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This article presents the use of molecular dynari¢B®) 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 SocietyDOI: 10.1116/1.1477423

[. INTRODUCTION in order that it is possible to improve the manufacturing pro-
cess in such a way as to produce void free trenches.

As device density increaseshe challenges faced in the  Due to the very small scale of the devices involved, it is
manufacturing of multiple-layer interconnects, such as viaspot easy to observe the trench-filling morphology at a tran-
contacts, and trenches also greatly increase. These challengsent state, and therefore physical experimentation is not re-
include developing alternative metallization materials whichally very beneficial in developing a deep insight into the
can provide lower resistivifyand higher electromigration trench-filing mechanisms. Accordingly, several numerical
resistancé A further challenge is to then modify the existing methods have been developed as aids to understanding the
deposition processes as necessary in order to incorporaggowth mechanisms of deposited films, including continuum-
these new materiafsThe most recently developed copper based methods such as the shock tracking algorittfinite
metallization process is known as the damascene prédess element methods, and particle-based methods, e.g., the
and is a way of improving the performance of devices whosdonte Carlo methotf** and molecular dynamic$MD)
dimensions are measured on a submicrometer scale. Seveginulation. The latter method describes the atomic motion of
methods have been developed to fill high aspect ratigonstituent particles, which satisfy the laws of classic me-

trenches or holes, including collimated magnetron sputtefhanics at the atomic scafé.The superiority of the MD
depositior?®and chemical vapor depositiStHowever, it is approach becomes apparent as the characteristic size of the

found that as the trench depth increases, the self—shadowir?ﬁStem decreases. An analysis of existing literature reveals
' that most studies to date have used the first three methods

effect caused by the growth of cluster_s atthe trench Oloenlngeferenced herein, and that MD simulations of the trench-
leads to poor coverage by the deposited atoms, and tends

. -y . L ﬁﬂin rocess are comparatively scarce. However, as fea-
trap voids within the trench.Since these defects signifi- gp P y

- T tures continue to decrease in size, there is undoubtedly a
cantly affect the reliability of the device, it is important to

I h h ) ‘ th id f ~~ requirement for atomic simulation of the trench-filling pro-
develop a thorough understanding of the void formationyeqq if 4 deeper insight into film growth mechanisms is to be
mechanism, and its relationship with the process parametergcquired' Furthermore, the requirement to speed up the depo-
sition process developméntdemands simulation models
dAuthor to whom all correspondence should be addressed:; electronic mai{ivhich are able to reflect the physical process accurately One
weng@mail.ncku.edu.tw . . o
bElectronic mail: changjg@mail.ncku.edu.tw example _of MD sw_nulatlon used as part qf a trench-ﬂllm_g
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946 J. Vac. Sci. Technol. B 20 (3), May/Jun 2002  1071-1023/2002/20(3)/946/10/$19.00 = ©2002 American Vacuum Society 946



947 Ju et al.: Molecular dynamics simulation of sputter trench-filling morphology 947

et al,'® in which the reflow process for sputtered aluminum Analyized
films was analyzed. The pairwise, Morse and Lennard—Jone s, PR
potentials method was employed to simulate the atomic 3 )
forces between the aluminum film and the silicon substrate.
In their work, it was found that droplet formation is strongly
dependent upon the initial film-thickness distribution, the
film temperature, and the bond energy between the film anc
the substrate. In their analysis, distribution of the sputtered
aluminum was assumed to have been completed before th s
reflow process was initiated, even though this is not truly the material
case in the physical process.

