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Reaction rates for ionized physical vapor deposition modeling from molecular-dynamics
calculations: Effect of surface roughness
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We carefully analyze the surface adsorption, reflection, and etching reactions taking place during ionized
physical vapor deposition using molecular-dynamics techniques and calculate their relative probabilities. We
discuss in detail the angular and energetic distributions of hyperthermal Al atoms impinging on flat and stepped
Al surfaces and investigate the influence of surface roughness on the rates obtained within our approach. On
flat surfaces, we predict a preferred direction of emission for the sputtered particles, that depends on crystal
structure and surface orientation. In addition, we compare for Al and Ti the total sputter yield and find a lower
threshold energy for Ti in agreement with experimental observations.@S0163-1829~99!09143-2#
ch
fo
-
ch

ri

ar
-
u

ib
he
id
o

in
or
f t

m
d
u
d
B
a

r
im
in
th
th
in

s

he

ak
Th
on

tics
is

cal
ov-

lar
nd
ur-
lar-
tch
de-
a-
h-
re a
of

lar-
he
y
di-
els
al
ing
of

ical

ff-
e

the

om
per-
ally
sen
rt-
The filling of contacts and vias is a well established te
nique for the advanced multilevel metalization especially
the submm technology.1 As semiconductor linewidth dimen
sions have shrunk and the aspect ratios of vias and tren
have increased~aspect ratio5 depth / width of feature!, it
has become evident that conventional magnetron sputte
cannot meet future technology needs.2 Currently aspect ra-
tios for vias of 2:1 are common and ratios of 4:1 and 5:1
expected in the near future.3 Conventional sputtering is gen
erally characterized by a spatial emission profile for the sp
tered atoms, which is roughly described as a cosine distr
tion. This yields to a very broad angular distribution in t
arrival of sputtered atoms at the sample surface and prov
good step coverage on low-aspect features, but filling
deep features is poor due to the buildup of overhang
sidewalls.2 The presence of a physical filter or collimat
between cathode and sample limits the angular spread o
deposition, but severely reduces the deposition rate.4 Ross-
nagelet al.2 developed a new deposition technique that co
bines conventional magnetron sputter deposition with a ra
frequency inductively coupled plasma. Using this techniq
a large fraction, up to 80%,5 of the metal atoms sputtere
from the magnetron cathode are ionized in the plasma.
placing a bias voltage on the sample, the metal ions are
celerated across the sample sheath and deposited at nea
mal incidence. Hence, ionized magnetron sputtering
proves the filling characteristics of the features by reduc
the buildup of overhanging metal deposit at the mouth of
structure and allows the control of the energy range of
metal atoms by adjusting the bias voltage. Due to the
creasing technological demands for the sputter proces
understanding of the underlying atomistic processes
required.6 Hence there has been increased effort7–10 to model
highly nonthermal deposition techniques using t
molecular-dynamics approach.11,12But previous studies were
restricted to ideal and perfectly flat surfaces and did not t
into account any effects due to surface roughness.
strengths of the molecular-dynamics technique is that
PRB 600163-1829/99/60~20!/14417~5!/$15.00
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can study atomic trajectories and thus pursue the atomis
of the deposition. Since predictions resulting from th
atomic level understanding offer a microscopic physi
view, that cannot be obtained from experiment they are pr
ing increasingly accurate and useful.13

In this article, we present numerical results for the angu
and energetic distribution of Al atoms impinging on flat a
stepped Al surfaces in order to investigate the impact of s
face roughness on the rates obtained from molecu
dynamics calculations. In addition, we compare the total e
rates for aluminum and titanium atoms and discuss the
pendence of the preferred emission direction on different m
terial properties. Knowledge of the effects of surface roug
ness and the angular dependence of reemitted atoms a
further key element for a predictive and reliable modeling
metal thin-film growth.

