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This article presents the use of molecular dynamics~MD! simulation to investigate the influence of
process parameters on sputter trench-filling morphologies in the damascene process. We focus not
only upon the mechanisms of trench-filling formation, but also upon the coverage percentage at
various transient states during the deposition process. The MD simulation includes a
three-dimensional trench model and a deposition model, and uses the many-body, tight-binding
potential method to represent the interatomic force acting between atoms. The results of the study
indicate that an ideal trench-filling morphology, i.e., one in which the trench is completely filled,
with no trapped voids, is most likely to occur as the incident energy of the deposited atom increases,
and for higher substrate temperatures. It is found that the principal influence of an increased incident
energy is to improve the migration ability of deposited atoms, particularly along the two sidewalls
of the trench. This is beneficial since it alleviates the self-shadowing effect, thereby improving
coverage of the trench bottom by deposited atoms, particularly in the corners. An increased substrate
temperature is influential in improving the fluidity of the atoms deposited within the trench. This
promotes the filling of the voids which tend to form at the intermediate stage of the deposition
process. Finally, it is found that of the two process parameters investigated in this study, the filling
pattern of the trench is most strongly influenced by the incident energy of the deposited atoms.
© 2002 American Vacuum Society.@DOI: 10.1116/1.1477423#
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I. INTRODUCTION

As device density increases,1 the challenges faced in th
manufacturing of multiple-layer interconnects, such as v
contacts, and trenches also greatly increase. These challe
include developing alternative metallization materials wh
can provide lower resistivity2 and higher electromigration
resistance.3 A further challenge is to then modify the existin
deposition processes as necessary in order to incorpo
these new materials.4 The most recently developed copp
metallization process is known as the damascene proce2,3

and is a way of improving the performance of devices wh
dimensions are measured on a submicrometer scale. Se
methods have been developed to fill high aspect r
trenches or holes, including collimated magnetron spu
deposition,5–8 and chemical vapor deposition.9 However, it is
found that as the trench depth increases, the self-shado
effect caused by the growth of clusters at the trench open
leads to poor coverage by the deposited atoms, and ten
trap voids within the trench.1 Since these defects signifi
cantly affect the reliability of the device, it is important t
develop a thorough understanding of the void format
mechanism, and its relationship with the process parame
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in order that it is possible to improve the manufacturing p
cess in such a way as to produce void free trenches.

Due to the very small scale of the devices involved, it
not easy to observe the trench-filling morphology at a tr
sient state, and therefore physical experimentation is not
ally very beneficial in developing a deep insight into t
trench-filling mechanisms. Accordingly, several numeric
methods have been developed as aids to understandin
growth mechanisms of deposited films, including continuu
based methods such as the shock tracking algorithm,5,10finite
element methods,11 and particle-based methods, e.g., t
Monte Carlo method12,13 and molecular dynamics~MD!
simulation. The latter method describes the atomic motion
constituent particles, which satisfy the laws of classic m
chanics at the atomic scale.14 The superiority of the MD
approach becomes apparent as the characteristic size o
system decreases. An analysis of existing literature rev
that most studies to date have used the first three meth
referenced herein, and that MD simulations of the tren
filling process are comparatively scarce. However, as f
tures continue to decrease in size, there is undoubted
requirement for atomic simulation of the trench-filling pr
cess if a deeper insight into film growth mechanisms is to
acquired. Furthermore, the requirement to speed up the d
sition process development15 demands simulation model
which are able to reflect the physical process accurately.
example of MD simulation used as part of a trench-fillin
process investigation was the work carried out by Sa

il:
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et al.,16 in which the reflow process for sputtered aluminu
films was analyzed. The pairwise, Morse and Lennard–Jo
potentials method was employed to simulate the ato
forces between the aluminum film and the silicon substr
In their work, it was found that droplet formation is strong
dependent upon the initial film-thickness distribution, t
film temperature, and the bond energy between the film
the substrate. In their analysis, distribution of the sputte
aluminum was assumed to have been completed before
reflow process was initiated, even though this is not truly
case in the physical process.

