4.3,

respectively. The substrates and their preparation are described in Section 2.4.1.

2.4.1 Substrates and Their Preparation

Two types of substrates were used for the experiments. The first type was used
tor examining the film stress and sticking coefficient of the deposited aluminum film. An
in-house tabricated overhang structure was used for these purposes, and is shown in

cross-section in Figure 2.2, The overhanging layer is thermal oxide which was patterned
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with standard lithography processes utilizing buffered-oxide-etch. The overhang is
released from the silicon underlay by an etching solution which is composed of 2 % HF:
95 % HNOas : 3 % acetic acid by volume. The required etch time for the sample shown in

Figure 2.2 was 6 minutes.

The other type of substrate is a Northern Telecom processing test die (NT dic).
The die is covered with a layer of SiO> and has many test via holes and trenches on it.
The filling profile, grain size. and crystal orientation of aluminum films were studied with

this die.

Lok K

Figure 2.2 Cross-sectional view of an overhang structure.

All substrates were individually cleaned with isopropyl alcohol in an ultrasonic

cleaner for 5 minutes. followed by 3 washes with deicnized water in the ultrasonic
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cleaner for 5 minutes per wash. The samples were blown dry with dry nitrogen gas.
After cleaning, the samples were placed in the loadlock and kept under vacuum for

outgassing and protection from contamination before usage.

2.4.2 Baking and Sample Loading

The main chamber side-walls were heated to approximately 30 °C prior to and
during the loading of a sample. The sample was first mounted on a sample holder and
then loaded onto the magnetically-coupled linear manipulator in the loadlock. The
loadlock was then pumped down by the roughing pump and then by the turbo-pump. In
approximately 20 minutes after the engagement of the turbo-pump, the pressure in the
loadlock would drop down to 1x107 Torr., at which point the sample was transferred to
the main chamber using the linear manipulator arm. The isolation gate valve was opened

only during the transter process.

To minimize outgassing from the chamber side-wall and the heater/substrate-
helder assembly during the deposition. the chamber was baked at 30 °C for 5 hours
betore cach deposition. After the sample was loaded, the substrate temperature was set to
600 °C, which was 50 °C above the highest deposition temperature, so that the amount of
outgassing could be maximized during baking. The heat tapes were turned off and the
substrate temperature was set to deposition temperature before the end of a day so that the
chamber would cool down to room temperature and the substrate would settle to the
deposition temperature by the next morning.  The minimum baking time used for the

chamber was 3 hours.
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Before sputtering, the cold shroud was activated by filling it with liquid nitrogen.
Argon gas was admitted into the deposition charnber at a flow rate of 15 scem and then
the gate valve between the chamber and the cryo-pump was partiaily closed to lower ihe
effective pumping speed .or regulation of the working argon pressure. The working
pressure was monitored by the capacitance manometer and the readout of the capacitance
manometer was displayed on the pressure controller front panel. The gate valve position
was adjusted manually through the pressure controller until the desired pressure was

achieved.

After he pressure and gas tlow were stabilized, a plasma was ignited by a MDX
1K DC magnetron power supply made by Advanced Energy Industries Inc. The target
wus conditioned by a pre-deposition sputter clean for at least 1 minute before opening the
target shutter tor the actual deposition.  The deposition was carried out at 300W
sputtering power for 6 minutes. After the film was deposited, the plasma was turned off
immediately.  Also. the gas tlow was zeroed. the cryopump gate valve was opened
completely to evacuate the svstem. and the substrate heater was turn off.  Finally the
sample was transterred back to the loadlock which was vented with nitrogen to
atmosphere pressure betore untoading.  The cxperimental sequence of this type of

experiment is summarized in Table 2.2.

2.4.4 3-step Deposition Experiment
The intial stages of tilm growth are discontinuous and clustered. At high
deposition temperatures, these film nuclei tend to grow larger and farther apart on the

substrate due m part to longer surtace diffusion lengths.  Figure 2.3 is a sketch



Table 2.2 !-step deposition procedures

!J

N W
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Turn on the chamber heat tape to warm up the chamber to approximately 30 °C.
Mount a sample on a sample holder.

Pressurize loadlock with dry nitrogen and load sample onto the lincar manipulator
arm.

Close-off loadlock door and nitrogen flow and rough out with the rotary pump to |
Torr by opening the roughing valve .

Shut off roughing valve and open backing valve for turbo pump.
Engage turbo pump.
Open isolation gate valve after loadlock pressure drops to 107 Torr.

Transter sample to heater/sumple-holder assembly by sliding and tilting the lincar
manipulator arm.

Retract linear manipulator arm and close-oft isolation gate valve.

. Set substrate temperature to 600 °C at the substrate heater controller.

. After 5 hours. shut off chamber heat tape and lower the setting on the substrate heater

controller to deposition temperature. (Note : no substrate heating for RT case.)

. The next morning. the substrate temperature should be stabilized at the deposition

temperature and the chamber temperature should settle to room temperature.

. Activate the cold shroud by tilling it with liquid nitrogen.

. Inject 15 sccm argon gas into the chamber.

. Adjust crvopump gate valve to set the chamber pressure to 10 mTorr.

. Start plasma with 300 W sputtering power.

. Let target be sputtered cleun for at least one minute betore opening the target shutter.
. Open target shutter to start the deposition.

. After 6 minutes sputtering. close off target shutter and turn off plasma.

. Shut otf argon. open throttle on cryopump and transter sample to loadlock.

Unload sample.
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representative ot the iual film growth ot aluminum deposited at 550 °C. When the
furge nuclei grow at the top of a trench or via. the nuclei intercept vapour tlux entering
the trench or via. Consequently. the nuclei continues to expand and block more tlux.
This phenomena is schematically iilustrated in Figure 2.3b. A 3-step deposition method
(see Figure 2.3u) was reported to counteract the poor coverage due to the uneven wetting
on the substrate [44. 59]. At the iniual stage. aluminum is deposited at room temperature
to form a complete wetting layer of aluminum on the substrate. After forming the wetting
layer. the substrate temperature is ramped to 330 “C. During the temperature ramping,
deposition continues at 4 slow rate to prevent oxidation on the freshly deposited film.