Our theoretical approach is based on classical molecu
dynamics using empirical interatomic potentials for t
Al-Al and Ti-Ti interaction. For Al we use the extensivel
tested model of Refs. 10 and 14. For Ti, we employ a mo
fied version of the model developed in Ref. 15. Both mod
were augmented by an exponential repulsive pair potenti16

to account for the short-range interaction of atoms exceed
10 eV; this is a key requirement as the kinetic energies
deposited atoms can exceed 150 eV during ionized phys
vapor deposition.

We determined, as a function of the energy and o
normal angle of incident Al/Ti atoms, the probability of thre
processes: adsorption, reflection, and etching~in the latter
case, the incoming atom’s impact on the surface causes
kickout of one or more substrate atoms!. We also analyzed
the angular and energetic distribution of atoms reflected fr
the surface or etched from the surface upon impact. Su
cells containing more then 1000 atoms arranged in typic
10 atomic layers are employed; cell dimensions are cho
so as to avoid artifacts of the in-plane periodicity. The sta
ing configuration is chosen to be a flat~111! surface for the
case of Al and a flat~100! surface for Ti~corresponding to
14 417 ©1999 The American Physical Society
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14 418 PRB 60U. HANSEN AND A. KERSCH
the thermodynamically most stable surfaces with the low
formation energy!. For the studies of surface roughness
used the highly stepped Al~211! surface, which consists o
terraces two atomic rows wide with~111! orientation. All
atomic coordinates are allowed to evolve dynamically,
cept those of the two bottom layers of the supercell. T
surface temperature is set 20% larger than the bulk De
temperature.

We start our simulations with the incident Al atom plac
outside the interaction range of the surface. Its initial kine
energy is set in the range of 25 to 125 eV, and its start
angle off the surface normal in the range 0° to 80°, wh
corresponds to typical ionized physical vapor deposition c
ditions. Due to the assumption of validity of the Bor
Oppenheimer approximation implicit in classical molecul
dynamics simulations, intra-atomic electronic excitati
effects are not accounted for in our calculations. This is j
tified since typical relaxation times for electronic excitatio
are much shorter than the timescale of interest in our stu
and also because the energies involved are much sma
The trajectories of the incident atom, and of any other at
that may be etched away from the surface upon impact,
then monitored until either a certain time span has elap
or the outcoming atoms~in the case of reflection or etching!
have traveled a distance of 10 Å away from the surfa
Analyzing 200–1000 trajectories per incident energy a
angle, we collected a statistically significant sample of we
defined adsorption, reflection, and etching events. The r
tive probability of the corresponding process is calculated
the ratio of the number of events of each kind to the to
number. The typical statistical error in the reaction probab
ties thus determined is below 5%.

Effect of surface roughness.To the best of our knowledge
there is neither any experimental nor theoretical predict
about the surface morphology during ionized physical va
deposition conditions. Due to the very high-experimen
growth rate @not well controlled, but in the order o
0.5mm/min, or roughly 40 monolayer/sec~Refs. 17 and 18!#
the surface will neither be perfectly flat nor be amorpho
The impact of surface roughness is analyzed by looking
the angular and energetic distribution of Al atoms leaving
flat Al~111! and the highly stepped Al~211! surface. An im-
pinging particle experiences an average surface morpho
that will be something in between the latter two extrem
cases.