Fairly recently, the many-body, tight-binding potential
method has been developed, which addresses the long-rang
force existing among atont€:*® In this method, the interac-
tion between any pair of atoms is assumed to depend upol Ti film
the local environment surrounding the atoms, as well as jus
upon the two atoms themselves, as in the pair-wise potentia
method. This method offers the advantages that the Cauch
discrepancy of the elastic constant is well satisfied, and tha
the surface relaxation, adatom diffusion can be appropriately Thermal control &

a

o o O Deposited Cu atoms

[/

- tz)gC?
0050

X
modeled!®?°~22The validity of the method as compared to layer & (X4 N
other many body potential models such as the embedde: 5
atom method(EAM) has been well proven, and in some

Fixed layer

cases it has been shown that its prediction of material prop
erties is actually better than other non-pair-wise potential
methods'’ An additional advantage of this method is that its (b)
CaICU|ati0n- mEthOdeQy s _straightf«_:rward. : Fic. 1. (8 Schematic diagram of damascene process @ndsimplified

The main objective of this study is to employ MD simu- =" & " MD simulation.
lation to investigate the influence of process parameters on
the sputter trench-filing morphology. A three-dimensional
model of the trench is established, which comprises a Ti film The layers below the Ti film, which are indicated as gray
and a thermal control layer. A model which governs thedots in Fig. 1b), are used to control the thermal state of the
deposition of the Cu atoms is also created. The tight-bindindi film, and will henceforth be referred to as the thermal
potential method is used to simulate the interatomic forcedayer. The scaling method is used to maintain the thermal
which exist between the atoms. The trench-filling formationlayer at a constant temperature. Therefore, the lowest layer
mechanisms and coverage percentage at various transiedftthe Ti film is also close to a constant temperature. The
states during the deposition process are studied, and an denction of the thermal layer is to model the introduction of
sessment is made of the influence of incident energy anthermal energy into the trench. The velocities of the atoms in
substrate temperature upon the coverage of the trench by titleermal layers over the fixed layer are in the Maxwell-
deposited atoms. Boltzmann'’s distribution, which is rescaled at each time step
according to the prescribed substrate temperature in the
simulation. The rescaling method is used to model the energy
Il. SIMULATION MODEL transformation(adsorption from the top layers to bottom

A schematic diagram of the trench which is to be filled vialayers of the trench in the deposition process. In later sec-
the Damascene process is presented in Hig, While Fig.  tions of this article, the words “substrate temperature” are
1(b) shows the simplified trench-filling model which is in- used to refer to the state of the thermal layer when modeling
corporated into the MD simulation. As can be seen in Figthe thermal layers maintain at a steady state.
1(b), the surface of the trench is uniformly covered by a Ti  Both the Ti film and the thermal layer are arranged ac-
film. In this study, an assumption is made that deposition otording to their hexagonal-close-packed structure. The
the copper atoms does not commence until this barrier film isrench model, composed of the Ti film and the thermal layer,
in place. In this way, the behavior of lolw-dielectric mate- comprises 2770 atoms, and represents an equal aspect ratio
rial within the trench material may be neglected without af-trench with both its depth and its width equal to 2.5 nm. The
fecting the validity of the simulation results. This is becausedowest layer is fixed to prevent the trench atoms from shift-
the thickness of the Ti film is greater than the truncationing, and periodic boundary conditions are applied in xhe
distance of the interaction between the lewnaterial and andy directions.
the deposited atoms, i.e., the Ti film acts as a barrier which In the sputter deposition process, the copper atoms, which
prevents the lowk material from influencing the motion of are to be used to fill the trench, are generated by bombarding
the deposited Cu atoms. a copper target with ions. The ion bombardment increases
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Incident atom interact with each other before reaching the substrate due to
the distribution of atoms in a vacuum, and therefore in the
simulation, the distance between two subsequently deposited
atoms is set to be larger than their truncated distance. Inter-
action between the incident atoms and the trench atoms com-
mences when their proximity is less than their truncation
distance. These atomic interactions include Cu-Ti, Cu—Cu,
and also Ti—Ti. The motion trajectories of the deposited at-
Shadowing oms, and of the trench atoms, are governed by their equa-
region tions of motion. Usually, the interatomic force which acts

A between atoms is represented by a potential function, e.g.,
Eq. (2), below. The interaction force on a particular atam,
is obtained by taking the first negative derivation of the po-
tential function, as shown in E@3).
In this simulation, the many-body potential of the tight-
ding second-moment approximatiéhiB-SMA) model is
employed to simulate the interatomic force among atoms.