After the substrate temperature reaches 530 °C. the sputtering resumes at the high rate to

complete the deposition.

|
|

i e

» « Initial
N W

i - | Midway
u inal

.y (b

Freure 2.3 The tilm growth sequence of ay 2-step and b)Y I-step depes d hot aluminum
ns |44
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For the 3-step experiment. the sample cleaning, loading, baking, and target pre-
cleaning procedures were the same as the I-step temperature effect experiment. A
different deposition sequence was used for the 3-step experiment.  After the target pre-
clean. the deposition proceeded at room temperature for 5 minutes with a sputtering
current of 500 mA which provided a deposition rate of approximately 70 nnvmin. At the
completion of the first layer, the substrate temperature setting on the heater controller was
changed from 0 °C (no heating) to 550 °C and the sputtering current is lowered to 100
mA. The corresponding deposition rate was approximately 13 nm/min. The substrate
required approximately 20 minutes for its temperature to risc to 550 °C. After the
temperature was stabilized at 550 °C, the sputtering current was reset to 500 mA for
another 5 minutes of sputtering to finish the deposition. The deposition sequeiice of 3-

step experiment is outlined in Table 2.3.

Table 2.3 3-step deposition sputtering parameters.

Sputtering parameters

Step Substrate heating Time Current Pressure
| No heating 5 minutes 500 mA 10 mTorr
2 Ramping up 20 minutes 100 mA 10 mTorr
3 Maintained at 550 °C 5 minutes 500 mA 10 mTorr




Chapter 3 : Experimental results

After many films were deposited. the deposition processes were refined as
described in Section 2.4, The films analyzed in detail here are representative of the best
results obtained. The [-step deposited “lms were characterized by their coverage over
trenches. surface curvature, grain size. stress. and crystal orientation. This work is
discussed in Section 3.1. The results from the 3-step process are compared with the 1-

step 530 °C deposited tilm in Section 3.2. The coverage over trenches and vias for the 1-

step 530 °C films and 3-step tilms ¢ discussed in Section 3.3.

3.1 I-step Deposition Process

The coverage. stress. grain size. and crystal orientation of the aluminum films
sputtered at the three studied temperatures are reported in this section. The film coverage
was examined by SEM on tractured cross-sections of the NT die. The grain size was
cvaluated from the top views ot film deposited on planar areas of the NT die. The crystal
orientation was examined by x-ray diffraction (XRD). The film stress was examined and

calculated from the bending of overhang structures.

3.1.1 Coverage

The SEM micrographs of aluminum tilms deposited over trenches at the three
substrate temperatures, namely, RT. 300 °C and 350 °C. are shown in Figure 3.1. For
films deposited at RT. the aluminum cxtended over the edge of the oxide walls and

blocked the sputtered thix from entering the bottom of the trench. The accumulation of

41
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aluminum on the top of the trenches can be explained by the low mobility of the adatoms
during deposition. The deposited atoms do not diffuse far from their impact sites and
thus, shield the neighbouring area from the incoming sputtered flux. This effect is most
pronounced along the side-walls and bottom corners of the tre.ch where the least amount
of material was deposited. Another distinct feature of the RT films is a small hump of
aluminum at the centre of the trenches. The thicker coverage is created by a relatively
larger flux acceptance angle at the centre than at the corners; thus, more material was
deposited at the centre. It was noted that the surface of the RT film is the roughest among

the three shown in Figure 3-1.

Figure 3.1a Trenches 0.75 um wide by 0.85 pim deep are shown covered with aluminum
sputtered at RT.
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(b)

()

Figure 3.1 Trenches 0.75 um wide by 0.85 pum deep are shown covered with aluminum
sputtered at a) RT, b) 300 °C, and c) 550 °C.
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The surfaces of films deposited at 300 °C are smoother and rounder than the RT
films. The overhang teature at the top of the trench and the hump at the centre of trench
on the RT films are not seen on the 300 °C film. The disappearance of these teatures is
caused by the increase of adatom mobility. With less self-shadowing, the bottom
coverage is reasonable at 70 % and is approximately 55 % better than the RT case. The
film protile resembles the original rectangulur trench, but with a narrower opening.
Consequently, a higher aspect ratio trench resulted from the deposition. The dimensions
of the new trench are 0.5 um wide by 1.2 pym deep, and so the new aspect ratio is 2.4,
whereas the original aspect ratio was . With this higher aspect ratio, the amount of

sputtered flux entering the trench is expected to be reduced as deposition continues.

For the 550 °C case, the film profiles arc well rounded and the surface is smooth.
Due to the tapered side-walls of the aluminum film, the shadowing cffect of the side-
walls is reduced and the coverage is expected to improve as the deposition continues.
The coverages of the 350 °C films are the best among the three {ilms, with the results for

all films shown in Table 3.1.

Table 3.1 Side-wall and bottom coverage on trenches

Substrate temperature

Coverage RT 300 °C 550 °C
Side-wall 14 % 23 % 100 %
Bottom 15 % 70 T 100 %

Both the bottom coverage and side-wall coverage improve with increasing

deposition temnperature. The very poor side-wall coverage for the lower temperature
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cases is created by the non-uniform density of sputtered flux and by the low adatom
mobility. The angular distribution of the flux is symmetric and more concentrated about
the normal to the wafer and thus, the side-walls receive at most only half of the incident
flux with the other half being blocked by the side-wall itself. Self-shadowing by the film
deposited at the top of the trench further reduces the flux (especially the normal incident
flux) trom hitting the side-walls. The self-shadowing is most noticeable at the area just
below the overhang in the RT film. Similar arguments explain why the trench centre,

which is open to flux arriving at near-normal incidence, has a better coverage compared

to the side-walls.