Fairly recently, the many-body, tight-binding potenti
method has been developed, which addresses the long-r
force existing among atoms.17,18 In this method, the interac
tion between any pair of atoms is assumed to depend u
the local environment surrounding the atoms, as well as
upon the two atoms themselves, as in the pair-wise pote
method. This method offers the advantages that the Cau
discrepancy of the elastic constant is well satisfied, and
the surface relaxation, adatom diffusion can be appropria
modeled.19,20–22The validity of the method as compared
other many body potential models such as the embed
atom method~EAM! has been well proven, and in som
cases it has been shown that its prediction of material p
erties is actually better than other non-pair-wise poten
methods.17 An additional advantage of this method is that
calculation methodology is straightforward.

The main objective of this study is to employ MD sim
lation to investigate the influence of process parameters
the sputter trench-filling morphology. A three-dimension
model of the trench is established, which comprises a Ti fi
and a thermal control layer. A model which governs t
deposition of the Cu atoms is also created. The tight-bind
potential method is used to simulate the interatomic for
which exist between the atoms. The trench-filling formati
mechanisms and coverage percentage at various tran
states during the deposition process are studied, and a
sessment is made of the influence of incident energy
substrate temperature upon the coverage of the trench b
deposited atoms.

II. SIMULATION MODEL

A schematic diagram of the trench which is to be filled v
the Damascene process is presented in Fig. 1~a!, while Fig.
1~b! shows the simplified trench-filling model which is in
corporated into the MD simulation. As can be seen in F
1~b!, the surface of the trench is uniformly covered by a
film. In this study, an assumption is made that deposition
the copper atoms does not commence until this barrier film
in place. In this way, the behavior of low-k dielectric mate-
rial within the trench material may be neglected without
fecting the validity of the simulation results. This is becau
the thickness of the Ti film is greater than the truncat
distance of the interaction between the low-k material and
the deposited atoms, i.e., the Ti film acts as a barrier wh
prevents the low-k material from influencing the motion o
the deposited Cu atoms.
JVST B - Microelectronics and Nanometer Structures
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The layers below the Ti film, which are indicated as gr
dots in Fig. 1~b!, are used to control the thermal state of t
Ti film, and will henceforth be referred to as the therm
layer. The scaling method is used to maintain the therm
layer at a constant temperature. Therefore, the lowest la
of the Ti film is also close to a constant temperature. T
function of the thermal layer is to model the introduction
thermal energy into the trench. The velocities of the atoms
thermal layers over the fixed layer are in the Maxwel
Boltzmann’s distribution, which is rescaled at each time s
according to the prescribed substrate temperature in
simulation. The rescaling method is used to model the ene
transformation~adsorption! from the top layers to bottom
layers of the trench in the deposition process. In later s
tions of this article, the words ‘‘substrate temperature’’ a
used to refer to the state of the thermal layer when mode
the thermal layers maintain at a steady state.

Both the Ti film and the thermal layer are arranged a
cording to their hexagonal-close-packed structure. T
trench model, composed of the Ti film and the thermal lay
comprises 2770 atoms, and represents an equal aspect
trench with both its depth and its width equal to 2.5 nm. T
lowest layer is fixed to prevent the trench atoms from sh
ing, and periodic boundary conditions are applied in thex
andy directions.

In the sputter deposition process, the copper atoms, w
are to be used to fill the trench, are generated by bombar
a copper target with ions. The ion bombardment increa

FIG. 1. ~a! Schematic diagram of damascene process and~b! simplified
model used in MD simulation.
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948 Ju et al. : Molecular dynamics simulation of sputter trench-filling morphology 948
the kinetic energy of the copper atoms causing them to
sputtered from the target. They are then deposited on
substrate. The current simulation does not attempt to pro
a detailed representation of the atom sputtering process
instead uses a spatial distribution of the incident atoms
represent the actual distribution of sputtered atoms. The
tial velocity of each incident atom is assumed to be the sa
and is calculated according to the specified incident ene
as follows:

Vatom5A2•Eatom

M
, ~1!

where Eatom represents the incident energy andM is the
atomic mass.

During the conventional sputter deposition process, bo
bardment of the target with Ar atoms results in incident
oms which have a wide angle of distribution. Although th
situation is suitable for deposition processes on flat surfa
it is less practical for the damascene process since it will t
to cause a significant shadowing effect, resulting in
trench-filling pattern shown in Fig. 2. Therefore, it is a
sumed that the incident angle is well controlled within t
deposition process. In the current simulation, the incid
atom angles are generated by a random function and
constrained such that they fall within a range25° to 15°.
This range takes the verticalz axis as its zero-angle refer
ence, and is also known as the cutoff angle.5 In practice, the
angular distribution is controllable in several deposition p
cesses, including collimated magnetron sputter deposit
and ionized magnetron sputter deposition. The current si
lation uses two sets of random distribution functions to g
erate the incident angle, and the incident position of the
posited atoms, respectively. It is known that atoms rar

FIG. 2. Schematic diagram of self-shadowing effect in damascene proc

TABLE I. Parameters used in tight-binding potential.