Panel~a! of Fig. 1 depicts results from the impact of A
atoms with an initial kinetic energy of 100 eV~typical for
ionized physical vapor deposition conditions! on the flat
Al ~111! surface. It shows the relative probability of atom
~etched away or reflected from the surface! having a certain
angle after the interaction with the surface. The total pr
ability for atoms having a certain angle after the impact
shown as a black bar, the contribution of etch processe
striped bars and the contribution of the specular reflec
events are marked as light gray bars. The sequence o
figures corresponds to three different impact angles towa
the surface normal. For near normal incidence, i.e., 10°
wards the surface normal, the reflected and sputtered a
have a broad cosine-shaped angular distribution cent
around 45° and no specular reflections occur in this ca
Increasing the angle of incidence to 60° yields a shift in
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angular distribution and we now also get a significant co
tribution due to specular reflections. Finally, for incide
angles in the regime of 80° all atoms undergo specular
flections with a sharply peaked angular distribution arou
80°. Thus, there is a clear transition from diffuse to specu
depending on the angle of incidence. For the deposition p
cess not only the angular but also the energetic distribu
plays an important role. The energetic distribution det
mines if an atom can undergo multiple reflection/etchi
events or will be adsorbed during its next surface interacti
Hence, it is also inevitable to analyze the energies of
atoms after impact. Panel~b! in Fig. 1 shows the latter quan
tity for an initial kinetic energy of 100 eV and impact angle
of 10°, 60°, and 80°. For normal incidence specular refl
tions are completely absent and basically all the atoms h
energies in the range of 10 eV. When they again encount
surface they will be most likely adsorbed. For an impa
angle of 60° there is a broad distribution of sputtered a
also specular reflected atoms. Most of the atoms with h
energies stem from specular reflection events. Finally,
near grazing incidence there is a distinct maximum in
energy distribution for 90 eV as all the atoms undergo spe
lar reflections. These atoms are still highly energized a
their interaction with the surface and can subsequently t
part in multiple other surface reactions.17

On the flat Al~111! surface we thus observe a transitio
from a diffuse angular distribution for small impact angles
a sharply peaked distribution for nearly grazing inciden
This transition is accompanied by a change in the energ
distribution, which displays a distinct peak at low energ
for small impact angles and a sharp peak at high energies
near grazing incidence. For intermediate angles the distr
tion is rather broad.

In the following, we address the effect of surface roug
ness on the angular and energetic distribution as the at
will normally not experience a perfectly flat surface. For im

FIG. 1. Panel~a! angular distribution of Al atoms leaving th
Al ~111! surface after the impact of an Al atom with an initial k
netic energy of 100 eV for three different off-normal incide
angles, namely 10°, 60°, and 80°. Panel~b! energetic distribution
for the case of incidence as in panel~a!. The black columns depic
the total probabilities, the striped column the contribution due
etch events and, the light grey columns the contribution due
specular reflection events.
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PRB 60 14 419REACTION RATES FOR IONIZED PHYSICAL VAPOR . . .
pact on the highly stepped Al~211! surface panel~a! of Fig. 2
shows the angular distribution for the same deposition c
ditions and impact angles as in Fig. 1. As above the to
probability for atoms having a certain angle after the imp
is marked with black bars, the contribution of the etch p
cesses as striped bars, and the specular reflection even
shown as light gray bars. Comparing the angular distribut
from Al~211! to Al~111! for near normal incidence we do no
have the cosine like distribution as on the flat surface. On
flat surface the maximum of the angular distribution is due
a preferential ejection direction, which is of course s
present on the stepped surface but strongly disturbed by
presence of the steps. This disturbance of the direction
preferential ejection becomes especially evident by look
at a polar plot of the probability for atoms leaving the su
face. Figure 3 shows this probability as a function of the
normal angle. The solid line with open circles correspond
the flat Al~111! surface where the preferential ejectio
around 35° is clearly visible. The line with the squares d
picts the ejection probability for the stepped surface wh
evidently the distribution is broadened and the direction
preferred ejection is less pronounced. For comparison
also added the same quantity for Ti atoms leaving
Ti~100! surface, which is shown as a solid line with op
triangles. Due to the different crystal orientation and latt
types ~bcc for Ti and fcc for Al! the direction of preferred
ejection is now located around 45°. We propose the follo
ing model for the preferential angle of emission. For an a
tom sitting on the flat Al~111! or Ti~100! surface respec
tively, its nearest-neighbor bond and the surface normal fo
an angle of 35° and 55°, respectively. The adatom ads
tion sites are minima in the potential energy surface such
an atom that is etched away from the surface will be attrac
by the surface adsorption well. This attractive potential w
influence the particles trajectory during emission and he

FIG. 2. Panel~a! angular distribution of Al atoms leaving th
Al ~211! surface after the impact of an Al atom with an initial k
netic energy of 100 eV for three different off-normal incide
angles, namely 10°, 60°, and 80°. Panel~b! energetic distribution
for the case of incidence as in panel~a!. The black columns depic
the total probabilities, the striped columns the contribution due
etch events and the light grey columns the contribution due
specular reflection events.
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there will be a preferred direction of emission. It seems pl
sible that the orientation of the adatom surface bond app
as a peak in the spectrum. This explanation is nicely c
firmed in our calculations for Al and holds also within som
error for Ti.