In summary, both the bottom and sitde-wall coverages on trenches improved with
an increase of the deposition temperature. This improvement is a result of the longer
surface diffusion length which allows sputtered atoms to diffuse into the trenches. At low
deposition temperatures. the shadowing effect limited the coverages. Note also that the
film curvatures at the corners of the trenches are reduced at higher deposition
temperatures. The topic of surface curvature and its importance in diffusion is discussed

in the next section.

J.1.2 Surface Curvature

The additional thermal energy on a heated substrate allows adatoms to diffuse for
a longer distance before being incorporated into the bulk of the film. On average, the
mobile adatom will find a site that results in a minimization of surface energy (or

potential energy) as shown in Figure 3.2.



46

cm———

Short diffusion length Long diffusion length

Figure 3.2 The relationship between adatom surtace diffusion length and tilm surface
curvature.

Thus. the radius of surtface curvature of the films should be larger at the elevated
substrate temperatures. This is indeed the case for the tilms shown in Figure 3.1. The
radii of curvature of tilms at 3 temperatures were measured at both the convex corners at
the top of the trenches and concave corners at the bottom of the trenches. These results

are shown graphically in Figure 3.3.

For the room temperature and 300 °C cases. the radius of curvature is smaller at
the concave corners (negative curvature) than at the convex corners (positive curvature).
This can be explained by the shadowing eftect and low adatorn mobility. Before adatoms
are incorporated into a lilm. thev v diffuse over the surfuce a distance which is
determined on average by the substrate temperature.  The majority of the tlux deposited

on the trenches impact on the top half of the trench side-walls due to shadowing of the
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lower features. As the curvatures at the top corners are decreased by the mobile adatoms
(note, curvature is the reciprocal of radius of curvature). some aluminum atoms are
ultimately deposited at the middle of the side-wall. These side-wall deposits will increase
the curvature at the lower concave corner. For the 550 °C case, the diffusion length was
of the order of the substrate feature size so that adatoms impacting at the top of the trench
were able to diffuse into the bottom of the trench. Also. the opening ot the trench in the
550 °C film allowed more tlux to enter the bottom of the trench. Why the radius of

curvature on both the concave and the convex corners of the 550 °C film are the same is

»——x Convex corner n
S— Concave corner

T

100.0

I

)

00.0
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"{/
1 N J 1

0.0 , ‘
200.0 400.0 600.0 800.0 1000.0
Substrate temperature in Kelvin

FFigure 3.3 Radius of curvature of aluminum films sputtered at different deposition
temperatures.
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3.1.3 Grain Size

Annealing is a common post-deposition process to increase grain size and release
crystallographic defects in sputtered films and form ohmic contacts to silicon. Annealing
for aluminum is typically conducied at temperatures between 300 °C and 450 °C [61]. As
the deposition temperatures of the films studied approaches or exceeds the annealing
temperature for aluminum. the grain size and crystal quality of the resulting films should

vary with the depositing temperatures.

Figure 3.4 shows the top views of the films of Figure 3.1 and shows clearly a
grain size increase with deposition temperature. The standard method for determining
grain size for bulk samples is to measure the grain density on a cross-section of the

samples and use the relationship of Eq. 3.1 to determine the grain size [62]:

log(d) = -0.4 - 0.05log(n) (3.1)
where d is the average grain diameter and n is the number of grains per mm” when
viewed on a x100 magnification. For thin films, the top surface is a reasonable
representation of a cross-section in the plane of the film. The measured grain sizes ure

plotted in Figure 3.5.

The trend of increasing grain size with higher substrate temperature corresponds
with predictions of the structure zone model. The larger grain size ol high temperature
deposited aluminum suggests that the clectromigration resistance for these films is
improved by the higher substrate temperature.  Crystal orientation will also atfect

electromigration resistance and is the topic ot the next section,
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Figure 3.4 Top views of the aluminum films sputtered at a) room temperature, b) 300 °C,
and ¢) 5350 °C. Note that the scale bar varies for each SEM photograph.
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Figure 3.5 Aluminum grain size increases with substrate temperature.,
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3.1.4 Crystal Orientation

The crystal orientation ot aluminum films is an important factor in determining
the clectromigration resistance of the film.  As discussed eariier. a strongly <111>
oriented aluminum {ilm has a longer MTF than a <200> oriented 1ilm. The XRD analysis
of RT film is shown in Figure 3.6. The lurge peak at the extreme right of Figure 3.6 is
from the silicon substrate and the two centre peaks are from the deposited aluminum. To

show more details near the aiuminum peaks, Figure 3.7 gives enlarged views of the scans

for 30° < 28 < 70)° for the three studied films.

Table 3.2 Identification of XRD peaks with ASTM x-ray powder files

Measured Interplanar Spacing (A)
Powder Interplanar 350 <C 300 °C RT
Spacing (&) (823 K) {573 K) (300 K)
Au<lll> 2.355 - - 2.357
Allll]> 2.338 2.333 2.330 2.335
Au <200> 2.039 - - 2.036
Al <200> 2.024 - - 2.020

Individual peaks trom cach scan in Ficure 2.7 are listed and identified in Table 3.2
through comparison with ASTM x-rav powder files. The gold peaks in the RT film
originated trom the gold coating on the sampie. used for contrast enhancement in SEM

studies.

The <200> peak is observed only on the RT deposited sumple and is very small.