Parameters A(eV) j ~eV! P Q r0 (Å)

Cu–Cu 0.0855 1.224 10.960 2.278 2.55
Ti–Ti 0.0741 1.4163 11.418 1.643 2.492
J. Vac. Sci. Technol. B, Vol. 20, No. 3, May ÕJun 2002
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interact with each other before reaching the substrate du
the distribution of atoms in a vacuum, and therefore in
simulation, the distance between two subsequently depos
atoms is set to be larger than their truncated distance. In
action between the incident atoms and the trench atoms c
mences when their proximity is less than their truncat
distance. These atomic interactions include Cu–Ti, Cu–
and also Ti–Ti. The motion trajectories of the deposited
oms, and of the trench atoms, are governed by their eq
tions of motion. Usually, the interatomic force which ac
between atoms is represented by a potential function, e
Eq. ~2!, below. The interaction force on a particular atom,i ,
is obtained by taking the first negative derivation of the p
tential function, as shown in Eq.~3!.

In this simulation, the many-body potential of the tigh
binding second-moment approximation~TB-SMA! model is
employed to simulate the interatomic force among atom
The main difference between the TB potential model a
pair-wise potential models is that it considers the interact
between two atoms to depend on their local environment
well as upon the two atoms themselves. It has been fo
that the prediction of some material properties when us
the TB-SMA method is more accurate than when the EA
method is employed. Moreover, the computing algorithm
the TB-SMA method is more straightforward than that of t
EAM method. This model commences by summing the ba
energy, which is characterized by the second moment of
d-band density of state, and a pair-wise potential energy
the Born–Mayer type.18

Ei52H(
j

j2 expF22qS r i j

r 0
21D G J 1/2

1(
j

A expF2pS r i j

r 0
21D G , ~2!

wherej is an effective hopping integral,r i j is the distance
between atomi and j , and r o is the first-neighbor distance
The parametersA, p, q, andj are determined by experimen
tal measurement of the following material properties; co
sive energy, lattice parameter, bulk modulus, and shear e
tic constants. The parameters of tight-binding poten
corresponding to Cu–Cu and Ti–Ti which are used in
current simulation, are listed in Table I.17 However, to the
best of the authors’ current knowledge, the parameters
scribing the interatomic potential of Cu–Ti have never be
published. Rather than resorting to a rigorous mathemat
method, or to theory, to determine the value of these par
eters, a simpler method may be adopted in which an ave
is taken of the corresponding parameters for the pure ato
potential of Cu–Cu and Ti–Ti.

The interaction force on atomi can be expressed as

F̄ i5(
j Þ i

S ]Ei

]r i j
1

]Ej

]r i j
D r̄ i j

r i j
. ~3!

Finally, a complete derivation of the equations of motion

s.
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FIG. 3. Snapshots of trench-filling morphology at incident energy of 1 eV, substrate temperature of 300 K:~a! 100 ps,~b! 250 ps,~c! 400 ps, and~d! 450 ps.
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the atoms, i.e., their trajectories of motion, can be obtai
by substituting this force term into the right-hand side of t
motion equation given as

mi v̇ i5F̄ i . ~4!

The initial velocity of the incident atoms is determine
from Eq. ~1!. Before the deposition process begins, t
trench atom velocities must attain a state of thermal equ
rium ~i.e., a constant temperature!, at which point their ve-
locities conform to a Maxwell–Boltzmann distribution. Th
Gear’s predictor-corrector algorithm23 is used to calculate the
trajectories of both the Cu and the Ti atoms in the simulati
JVST B - Microelectronics and Nanometer Structures
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III. RESULTS AND DISCUSSION

In this study the trench-filling morphology is investigate
for different incident energies and for different substrate te
peratures.