the kinetic energy of the copper atoms causing them to bdN€ main difference between the TB potential model and
sputtered from the target. They are then deposited on thBair-wise potential models is that it considers the interaction
substrate. The current simulation does not attempt to providBetween two atoms to depend on their local environment, as
a detailed representation of the atom sputtering process, b#€ll s upon the two atoms themselves. It has been found

instead uses a spatial distribution of the incident atoms tdhat the prediction of some material properties when using

represent the actual distribution of sputtered atoms. The ini"€ TB-SMA method is more accurate than when the EAM

tial velocity of each incident atom is assumed to be the saméﬂeth‘)d is employed. Moreover, the computing algorithm of
and is calculated according to the specified incident energyn€ TB-SMA method is more straightforward than that of the
as follows: EAM method. This model commences by summing the band

energy, which is characterized by the second moment of the

_[2-Eaom 1 d-band density of state, and a pair-wise potential energy of
atom™— M @ the Born—Mayer typé®

Self-shadowing effect

oL Cluster

Fic. 2. Schematic diagram of self-shadowing effect in damascene proces%_
n

where E o, represents the incident energy aMl is the 112
atomic mass. Ei:_{z gzexp{—Zq(ﬂ—l)“
During the conventional sputter deposition process, bom- i o
bardment of the target with Ar atoms results in incident at- [
oms which have a wide angle of distribution. Although this + z A exp{ — p(_” — 1) } 2
situation is suitable for deposition processes on flat surfaces, ] Mo
it is less practical for the damascene process since it will tend
to cause a significant shadowing effect, resulting in thewhere{ is an effective hopping integrat;; is the distance
trench-filling pattern shown in Fig. 2. Therefore, it is as- between atom andj, andr, is the first-neighbor distance.
sumed that the incident angle is well controlled within the The parametera, p, g, and¢ are determined by experimen-
deposition process. In the current simulation, the incidental measurement of the following material properties; cohe-
atom angles are generated by a random function and aféve energy, lattice parameter, bulk modulus, and shear elas-
constrained such that they fall within a rangé° to +5°.  tic constants. The parameters of tight-binding potential
This range takes the vertical axis as its zero-angle refer- corresponding to Cu—Cu and Ti—Ti which are used in the
ence, and is also known as the cutoff amle.practice, the ~current simulation, are listed in Table'I.However, to the
angular distribution is controllable in several deposition pro-best of the authors’ current knowledge, the parameters de-
cesses, including collimated magnetron sputter depositiorgcribing the interatomic potential of Cu—Ti have never been
and ionized magnetron sputter deposition. The current simiPublished. Rather than resorting to a rigorous mathematical
lation uses two sets of random distribution functions to genimethod, or to theory, to determine the value of these param-
erate the incident angle, and the incident position of the de€ters, a simpler method may be adopted in which an average
posited atoms, respectively. It is known that atoms rarelys taken of the corresponding parameters for the pure atomic
potential of Cu—Cu and Ti—Ti.
The interaction force on atoincan be expressed as
TaBLE |. Parameters used in tight-binding potential.

Parameters  A(eV) £(eV) P Q ro (A) EIZ &_IE'_,_(?_E' Tij (3)
CfF \ary o)y
Cu-Cu 0.0855 1.224 10.960 2.278 2.556
Ti—Ti 0.0741 1.4163 11.418 1.643 2.492

Finally, a complete derivation of the equations of motion of
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Fic. 3. Snapshots of trench-filling morphology at incident energy of 1 eV, substrate temperature of @A ®Q ps,(b) 250 ps,(c) 400 ps, andd) 450 ps.

the atoms, i.e., their trajectories of motion, can be obtainedll. RESULTS AND DISCUSSION

by substituting this force term into the right-hand side of the
motion equation given as In this study the trench-filling morphology is investigated

for different incident energies and for different substrate tem-

R peratures.