The ratio ot the intensities ot <l FH>/<200>, which is 4 common quantity for evaluating

the crvstal quality of aluminum film. is 7. This strong <I11> and weak <200> orientation



/]
[}¥]

Z2SEid T tE94 Se O IS0 Te : )00 SAMPLE 93 AT

Y}

RIVIvEe

[RER Nl

300 ¢

) 4

1900 | - 2,330
A
,\ z ca3
A

5 pom ymt— g ] prh '
12.00 22.60  32.00 12.00 =2.00 s2.00 T2.00  82.00
Z THETA U OF 4 - GEO

Figure 3.6 XRD scan or aluminum film sputtered at room temperature.

IIE8¢4 TU45,/94 Se= D 050 Te 1.000 SAMPLE ¢3 RY

200 -
S u00 -
3
€00 v H
i
: !
; i
ico )
t i‘J
1
! !
v I
i
‘ A L
, |
00 ¢ p: o
'.
|

40.00 =0 .00 60.00 ’0.00
I THETA 4 OF A - GEO
(a)

fflgure conunued ..



1h)

W)

Freure

CCu804 T T .94 Se 2.0S0 Te 1.C00 SAMPLE ¢92 300 C

RN A B

ey s

o000 -
EEN
1500 1
1
i
t
J
il
1z00
]
1
. h
800 ;
!
i |
400 I ’
[erea .J\.. -~
J *-
40.00 50.00 §0.00 70.00
2 THETA U OF &4 - GEO

J3S€03 7. 794 Se 0.050 Te 1.000 SAMPLE #1 5%0 C

N -
~

1000 T
|
#oo ¢
i
. 332
]
600 t
I
T
|
100 ¢
|
. :
c00 ¢ i
| |
’ !
M"’
0 - + -
£0.00 50.00 60.00 70.00
2 THETA U OF A - GEO

Lxpanded NRD scan or three aluminum  films sputtered at a) room
remperature. by 300 °Coand ¢ 350 °C,



n
&=

on the RT film suggests a very low level of oxygen and water vapour during its
deposition [42, 43]. The disappearance of the <200> peak on both 300 °C and 550 °C

films is due to an annealing effect at the high substrate temperature.

3.1.5 Stress

For studying stress. aluminum films were sputtered on the overhang structure
described in section 2.4.1. Figure 3.8 shows a micrograph of an overhang structure with a
-ompressively stressed film deposited on it. For a film in compression. the overhang
structure will bend downward due to the expanding force acting on it at the interface
between the silicon dioxide and the sputtered film. Likewise, the overhang structure will
bend upward for a tensile stress. Results for aluminum films at 3 temperatures are shown
in Figure 3.9. After viewing a large collection of overhangs, no significant bending was
observed for both room temperature and 530 °C deposited films and a small bending only

was observed on the 300 °C films. The {ilm stress. s, was calculated using [63, 64]:

Et} Edl |
8 ttl + S8 »2)

“ ol s L-v) T=v)) ’

where 0O is the displacement at the end of the overhang and K, t, and v are the Young's

S

modulus, layer thickness, and Poisson’s ratio of the layer and the subscripts s and { denote
the aluminum film and the SiO; fayer.

Although no deflections were observed on the RT and 550 ~C films, the limited

resolution of the micrographs hinders the detection of low stresses. The resolution of the
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Figure 3.8 A tilm in compressive stress on top of an silicon dioxide overhang.
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Figure 3.9 Aluminum tilms deposited on overhang structures at a) RT, b) 300 °C, and ¢)
3350 °C.
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micrographs is 10 nm which implies that the uncertainty on the bending measurement is
10 nm ecither upward or downward. The resulting uncertainty on the stress measurement

is 13 MPa or 20 percent error for the 300 °C film. The stress values for each film are

listed in Table 3.3.

Table 3.3 Film stress calculated {rom the overhang experiments.

Deposition temperature | 8 (nm) | L (um) | ty(um) | to (um) Stress 6 (MPa)
RT (20 °C) 0 4.2 0.8 0.8 0+ 13
300 °C 50 4.2 0.8 0.8 65+ 13
550 °C -0 4.2 0.8 0.8 0+13

Er=0.70 x 10" Pa and v¢ = 0.345 for aluminum.
E.=0.55x 10"" Pa and v, = 0.16 for SiO-.
The measurement errors on O, L, tr, and t, are 10 nm.

General film stresses includes both intrinsic and thermal components [65]. The
intrinsic stress is created by the bombardment of energetic particles on the growing films
during non-equilibrium film growth. The extrinsic stress is due to the difference of
thermal expansion coefficients between the film and the substrate and the response to the
change between the deposition temperature and room temperature. Films deposited near
or above T/T,, = 0.3 should not suffer much intrinsic stress because of crystal relaxation
at high substrate temperatures [65].  Even at rcom temperature, the deposition
temperature, 300 K (27 °C), is about one third of the melting point of aluminum which is
933 K (660 °C). Theretore, the three aluminum films deposited in this experiment should
have a very low level ot intrinsic stress. Since no temperature change occurred on the RT
deposited film, the film experiences only intrinsic stress which is O £ 13 MPa. Therefore
intrinsic stress has only a minor role on the aluminum tilms deposited under the studied

conditions.
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Thermal stress is the dominant component for aluminum films deposited at a high
temperature because the thermal expansion coefficients of SiO, (0.55x10° /°C) and
aluminum (25x10° /°C) are largely mismatched.  Another factor is the elevated
deposition temperature for the 300 °C and 550 °C films. It thermal stress was the
primary component on the tilms deposited here, the 550 °C films would have the highest
level of stress. However, Ono and er al.[66] reported that the film stress of high
temperatur sputtered aluminum films increased with substrate temperature. but dropped
abrupty when film was deposited at 500 °C. It is believed thai the high thermal stress on
the films above 500 °C exceeds the ultimate tensile stress of aluminum and leads to stress
relaxation by plastic deformation. The negligible stress on the 550 °C films agrees with

the results of Ono et al..