A. Effect of the incident energy

In order to investigate the influence of incident energy,
filling morphology is observed for three different values
incident energy, namely 1, 5, and 10 eV, while maintainin
constant substrate temperature of 300 K in each case. Fig
3~a! to 3~d! show four snapshots of the trench filling proce
for a low incident energy of 1 eV. Observation of the mo
phology within the trench showed that there was little var
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FIG. 4. Snapshots of trench-filling morphology at incident energy of 5 eV, substrate temperature of 300 K:~a! 150 ps,~b! 300 ps,~c! 350 ps, and~d! 400 ps.
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tion in the morphology in thex direction, and therefore in the
discussions which follow, the morphological result is rep
sented by a typical two-dimensional cross section in thex–y
plane rather than by a three-dimensional cross section.
ures 3~a! to 3~c! indicate that the deposited atoms form ove
hanging clusters at the trench opening. These clusters g
as the deposition process continues, and eventually join
shown in Fig. 3~d!, thus preventing subsequently deposit
atoms from entering the trench. As a result of the se
shadowing effect,24 caused by the cluster formations, it wi
be observed that the bottom corners of the trench are sca
covered at all by the incident atoms.

Figures 4~a! to 4~c! show the trench-filling sequence fo
an incident energy of 5 eV. Although the results are broa
similar to the previous case, e.g., an overhanging structu
J. Vac. Sci. Technol. B, Vol. 20, No. 3, May ÕJun 2002
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again formed at the trench opening, there is one differe
which will be noted when comparing Figs. 4~a! and 4~b! with
the results shown in Figs. 3~a!–3~c!, namely that the cover-
age of the two bottom corners of the trench is much be
when the incident energy is higher. This may be explained
the fact that a higher incident energy promotes the ability
deposited atoms to migrate along the two sidewalls of
trench towards its bottom corners. The detailed mechan
may be explained as follows: During the migration proce
the initial kinetic energy of an incident atom gradually d
minishes as a result of a series of collisions with the subst
atoms. An individual incident atom will continue to migra
until its kinetic energy is insufficient to overcome the pote
tial energy barrier imposed by the substrate. Since the in
kinetic energy of an incident atom is dependent upon



951 Ju et al. : Molecular dynamics simulation of sputter trench-filling morphology 951
FIG. 5. Snapshots of trench-filling morphology at incident energy of 10 eV, substrate temperature of 300 K:~a! 150 ps,~b! 250 ps,~c! 300 ps, and~d! 380 ps.
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incident energy, it will be clear that atoms which impact w
a higher incident energy possess a greater migration ab
than low incident energy atoms, and will therefore be able
migrate a longer distance along the two sidewalls towa
the bottom corners of the trench. As may be seen in Fig. 4~d!
a trapped void is finally formed in the center of the trenc
although it will be noted that its size is smaller than the vo
shown in Fig. 3~d!, for which the incident energy is 1 eV. I
is interesting to note that in the case of a higher incid
energy, there is a significant movement of the deposited
oms after the two overhanging clusters join at the tren
opening, as witnessed in Figs. 4~c! and 4~d!. Although Figs.
3~c! and 3~d! also demonstrate some movement of the dep
ited atoms after the overhanging clusters join, this movem
is only limited compared to the higher incident energy
sults, and therefore subsequently deposited atoms are
JVST B - Microelectronics and Nanometer Structures
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particularly beneficial in decreasing the size of the vo
within the trench.

Figures 5~a! to 5~d! present four snapshots of the tren
filling process for an incident energy of 10 eV. As may
seen in Fig. 5~d!, this level of incident energy results in a
ideal morphology, i.e., a complete filling of the trench wi
no trapped voids. The absence of a void within the tren
may be explained by the fact that the elevated incident
ergy results in a significant increase in the migration abi
of deposited atoms along the sidewalls of the trench. Co
pared to the results presented in Figs. 3~a! and 3~b!, and in
Figs. 4~a! and 4~b!, the size of the overhanging clusters at t
trench opening is much smaller when the incident energ
10 eV. This reduces the self-shadowing effect, and is the
fore beneficial to an ideal filling of the trench. Furthermo
it will be noted that the trench-filling characteristic with a
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FIG. 6. Snapshots of trench-filling morphology at incident energy of 5 eV, substrate temperature of 500 K:~a! 250 ps,~b! 300 ps,~c! 350 ps, and~d! 400 ps.
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incident energy of 10 eV is different than when lower inc
dent energies of 1 or 5 eV are used, namely that in the c
of a higher incident energy the deposited atoms tend to
cumulate at the bottom of the trench, rather than along
sidewalls, i.e., the trench fills progressively from the botto
towards the top.