miv;= Fi . 4
A. Effect of the incident energy

The initial velocity of the incident atoms is determined In order to investigate the influence of incident energy, the
from Eq. (1). Before the deposition process beginsl '[hefi"ihg morphology is observed for three different values of
trench atom velocities must attain a state of thermal equilibincident energy, namely 1, 5, and 10 eV, while maintaining a
rium (i.e., a constant temperatiyeat which point their ve- constant substrate temperature of 300 K in each case. Figures
locities conform to a Maxwell-Boltzmann distribution. The 3(a) to 3(d) show four snapshots of the trench filling process
Gear's predictor-corrector algoritHfis used to calculate the for a low incident energy of 1 eV. Observation of the mor-
trajectories of both the Cu and the Ti atoms in the simulationphology within the trench showed that there was little varia-
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Fic. 4. Snapshots of trench-filling morphology at incident energy of 5 eV, substrate temperature of @DQ %0 ps,(b) 300 ps,(c) 350 ps, andd) 400 ps.
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tion in the morphology in the direction, and therefore in the again formed at the trench opening, there is one difference
discussions which follow, the morphological result is repre-which will be noted when comparing Figs.a and 4b) with
sented by a typical two-dimensional cross section inxthg  the results shown in Figs(&-3(c), namely that the cover-
plane rather than by a three-dimensional cross section. Figegge of the two bottom corners of the trench is much better
ures 3a) to 3(c) indicate that the deposited atoms form over-when the incident energy is higher. This may be explained by
hanging clusters at the trench opening. These clusters grothe fact that a higher incident energy promotes the ability of
as the deposition process continues, and eventually join, ateposited atoms to migrate along the two sidewalls of the
shown in Fig. 8d), thus preventing subsequently depositedtrench towards its bottom corners. The detailed mechanism
atoms from entering the trench. As a result of the self-may be explained as follows: During the migration process,
shadowing effect! caused by the cluster formations, it will the initial kinetic energy of an incident atom gradually di-
be observed that the bottom corners of the trench are scarcefyinishes as a result of a series of collisions with the substrate
covered at all by the incident atoms. atoms. An individual incident atom will continue to migrate
Figures 4a) to 4(c) show the trench-filling sequence for until its kinetic energy is insufficient to overcome the poten-
an incident energy of 5 eV. Although the results are broadlytial energy barrier imposed by the substrate. Since the initial
similar to the previous case, e.g., an overhanging structure isnetic energy of an incident atom is dependent upon its
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(d
5 70 15 20 5 10 15 20

Y Y
Fic. 5. Snapshots of trench-filling morphology at incident energy of 10 eV, substrate temperature of(@Q3Q ps,(b) 250 ps,(c) 300 ps, andd) 380 ps.

(b)

incident energy, it will be clear that atoms which impact with particularly beneficial in decreasing the size of the void
a higher incident energy possess a greater migration abilitwithin the trench.

than low incident energy atoms, and will therefore be able to Figures %a) to 5(d) present four snapshots of the trench
migrate a longer distance along the two sidewalls towardgilling process for an incident energy of 10 eV. As may be
the bottom corners of the trench. As may be seen in Kid). 4 seen in Fig. &), this level of incident energy results in an

a trapped void is finally formed in the center of the trench,ideal morphology, i.e., a complete filling of the trench with
although it will be noted that its size is smaller than the voidno trapped voids. The absence of a void within the trench
shown in Fig. 8d), for which the incident energy is 1 eV. It may be explained by the fact that the elevated incident en-
is interesting to note that in the case of a higher incidenergy results in a significant increase in the migration ability
energy, there is a significant movement of the deposited abf deposited atoms along the sidewalls of the trench. Com-
oms after the two overhanging clusters join at the trenctpared to the results presented in Fig&) 3and 3b), and in
opening, as witnessed in Figsctand 4d). Although Figs.  Figs. 4a) and 4b), the size of the overhanging clusters at the
3(c) and 3d) also demonstrate some movement of the depostrench opening is much smaller when the incident energy is
ited atoms after the overhanging clusters join, this movemeritO eV. This reduces the self-shadowing effect, and is there-
is only limited compared to the higher incident energy re-fore beneficial to an ideal filling of the trench. Furthermore,
sults, and therefore subsequently deposited atoms are nibtwill be noted that the trench-filling characteristic with an
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(a)