3.1.5 Summary

Aluminum film coverage over topography improves with increasing substrate
temperature. as expected. For RT films, shadowing eftects dominated and the coverages
on the side-wall and the bottom of trenches were very low. For higher substrate
temperatures, the higher adatom mobility lowered the surfuce curvature and leads to
improved coverage over trenches. As a result of the high adatom mobility, the best
coverages were achieved at the 550°C film.

The aluminum grain size increases exponentially with the deposition temperature
and had values of 1.4. 0.47. and 0.14 um for the deposition temperatures of 550 “C, 300

°C and RT. respectivelv. The larger grain sizes and the strong <1 11> orientation of high
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temperature deposited aluminum are advantageous for electromigration resistance. Also,
the strong <1 11> orientations for the three films suggest that the partial pressure of water
vapour and oxygen were very low during sputtering. This is to be expected from a UHV
process.

Films deposited at the 3 temperatures showed low stress levels. The RT films
have no detectable stress because of the small temperature difference between the
deposition temperature and room temperature. The film with the highest level of stress is
the 300 °C film (65 MPa). No stresses were observed on the 550 °C films presumably

because of stress relaxation at temperatures above 500 °C.

The improved coverage over lopography, larger grain size, low stress, and strong
<111> crystal orientation of high temperature deposited aluminum film indicate that the

“hot” sputtered aluminum is a better technique for metallization than aluminum sputtered

without substrate heating.

3.2 3-Step Deposition

The 3-step deposition approach was expected to be the remedy for the wetting
problem that is observed by some [44. 59] in I-step high temperature aluminum. Figure
2.10 shows 3-step and [-step 550 °C deposited aluminum films on several oxide trenches.
The surfaces of the 3-step films are very rough with many hillocks. The average grain
stze is approximately I um in diameter which is comparable to the 1-step 550 °C film.
The coverage over the trenches for the 3-step tilm is not consistent. In some areas, the

trenches are almost completely filled, but the coverage is almost zero in some other areas.



60

The opening of the smallest trench in Figure 3.10 is scaled off by the aluminum, feaving a

void within the trench.

The roughness on the 3-step film suggests the presence of high water or oxygen
partial pressure during the deposition.  Although the system was evacuated to a UHV
level of vacuum prior to deposition and additionally pumped by the cold shroud during
deposition. the sudden burst of outgassing from the substrate holder and the substrate
during the substrate heating phase may have flooded the region in front of the substrate
with water vapour during deposition. Although the 1-step 550°C film was sputtered at
high temperature throughout the deposition, the extended baking on the substrate and the
holder before deposition reduced the level of outgassing. In comparison, for the 3-step
process the sudden (intentional) ramping of temperature may have triggered substantial

outgassing.

In addition to the abrupt temperature risc, the heater itself is heated to much
higher temperature than 550 °C to achicve a fast temperature rise on the substrate. The
heater temperature was not monitored, but an estimate on its temperature can be done by
comparing the heater current for maintaining a fixed substrate temperature with the full
load heater current. The required heater current for sustaining the substrate temperature
at 550 °C is only 40 % of the maximum output current; therefore, the heater temperature
at the maximum rated current of 10 A could be as high as 750 °C or above.  Since

outgassing is a thermally activated process and has little relation to the level of vacuum in
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Figure 3.10 The angle views of high temperature deposited aluminum on trenches by the
a) I-step and b) 3-step methods.
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the system [57], the sudden rise of both the heater and substrate temperatures intensiticd

the outgassing.

In terms of film coverage, the I-step high temperature films are more consistent
than the 3-step processed films. As a result of the outgassing during temperature
ramping, the film topography of the 3-step process is much rougher than the 1-step
process. The rougher film surfice contributed to more local shadowing. However,
without good monitoring of the residual gases in the deposition chamber during the
sputtering, the quality of films deposited by the |-step and 3-step methods is difficult to
compare directly. However. the 1-step method is definitely better than the 3-step in terms

of process simplicity.

3.3 2- and 3-dimensional Effects

A 2-dimensional topography structure, a trench, is discussed in previous sections,
but most of the features on an IC are 3-dimensional. Cross-sectional views of 1-step and
3-step deposited hot aluminum films on 3-D vias are shown in Figure 3.11. Inadequate
wetting of the side-wall dominated the |-step film and in some areas no aluminum was
deposited on the side-walls. Another distinct characteristic of the !-step film is the
asymmetric coating on the vias. The asymmetry is caused by the uneven distribution and
the randomness of initial nuclei formation on the via. Following initial nucleation, a
growing nuclei intercepts the sputtered flux and grows larger at the expense of other
areas. As the grains on the top of the vias continued to grow, eventually the via is sealed

off with void formation beneath.



(a)
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Figure 3.11 The cross-sectional views of aluminum deposited on vias by the a) I-step
and b) 3-step methods.
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The 3-step method was originally designed to overcome the wetting problem of
the 1-step method. As shown in Figure 3.11b. one of the vias is completely tilled by the
3-step film, but the other vias are empty. This inconsistency appears also on the 2-D
trenches and is believed to be caused by the high level of water vapour during the film
growth. In the current experimental setup, the 3-step method is not better than the [-step
method. However, the occasional filled via in the 3-step method suggests that the 3-step

process may have better potential for depositing hot aluminum.

The coverages on vias are much less than the coverages on the trenches on the NT
dic for both I-step and 3-step films. The reduction of film coverage on vias is due to the
additional shadowing cffect from the third dimension, and self-shadowing. In 2-D
trenches only. aluminum is able to tlow along the trench and thus fill up a void region,

lessening the likelihood of void and asymmetric growth.