B. Effect of substrate temperature

In order to investigate the influence of substrate tempe
ture upon the deposition process, the incident energy
maintained at 5 eV, and the filling morphology was simula
for two different substrate temperatures, i.e., 500 and 1
K. The results are presented in Figs. 6 and 7, respectiv
and may be compared to the nominal case of a subs
temperature of 300 K with an incident energy of 5 eV p
sented in Fig. 4. A comparison of Figs. 6~d! and 4~d! indi-
J. Vac. Sci. Technol. B, Vol. 20, No. 3, May ÕJun 2002
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cates that a higher substrate temperature tends to reduc
size of the trapped void within the trench. Furthermore
will be noted that there is a change in the shape of
trapped void, i.e., the left-hand side of the void which
trapped at a lower substrate temperature becomes fille
the temperature of the substrate is increased, so that only
right-hand side of the original void remains. A careful obs
vation of Figs. 6~a!–6~c! shows that an increase in substra
temperature causes a ‘‘flow’’ of the atoms accumulated alo
the left-hand sidewall toward the bottom of the trenc
thereby filling the left-hand side of the original void. In oth
words, it would appear that an increase in substrate temp
ture enhances the fluidity of the deposited atoms within
trench. This assertion is borne out by a comparison of
morphology presented in Figs. 6~b! and 4~b!. These two re-
sults show the morphology at the same time instant



953 Ju et al. : Molecular dynamics simulation of sputter trench-filling morphology 953
FIG. 7. Snapshots of trench-filling morphology at incident energy of 5 eV, substrate temperature of 1000 K:~a! 260 ps,~b! 270 ps,~c! 280 ps, and~d! 290 ps.
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therefore any difference in morphology is due mainly to t
effect of substrate temperature difference. In Fig. 6~b!, it will
be seen that the two clusters almost touch, whereas in
4~b! there is a significant gap between the two atom clust

It will be seen in Fig. 7~b! that a void is initially formed
within the trench during the deposition process, but that
void is completely filled as deposition continues, as shown
Fig. 7~d!. As has been mentioned previously, the elevation
substrate temperature enhances the fluidity of the depo
atoms, which tends to result in an ideal trench morpholo

C. Filling pattern comparison for elevation of incident
energy and substrate temperature

In order to better understand the relative influence of
creasing incident energy and increasing substrate temp
JVST B - Microelectronics and Nanometer Structures
ig.
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ture on the trench-filling mechanism, a comparison is ma
between the improvement in morphology observed as e
of these parameters is increased. It is noted that increa
the incident energy significantly affects the filling patter
within the trench. For a lower incident energy, it is found th
a void is trapped within the trench, while a higher incide
energy results in an ideal filling of the trench, i.e., with n
void formation. However, an increase in substrate tempe
ture does not change the filling pattern; it merely enhan
the fluidity of the deposited atoms during the trench-fillin
process. As can be seen in Figs. 6 and 7, which show
trench-filling process for substrate temperatures of 500
1000 K, respectively, voids are formed in both depositi
processes. The different influence on filling patterns is
chief difference noted between increasing incident ene
and increasing substrate temperature.
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D. Evaluation the influence of incident energy and
substrate temperature on the filling morphology

Figures 8 and 9 show the relationship between the co
age percentage and the process parameters of incident e
and substrate temperature. A comparison between Figs. 8
9 demonstrates the different influence of each paramete
the trench coverage. For the chosen substrate temperatu
300 K, it can be seen that the coverage percentage init
increases rapidly as the incident energy is increased. H
ever, when the incident energy is greater than 7 eV, the
of increase in coverage percentage reduces. Therefore,
ing the tuning process it should be noted that a linear
crease in incident energy does not necessarily result
linear improvement of the trench-filling morphology.

FIG. 8. Coverage percentage at different incident energies.