Increasing the angle of incidence to 60°~see Fig. 2! there
are less specular reflection events on the stepped surface
on the flat surface due to the additional adsorption sites at
step edges. Furthermore the peak of the angular distribu
is shifted from 60° on the flat surface towards 50° on t
stepped surface. This is due to the fact that on Al~211! the
surface normal would be tilted by.20° with respect to
Al ~111!. Hence, atoms impinging with 60° correspond
impact angles of 40° and 80° depending on the direction
incidence. Finally, for incident angles in the regime of 8
there is a broader angular distribution on the stepped sur
compared to the flat Al~111! surface. For this angle we als
get atoms stemming from etch processes due to the pres
of step-edge atoms that contribute to the angular distribu
for smaller angles.

Panel~b! in Fig. 2 shows the energetic distribution for th
same impact angles as in panel~a!. For normal incidence
there is nearly no difference between the flat and step
surface as specular reflections are completely absent h
The small difference in surface binding energy~0.1 eV! on
Al ~111! and Al~211! can be neglected compared to the e
ergy of the impinging atom~100 eV!. For an impact angle of
60° there are more etch events on the stepped surface
hence the energetic distribution of the stepped surface h
larger peak at low energies than the flat surface. Finally,
near grazing incidence the energy distribution for Al~211! is

o
o FIG. 3. Polar plot of the angular probability distributionP(Q)
of Al atoms leaving the Al~111! ~solid line, open circles!, the
Al ~211! ~solid line, open squares! and the Ti~100! ~solid line open
triangles! after the impact of an 100 eV Al/Ti atom with an initia
off normal angle of 0°. The distributions are normalized such t
*P(Q)sin(Q)dQ51.
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14 420 PRB 60U. HANSEN AND A. KERSCH
completely different in comparison to Al~111!. The stepped
surface exhibits a broad energetic distribution and only
higher energies specular reflections contribute. The atom
the low-energy regime stem from etch processes.

It is interesting to note that for off-normal angles up
50° the total reaction rates for the Al~111! and the Al~211!
surface are not very different. Approaching the situation
grazing incidence, on the flat surface nearly all the imping
atoms become specular reflected whereas on the ste
Al ~211! surface atoms hitting the step edges cause atom
be etched away. On Al~111! the etch probability for an inci-
dent kinetic energy of 100 eV and 70° is 0.05 and decrea
to zero for larger angles. In contrast on Al~211! this prob-
ability amounts to 0.25 for 70° and drops to 0.05 for 85°

Thus, we find that the surface roughness that sensitiv
depends on the deposition conditions can have a large e
on the energetic and angular distribution of atoms etc
away or being reflected upon impact. This has drastic im
cations for the filling of vias and trenches during the met
ization. In such a process most atoms will either interact w
the sidewall or the top and bottom walls of the structure. T
first case belongs to near grazing incidence the second o
normal incidence. For deposition with highly energized
oms especially the less-peaked energetic distribution
large angles towards the surface normal will have an am
impact on the resulting film structure. For rough surfaces
atoms will undergo less multiple reflections and hence w
not reach the bottom of the structure as easily as for perfe
flat surfaces.

Thus, our calculations help to resolve the still puzzli
question how the surface morphology influences the res
ing topography not only by qualitative but also by quanti
tive arguments. Future work is going on to develop a feat
scale simulator including the effect of surface roughness
orientation.