3.5 Summary

The high temperature 1-step aluminum process provided a superior coverige on
trenches and its film characteristics suggest that its electromigration resistance will be
much improved over films deposited at lower temperatures.  The 3-step deposition
method improved the coverage in some arcas of the die, but lacked consistency.  The
inconsistency is suspected to be caused by the outgassing of water vapour duce to abrupt
heating of the substrate holder assembly. The filling of 3-ID vias is much less than the

filling of 2-D trenches. due largely to the additional shadowing by the third dimension.



Chapter 4 ;: Simulations

Two software packages. SIMSPUD and SIMBAD. were utilized for simulating
the 1-step deposited films. SIMSPUD simulates the generation ana transport of sputtered
flux and SIMBAD simulates the film growth rrocess. The detaiis of these two packages
are described in Section 4.1 and 4.2, The extraction of the parameters required for the
<imulations is explained in Section +.3. The discussion on the simulation results from

SIMSPUD and SIMBAD is presented in Sections 4.4 and 4.3.

4.1 Sputter Fiux Simulation

SIMSPUD is a three dimensional Monte Carlo simulation for modelling the
transport of sputtered atoms from a target 10 a substratc. Figure 4.1 is a schematic of
SIMSPUD model. For the tirst phase of the simulation, the emission of a sputtered atom
is generated based on the erosion protile of the target. A high probability of emitting a
<puttered atom is assigned to the heavily eroded regions. The second phase simulates the
interaction beiween the sputtered atoms and the sputtering gas. Many collisions occur
between the sputtered atoms and the sputtering gas before the atoms arrive on the
wubstrate. altering the paths and trajectories ot the atoms. The collision cross-section
petween the sputtered atom and the sputterig gas is an input to the simulation for proper
modeliing of the collision process. Finally. the impact trajectory of each simulated atom
is collected tor senerating the angular distribution of the sputtered flux and the relative
thickne s protile of the sputtered (ilm. The extraction of target erosion profile and

collinton Cross-section s descrthed i Secnon 33 1and 4.3.2.

05
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/ Target '

emission

collision 1

collision 2

Substrate plane

Ficure 4.1 SIMSPUD ~nmulauon sequence for sputiered tlux vapour transpost {521,
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4.2 Film Growth Simulation

SIMBAD simulates the film growth process by two stages. The first stage
determines the impact site of the material.  Two-dimensional hard discs are launched
above the substrate plane, representing a large collection of sputtered atoms with similar
trajectories.  The discs follow a straight line trajectory until hitting the substrate or a
previously deposited disc (film surface). The trajectories of the discs are based on the
angular distribution determined by SIMSPUD. During the second stage, the resting sites

for the discs are computed based on the minimization of surface potential. The SIMBAD

simulation sequence is illustrated in Figure 4.2.

Launching of hard disc

Searching for resting site

TN
4 4
) {
"‘ o - “\,/*\_/“ N
! ' k { I ,']
- ~ o T~ ' N TN ‘*,_,,"\_/P‘L\_,,"\
x ! | . \ ; i

Ficure 4.2 Film crow process simulated by SIMBAD [32].
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The surface potential of a two dimensional surface can be expressed as [67]:

y

:‘{Q “+.D

H=Ug+
where g is the chemical potential of a flat surface: v is the surface tension: R is the radius
of curvature; and € is the atomic volume. Since Wy, ¥, and €2 are fixed for a given
material, the term I/R is the only var:able left to minimize. In SIMSPUD. R is defined as
ds/doe where da is the change in surface normal and ds is the displacement along the
surface. The search for minimum surface potential is confined within the surface

diffusion length specified by the user.

As noted earlicr, the surface diffusion length is a strong function of the substrate

temperature and can be expressed as [S3]:
L=,Dytexp(—Q, / 2kyT) (4.2)

where Dy is the surface diffusion constant; T is the average length of time an adatom
remains mobile on the film surface: Q; is the activation energy for surfuce diffusion; Ky is
the Boltzmann constant; and T is the substrate temperature. Although the expression for
L is known, the factors \[l—)—(—; and Q, are not well defined. \/rl-)(,—r Is a strong function of
deposition and surface conditions and is very difficult to measure and quantify. Q. has
been reported with different values [68, 69]. Therefore, the surface diffusion leagths for
the three sets of I-step deposited films are evaluated by matching simulation and
experimental resulfts. The details of determining the surface diffusion lengths are

discussed in Section 4.5.
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4.3 Extraction of Simulation Parameters

The majority of the simulation parameters were collected from the literature.
Several parameters are strongly related to the sputtering system and experimental setup
and have to be provided to calibrate the package to individual systems. Those parameters
are the target erosion profile of the sputtering target, the collision cross-section between
the sputtered atoms and sputtering gas, and the sticking coefficient of the sputtered

material on the substrate.

4.3.1 Target Erosion Profile

The target erosion profile depends strongly on the geometry and the magnetic
field strength of the magnetron. The magnetic field confines the plasma and leads to
uneven erosion across the target. To accurately compute the emission distribution of

sputtered aioms, an erosion profile must be measured and input to SIMSPUD for the

system under simulation.

The target erosion profile used in the experiments was measured by a profiler
which is a comb with an array of retractable pins. The profiler was pushed against the
target and the retractable pins repositioned themselves to conform with the contour of the
target. The erosion profile was obtained by measuring the retraction of each pin. A new
2-inch target was sputtered for more than 10 hours before measurement of the erosion

profile to ensure a representative erosion on the target. The measured profile is shown in

Figure <.3.
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Figure 4.3 Erosion profile of the 2-inch aluminum target

4.3.2 Collision Cross-section

Another important parameter for SIMSPUD is the collision cross-section of the
sputtered atoms with the sputtering gas. In the simulation, the amount of interaction
between the sputtered atoms and the sputtering gas is determined by the collision cross-
section input by the user. This cross-section varies greatly with the atom’s energy. In
SIMSPUD, the cross-section (o) is empirically fitted to the energy dependence of the
cross-section reported by Robinson{70]. For the empirical fitting, only two parameters

are required to characterize the energy dependence. They uare the cross-section (Gy) of
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thermalized metal atoms with energy (E) below | eV and the coefficient (co) for the

fitting equation (see Eq. 4.3) for energetic atoms with energy above 1 eV.

o(E) = &, E < leV (4.3a)
o(E) = 6, E"?, E2 leV (where E is ineV) (4.3b)

To calibrate the cross-section, the simulated angular distribution was compared
with the distribution obtained by a pinhole experiment. The calibration was previously

carried out by Dew et al. [52]. The values for aluminum are 6o = 45 A% and 6, = 60 A>.