(b) (d)

Fic. 6. Snapshots of trench-filling morphology at incident energy of 5 eV, substrate temperature of @GD@%Q ps,(b) 300 ps,(c) 350 ps, andd) 400 ps.

incident energy of 10 eV is different than when lower inci- cates that a higher substrate temperature tends to reduce the
dent energies of 1 or 5 eV are used, namely that in the cassize of the trapped void within the trench. Furthermore, it
of a higher incident energy the deposited atoms tend to aawill be noted that there is a change in the shape of the
cumulate at the bottom of the trench, rather than along theapped void, i.e., the left-hand side of the void which is
sidewalls, i.e., the trench fills progressively from the bottomtrapped at a lower substrate temperature becomes filled as

towards the top. the temperature of the substrate is increased, so that only the
right-hand side of the original void remains. A careful obser-
B. Effect of substrate temperature vation of Figs. 6a)—6(c) shows that an increase in substrate

In order to investigate the influence of substrate temperal€mperature causes a “flow” of the atoms accumulated along
ture upon the deposition process, the incident energy wa#ie left-hand sidewall toward the bottom of the trench,
maintained at 5 eV, and the filling morphology was simulatedthereby filling the left-hand side of the original void. In other
for two different substrate temperatures, i.e., 500 and 100®/0rds, it would appear that an increase in substrate tempera-
K. The results are presented in Figs. 6 and 7, respectivelyure enhances the fluidity of the deposited atoms within the
and may be compared to the nominal case of a substrateench. This assertion is borne out by a comparison of the
temperature of 300 K with an incident energy of 5 eV pre-morphology presented in Figs(§ and 4b). These two re-
sented in Fig. 4. A comparison of Figs(db and 4d) indi- sults show the morphology at the same time instant and
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(b) (d)

Fic. 7. Snapshots of trench-filling morphology at incident energy of 5 eV, substrate temperature of 8P260Q ps,(b) 270 ps,(c) 280 ps, andd) 290 ps.

therefore any difference in morphology is due mainly to theture on the trench-filling mechanism, a comparison is made
effect of substrate temperature difference. In Figp) Gt will between the improvement in morphology observed as each
be seen that the two clusters almost touch, whereas in Figf these parameters is increased. It is noted that increasing
4(b) there is a significant gap between the two atom clustershe incident energy significantly affects the filling patterns
It will be seen in Fig. ™) that a void is initially formed  ithin the trench. For a lower incident energy, it is found that
within the trench during the deposition process, but that this, \sid is trapped within the trench, while a higher incident

void is completely filled as deposition continues, as shown irbnergy results in an ideal filling of the trench, i.e., with no
Fig. 7(d). As has been mentioned previously, the elevation of, Lo

., .- void formation. However, an increase in substrate tempera-
substrate temperature enhances the fluidity of the deposneié) P

. : . ure does not change the filling pattern; it merely enhances
hich I I h hology.
atoms, which tends to result in an ideal trench morpho Ogythe fluidity of the deposited atoms during the trench-filling

process. As can be seen in Figs. 6 and 7, which show the
trench-filling process for substrate temperatures of 500 and
C. Filling pattern comparison for elevation of incident 1000 K, respectively, voids are formed in both deposition
energy and substrate temperature processes. The different influence on filling patterns is the
In order to better understand the relative influence of inchief difference noted between increasing incident energy
creasing incident energy and increasing substrate temperand increasing substrate temperature.
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Fic. 8. Coverage percentage at different incident energies.
eV, 300 K), and(5 eV, 1000 K.