Comparison of different materials.We have chosen Ti a
the second material system. For three representative inci
kinetic energies, namely 50, 75, and 100 eV the etch rat
a function of off-normal angle is summarized in Fig. 4. T
calculated points for Al are shown as filled symbols a
those for Ti as open symbols. It is interesting to note that
all incident energies the etching probability reaches a m
mum at about 50° and decreases for angles exceeding 5
near-grazing angles are approached. For small deviat

FIG. 4. Sputter probabilities for Al and Ti atoms impinging o
Al ~111! and Ti~100!, as a function of incident angle and energy~50,
75, and 100 eV!. The filled symbols correspond to data points f
Al and are connected by a solid lines, the open symbols to d
points from Ti which are connected by dashed lines.
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from normal incidence, the etch rate initially raises, since
probability of a surface atom to gain momentum direct
away from the surface increases when the incoming a
arrives at an oblique angle at the surface. At large angle
incidence the etch rate drops because of the compe
specular reflection events. At low energies~50 eV! and 50°
there is already a non-negligible etching probability of abo
10% for Al, whereas for Ti the latter quantity is well belo
2%. Increasing the incident kinetic energy to up to 100
we find for Al a distinct maximum in the etching probabilit
for an angle of 50° with respect to the surface normal. T
peak for Ti appears for the same angle although its abso
value is less than half the etching probability of Al. Expe
mental observations19 confirm the existence of a maximum
in the etch rate as well as the lower etching probability
Ti. Furthermore, we thus find a lower threshold energy
Al than for Ti that is mainly due to the 50% larger cohesi
energy of Ti (Ec53.36 eV for Al andEc54.90 eV for Ti!
which is again in accordance with experiment. Thus, it co
more energy to remove a surface atom from the Ti surfac
comparison to the Al surface. Another interesting feature
the total etch rates is that with increasing impact energy
maximum in the etch rate tends to smaller angles. We as
this effect to the larger penetration depth with increas
impact energy, which facilitates the surface atoms gett
momentum directed away from the surface. It is also int
esting to investigate the nature of the sputtering proces
We term these processes to be ofnth order if upon the im-
pact of a single-particlen particles are etched away from th
surface. In the following, we discuss the angular depend
order of the sputter processes for Al atoms with an init
kinetic energy of 100 eV. For incident angles up to 30o first
order sputter processes are dominant but also a sizable
tion of second-order processes is present. Increasing
angle further to 40° the probability for first-order an
second-order sputter processes approach similar size a
small number of higher order etch processes can be foun
the range of 50260°, close to the maximum in the yiel
curve, second order processes are dominant. In most c
for a sputter process ofnth order n-independent particles
leave the surface. The formation of small cluster, i.e., dime
trimer, etc. is rarely observed. As the surface binding ene
does not vary significantly compared to the incident kine
energy we do not expect the above observations to cha
with surface orientation.

In conclusion, we performed detailed theoretical calcu
tions of the probabilities for surface reactions taking pla
during ionized physical vapor deposition conditions and a
lyzed the angular and energetic distribution of the atoms
volved in the surface reactions. Our molecular-dynamics c
culations revealed for high-incident energies a stro
dependence of the angular and energetic distribution on
roughness of the surface. These results allow a quantitati
prediction of the influence of the surface roughness on
filling characteristics and shows the importance not to
strict molecular-dynamic studies to perfectly flat surfac
Investigating the total etch probabilities for Al and Ti o
Al ~111! and Ti~100!, respectively we find for both material
a distinct maximum in the etch rates for angles of 50°. T
existence of the maximum in the etch rate and the larger e
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probability for Al compared to Ti are both in accordan
with experimental observations. Furthermore, we were a
to predict a preferred direction of emission and could sh
light on the influence of crystal structure and orientation
this effect. Our results represent a major step ahead
earlier calculations using only flat surfaces and allow us
predict the influence of surface roughness and different
pl.

,

s-

.

d

le
e
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terials on the filling process using ionized sputter deposit
techniques.
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