4.3.3 Sticking Coefficient

If the sticking coefficient is less than unity, some of the deposited atoms will
reflect from the original impact site and redeposit elsewhere. Since this redistribution
will affect coverage profiles, it is important to have a knowledge of the sticking
coefficient for film growth simulations. To verify that the sticking coefficient of
aluminum on the substrate is unity, the overhang experiment for measuring film stress
was utilized. With the underside of the overhang facing away from the deposition source,
any film accumulated on that side will be an indication of a non-unity sticking coefficient

(or significant resputtering).

Figure 4.4 is a high magnification SEM shot of the overhang shown in Figure 3.9b
and clearly indicates that no significant amount of material was redeposited on the
underside of the overhang. To establish a lower limit of the sticking coefficient due to

finite SEM resolution, Figure 4.4 was compared with a set of SIMBAD simulations for



sticking coetficients ranging tfrom 0.9 to 1. Those simulations are shown in Figure 4.5,
By comparison with Figure 4.4, the sticking coefficient of the sputtered aluminum is
assumed to be greater than 0.99. Therefore, a unity sticking coefficient was used in the

simulations for the |-step deposited films.

Figure 4.4 High magnification SEM micrograph of the overhang.
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(a) (b)

R e e 4

() (d)
Figure 4.3 SIMBAD simulation of aluminum sputtered on the overhang with sticking
coefticients of ) 10O, b) 0,99, ¢) 0.95. and d) 0.90.
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4.4 Angular Distribution

The determination of the angular distribution by SIMSPUD is a statistical process
in which the accuracy improves as more particles are simulated. Figure 4.6a is the
angular distribution from a simulation of 100,000 particles transported from the target to
the substrate plane. The distribution curve is noisy due to the large uncertainties of the
data. To reduce the uncertainties, the number of simulation particles must be increased.
Since the uncertainty is inversely proportional to the square root of the number of
particles, the number of particles must be increased by 100 to lower the uncertainty by a
factor of ten. A typica! simulation time with 100,000 particles on a Sparc !+ workstation
is about 3 hours. As the simulation time increases linearly with the number of simulation
particles, a 10,000,000 particle simulation is expected to take 300 hours or 12.5 days.
The long run time is impractical and the program may abort at the middle of the
simulation if the computer is interrupted by unexpected events. The alternative is

breaking the large simulation into many small simulations and averaging the results.

Three hundred 100,000-particle simulations were run concurrently over 30
Sparcl+ workstations for a 24 hour period. The angular distribution from each
simulation was averaged to get the final angular distribution. Each final data point is the
average of the corresponding data point over the three hundred simulations and the

uncertainty is the root-mean-square of the uncertainties of the simulations divided by the
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square root of the number of simulations. These two relationships are shown

mathematically below:

XX,

[
— 2o}
1 i
2o; ~IN__ (+.5)

°TN JN

N
where X is the average value of the data points, x;; 6 is the uncertainty and N is the

(4.9

z|—

num. .f simulations. The‘ final angular distribution calculated by averaging over three
hundred 100,000-particles simulations is shown in Figure 4.6b. The curve in Figure 4.6b
1s much smoother and symmetrical compared to the curve produced by the 100,000
simulation, and with smaller uncertainties as expected. The angular distribution of Figure

4.6b was used for the film growth simulations in Section 4.5.

The issue of flux acceptance angle is revisited here. The amount of {lux deposited
at a point can be estimated by integrating the flux angular distribution over the flux

acceptance angle. This is shown mathematically in Equation 4.6a:

n=Jd0)do (4.01)
0

where ®(0) is the angular distribution of sputtered flux and 6, is the tlux acceptance

angle. For a discrete distrioution, such as the one in Figure 4.6b, the integration operator

is replaced by a summation operator and Eq <4.6a becomes:

n=<d, (4.6b)

B,
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Since the angular distribution is normalized. the value obtained by Equation 4.6 is
the relative tlux acceptance for which a unity value represents no obstruction for the
sputtered tlux. The relative tlux acceptance at the lower corner and the centre of a trench
is plotted in Figure 4.7. For wide trenches. the tlux acceptance is almost unity at the
centre. but is only 50 ¢+ at the corner. The lower tlux acceptance at the corner is due to

the shadowing effect of the side-wall which blocks off half of the incoming tlux: thus, the

flux acceptance at the corner is limited to 50 %.
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Fisure 4.7 The relative (lux acceptance at the lower corner and at the centre of a [-um

Jdeep trench veo rench wadth.
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The values of relative flux acceptance for | pm wide trenches are very different
from the bottom and step coverages measured in Chapter 3 because the flux acceptance
does not take into account the self-shadowing effect in the low tcmperature deposited
film and the high adatom mobhility for the hot aluminum film. A film growth simulator,
such as SIMBAD, 1s required for a more precise nicasure of the cticctiveness tor
providing coverage over topography by a flux distribution. However, a qualitatioe

estimate of coverage is provided by the tlux acceptance.