D. Evaluation the influence of incident energy and The influence of substrate temperature on the coverage
substrate temperature on the filling morphology percentage is presented in Fig. 9. In order to investigate the
Figures 8 and 9 show the relationship between the coveimprovement in coverage which is obtained as the substrate
age percentage and the process parameters of incident enetgynperature is increased, two nominal cases are chosen for
and substrate temperature. A comparison between Figs. 8 ameference purposes. As may be seen in Fig. 9, the incident
9 demonstrates the different influence of each parameter ognergy is 1 eV for one of these nominal cases, and is 5 eV for
the trench coverage. For the chosen substrate temperaturetbg other. As has been noted previously, the poor trench cov-
300 K, it can be seen that the coverage percentage initiallgrage which is obtained with an incident energy of 5 eV and
increases rapidly as the incident energy is increased. Howa substrate temperature of 300 K can be improved to an ideal
ever, when the incident energy is greater than 7 eV, the ratélling state by increasing the temperature to 1000 K. How-
of increase in coverage percentage reduces. Therefore, duver, for an incident energy of 1 eV, it can be seen that even
ing the tuning process it should be noted that a linear inthough there is a significant improvement in coverage as the
crease in incident energy does not necessarily result in gubstrate temperature is increased to 1000 K, the final result
linear improvement of the trench-filling morphology. is still not one of ideal filling. It is interesting to note that the
magnitude of the improvement in coverage percentage ob-
tained as the substrate temperature is increased depends upon
its initial state, i.e., applying a substrate temperature eleva-

0.9
tion of 700 K(i.e., 300 to 1000 Khas a much more dramatic
i - impact upon the coverage percentage for an incident energy
e of 1 eV than in the case where the incident energy is 5 eV.
- T Although higher values of incident energy and higher sub-
’/’ . . . . .
07 ./,— strate temperatures are both beneficial in generating ideal

trench filling, it is noted that of these two parameters, the
effects of incident energy are more significant than increas-
ing substrate temperature in promoting an improvement in
the trench coverage.

Figure 10 shows the coverage percentage at various tran-
sient states of the deposition process for three incident
energy/substrate temperature combinations, i.e., incident en-

Incident Energy
—F+—1ev
-—4—--5¢V

Coverage Percertage
|

0.4 — ergy 5 eV and substrate temperature 300 K, incident energy 5
. eV and substrate temperature 1000 K, and incident energy 10

0.3 — eV and substrate temperature 300 K. In the discussion which
200 400 600 800 1000 follows, these various cases are abbreviated 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 coverage
Fic. 9. Coverage percentage at different substrate temperatures. ~ percentage increases as the process proceeds, and that the

Substrate Temperature
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coverage percentage finally attains a steady value. Compar- improvement in fluidity enables the deposited atoms to
ing the transient coverage percentage obtained (&tleV, fill the void which forms at the intermediate stage of the
300 K) and(5 eV, 1000 K, it will be observed that increas- process.

ing the substrate temperature not only improves the coveragd) The trench filling patterns are influenced mainly by the
percentage, but also increases the rate at which the coverage incident energy rather than by the substrate temperature.
percentage improves, thereby reducing the time required for The filling pattern changes from one of void formation at
the coverage percentage to obtain a steady value. An impli- a lower incident energy to an ideal filling pattern at a
cation of this is that less time is required to complete the higher incident energy.

trench filling process. The time required for the coveragg5) Of the two parameters investigated in this study, it was
percentage to obtain a steady value is even less in the case of found that the influence of incident energy is much more
(10 eV, 300 K. An abrupt increase in the coverage percent-  significant than substrate temperature in improving the

age is noted at approximately 350 ps in the cag®& &V, 300 coverage percentage.
K). This is due to the sudden collapse of the two clusterg6) The time required to complete the filling process is
joining caused by the subsequently deposited atoms. greatly reduced if the substrate temperature is increased.

Inspection of Fig. 10 shows that the percentage coverage
obtained with(5 eV, 1000 K is higher than that of10 eV,
300 K) at any point prior to the steady state values beingA‘CK'\IOV\/LEDGMENTS
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