FIG. 9. Coverage percentage at different substrate temperatures.
J. Vac. Sci. Technol. B, Vol. 20, No. 3, May ÕJun 2002
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The influence of substrate temperature on the cover
percentage is presented in Fig. 9. In order to investigate
improvement in coverage which is obtained as the subst
temperature is increased, two nominal cases are chose
reference purposes. As may be seen in Fig. 9, the incid
energy is 1 eV for one of these nominal cases, and is 5 eV
the other. As has been noted previously, the poor trench c
erage which is obtained with an incident energy of 5 eV a
a substrate temperature of 300 K can be improved to an i
filling state by increasing the temperature to 1000 K. Ho
ever, for an incident energy of 1 eV, it can be seen that e
though there is a significant improvement in coverage as
substrate temperature is increased to 1000 K, the final re
is still not one of ideal filling. It is interesting to note that th
magnitude of the improvement in coverage percentage
tained as the substrate temperature is increased depends
its initial state, i.e., applying a substrate temperature ele
tion of 700 K~i.e., 300 to 1000 K! has a much more dramati
impact upon the coverage percentage for an incident en
of 1 eV than in the case where the incident energy is 5 e

Although higher values of incident energy and higher su
strate temperatures are both beneficial in generating i
trench filling, it is noted that of these two parameters,
effects of incident energy are more significant than incre
ing substrate temperature in promoting an improvemen
the trench coverage.

Figure 10 shows the coverage percentage at various t
sient states of the deposition process for three incid
energy/substrate temperature combinations, i.e., incident
ergy 5 eV and substrate temperature 300 K, incident ener
eV and substrate temperature 1000 K, and incident energ
eV and substrate temperature 300 K. In the discussion wh
follows, these various cases are abbreviated to~5 eV, 300 K!,
~5 eV, 1000 K!, and ~10 eV, 300 K! for the sake of conve-
nience. The results indicate that in all cases the cover
percentage increases as the process proceeds, and th

FIG. 10. Transient coverage percentage for the cases of~5 eV, 300 K!, ~10
eV, 300 K!, and~5 eV, 1000 K!.
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955 Ju et al. : Molecular dynamics simulation of sputter trench-filling morphology 955
coverage percentage finally attains a steady value. Com
ing the transient coverage percentage obtained with~5 eV,
300 K! and~5 eV, 1000 K!, it will be observed that increas
ing the substrate temperature not only improves the cove
percentage, but also increases the rate at which the cove
percentage improves, thereby reducing the time required
the coverage percentage to obtain a steady value. An im
cation of this is that less time is required to complete
trench filling process. The time required for the covera
percentage to obtain a steady value is even less in the ca
~10 eV, 300 K!. An abrupt increase in the coverage perce
age is noted at approximately 350 ps in the case of~5 eV, 300
K!. This is due to the sudden collapse of the two clust
joining caused by the subsequently deposited atoms.

Inspection of Fig. 10 shows that the percentage cover
obtained with~5 eV, 1000 K! is higher than that of~10 eV,
300 K! at any point prior to the steady state values be
attained, and that the time to reach this steady value
shorter for the higher substrate temperature. However, it
also be seen that the final trench coverage percentag
slightly worse in the case of a substrate temperature of 1
K compared to the substrate temperature of 300 K. The
fore, it would appear to be necessary to find a comprom
between trench-filling time and coverage percentage. A
tailed investigation into the optimal process paramet
should be the subject of further investigation, but in t
meanwhile it is suggested that the values of these param
fall somewhere between 5 eV and 10 eV for the incid
energy, and between 300 and 1000 K for the substrate t
perature.

IV. CONCLUSION

In this study, MD simulation has been employed to inve
tigate the influence of process parameters on the tre
filling morphology in the damascene process. This study
the trench-filling process is beneficial in developing an u
derstanding of the dominant mechanisms which occur at
atomic scale. It is possible to summarize the conclusi
which may be drawn from this study as follows:

~1! Increasing the incident energy of the deposited atoms
increasing the substrate temperature, both tend to
mote an ideal trench-filling morphology, i.e., one
which there are no voids trapped within the trench.

~2! The main influence of the increase in incident energy
to increase the migration ability of deposited atoms,
pecially those along the two sidewalls of the trench. F
thermore, increasing the incident energy tends to red
the size of the atom clusters overhanging the tre
opening, thereby reducing the effects of self-shadow
on coverage of the trench bottom.

~3! The increase of substrate temperature primarily impro
the fluidity of the deposited atoms within the trench. Th
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improvement in fluidity enables the deposited atoms
fill the void which forms at the intermediate stage of t
process.

~4! The trench filling patterns are influenced mainly by t
incident energy rather than by the substrate temperat
The filling pattern changes from one of void formation
a lower incident energy to an ideal filling pattern at
higher incident energy.

~5! Of the two parameters investigated in this study, it w
found that the influence of incident energy is much mo
significant than substrate temperature in improving
coverage percentage.

~6! The time required to complete the filling process
greatly reduced if the substrate temperature is increa
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