4.5 1-step Deposited Film Simulation

The surface diffusion length is the critical parameter for simulating films
deposited at various substrate temperatures. A scries of simulations with differe:
diffusion lengths were compared with the [-step deposited films 10 determine the
diffusion length for each temperature. The three best matched simufations are shown i
Figure 4.8. The diffusion lengths used in these simulations are 0.6 pum, 0.1 um, and 0.0

um tor 350 °C, 300 °C. and RT films and are plotted in Figuere 4.9.

The simulations depict most of the features of the two high temperature films, but
were unable to accurately reproduce the profile .+ the RT filmi. The tapered q
100 percent coverages are clearly shown on the S50 “C film simulation: the reciangular
film profil= is reproduced on the 300 “C film simulation. However, SIMBAID was unable

to depict the distinct overhang of aluminum film on the edge ot the oxide step. The
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(a)

th)

Figure 4.8 SIMBAD depictions of alununum films deposited at yRT, by 300 "C.und ¢)
550 °C.
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failure of simuizring the RT film could be caused by factors not currently considered by

SIMBAD.

Ore possible cause of the lack of agreement at RT is the asymmetric ditfusion
length of adatoms due to the high impact energy. When a sputtered atom impacts on a
sloped surface on the edge of oxide step, the adatom may skip forward before finally
bonding on thc substrate. This skipping action effectively increases the surtace diffusion
length in the forward direction and reduces the surtace diffusion length in the backward
direction. Consequently, morc material would deposited over the oxide cdge and an
overhang feature would be formed. This process has little effect on film simulations at

high temperatures due to the relatively long surface diffusion length.

As discussed in section 4.2, the surface diffusion length of adatoms is related to
the substrate temperature by Equation 4.2, The parameters JD,T and Q. in the surface
diffusion length equation were calculated from the diffusion length obtained from film

simulations by the following two equations.

/
L,
Q\_—[l lJlnLLlj (4.7)

“P kT, | 2kT,

L, -L,
JDyt= — (4.8)
XD{—Q\. J_CXP( Q. ]

where L is the surface diffusion length with subscripts | and 2 denoting two different
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substrate temperatures. L. values obtained from the 550 °C and 300 °C simulations were
used for caleulating /Dt and Q.. L from the RT film simulation was ignored in the
calculation because the actual surface temperature of the RT film during deposition was
unknown. \/—13:; and Q. found to be 36 um and 0.58 eV, respectively. The value of Qs is
comparable with 0.4 eV reported by Neumann and Hirschwald [68] and 0.45 eV reported
by Cale [69]. However, the valuc of \/I—)_E is highly dependent on deposition conditions
and the surface conditions o_t' substrates. Therefore. no attempts were made to compare

the calculated /DT with values reported by others.

After obtaining the values of \/D,T and Q. the diffusion length of films deposited
at other temperatures can be obtained and are plotted on Figure 4.9 along with L values
obtained from simulations. The fitted curve falls away from the data point obtained from
RT films. This discrepancy is due to the small number of data points for determining
\/5; and Q. and the unknown substrate temperature on the RT films. Although the
fitting curve and RT data do not agree. diffusion lengths obtained from interpolating the
two high temperature diffusion lengths by the fitting curve should be valid. Simulations
of films deposited at other high temperatures are possible once the behaviour of L is

determined.

In summary. SIMBAD successfully depicted the profiles of the two high
temperature sputtered films. but was unable to simulate the overhang feature on the RT
films. Not accounting for a biased diffusion length in the direction of an incoming

energetic adatom nay be the cause of the failure on the RT film simulations. Further
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modifications to the code to include the eftect of a biased diffuston length may remedy

this problem.



Chapter 5§ : Conclusion

Aluminum films were sputtered onto heated substrates by 1-step and 3-step
processes. The films were characterized by their grain sizes, crystal orientations, stresses
t coverage over topography.  Also. the rilms were simulated using the SIMBAD and

SIMSPUD models.

From the I-step process. larger grain, improved coverage, and strong <l11>
crystal orientation films were found when substrates were heated. Film stresses were
very low for the aluminum films. but the low sensitivity of the overhang structure
hindered the detection of film stresses lovs than 13 MPa. For turther experimenis, longer

and thinner overhang structures should be used to enhance the sensitivity of stress

measurements.

For both I-step and 3-step deposited films, the coverages on vias were not as good
1s on trenches because of the shadowing effect from the third dimension. Problems
associated with irregular wetting were most noticeable on the 1-step films. In contrast,
the 3-step process filled a few vias. but was not consistent over a die. Outgassing during
deposition is believed to be the cause of the greater film roughness and the inconsistency
in the 3-step process. However, the fact that a few vias were tilled successfully suggests
that the 3-step process may have a betier potential for depositing hot aluminum.

SIMBAD successtully predicted film protiles for the two high wmperature l-step

films, 1 depicted the doninant features of those tilms. such as the tapered side-walls on

the 550 °C films and the rectangular trench on the 300 °C films. This is the first direct

S4
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evidence verifying SIMBAD predictions of high temperature sputtering. However,
SIMBAD was unable to precisely predict the film protile on RT films. A possible cause
of the disagreement between SIMBAD and the RT films is a directionally biased surface
diffusion length in the direction of the incident adatom’s velocity. This biased diftusion
length would not atfect high temperature deposited films because the temperature
activated disfusion length is much greater than the bias ditfusion length shift. A model

for the biased diffusion length is currently under development.

From comparison of simulation and experiment. the two parameters, /'_);‘[ and
activation energy, Qi, for surface diffusion were determined and found to be 38 pm and
0.59 eV, respectively. Although the experimental data is Jimited and the substrate
temperatures on RT film were uncertain, the inferred activation energy is comparable

with values reported by others.

If work were to continue, it is recommended that better substrate temperature
monitoring be emploved. such as embedding a thermistor on the substrate for in situ
temperature measurement.  Also. films should be deposited at o wider range of
temperatures to enrich experimental results and improve the accuracy of the

determination of the surface ditfusion length.
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