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Atomistic Monte Carlo simulations of three-dimensional polycrystalline
thin films
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An atomistic Monte Carlo code to simulate the deposition and annealing of three-dimensional
polycrystalline thin films is presented. Atoms impinge on the substrate with selected angular
distributions, and grains are nucleated with different crystalline orientations, defined by the tilt and
rotation angles. Grain boundaries appear naturally when the islands coalesce, and can migrate
during both deposition and annealing simulations. In this work we present simulations of aluminum
films. We examine the influence of the temperature, deposition rate, and adhesion to the substrate on
the morphology of polycrystalline thin films. The simulations provide insight into the dominant
microscopic mechanisms that drive the structure evolution during thin film processin@00®
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I. INTRODUCTION We have developed a full 3D Monte Carlo atomistic
. . o . ._,code to help understand the role of the elementary atomistic
The deposition of polycrystalline thin films is essential - . ) .

A . . . diffusion mechanisms on the deposition and thermal process-
to the fabrication of microelectronic devices. About half of . . L 1110

: . ing of polycrystalline thin filmg>!? In the work presented

the processing steps are devoted to deposition of metal con- . : .

e o . . . . here the code has been applied to simulate aluminum depo-
ductors, diffusion barriers, and insulator films during the

- . aition and annealing under different experimental conditions,
metallization phase of manufacturing. The performance and, . peratures. deposition rates. and substrate tvoes. The
speed of ultralarge scale integratidgLSl) devices is driven " P » dep ’ YPes.

by their ever decreasing feature sizes, which have beegram size and morphology of the film resulting from the

shrinking exponentially according to Moore’s law. In this ifferent conditions are analyzed.
scenario, the microstructure and properties of conducting
thin films are a crucial issue for reliable interconnection cir-1. COMPUTER MODEL
cuits.
Considerable work has been done in recent years, botmtr

. . _4 . .
experimental and theoretically! to characterize and predict then we will present some concepts on the time evolution of

fche properties of thin films f_r_om external conditions, includ- the simulation and the events that can take place.
ing the temperature, deposition rate, type of substrate, depo-

sition process, angular distribution of atoms, and inciden®\. Simulation cell

kinetic energy. A number of simulators have been presented  The simulation cell is divided into a grid of 3D boxes

in the literature to deal with the different aspects of thin film Fig. 1). A box is a portion of space that can contain sites to
depositior?~*°Several solutions have been proposed to OVer3ccommodate atoms, and belong to one or more crystal ori-
come the difficulty of handling sites belonging to different gniations. In this work, we consider the face-centered-cubic
crystalline orientations within the same simulation system. A¢cc) |attice of aluminum. A crystal orientation is specified by
solution proposed in a three-dimensior@D) Monte Carlo s tjit and rotation angles. At the beginning of the simula-
atomistic approach is to use a unigue orientation but assigfon " ail of the boxes are empiyo lattice sitel and there-
labels to different regions, associating different labels withyore jnactive. When an atom arrives at the substrate/film, it
different crystalline orientations>® Atoms in the middle of ;¢ pe placed on a lattice site. If around the point of arrival
two regions are assigned to the grain boundaries. BrusClihere are no sites defined yet, the box containing that point is
etal”” used an atomistic Monte Carlo scheme that repregjjeq with empty lattice sites belonging to an arbitrary crys-
sents  polycrystalline films in two dimensions. Other i origntation, and the atom is placed on the nearest site. The
authors.” instead of using a fully atomistic approach, em-gajection of this orientation can be done either randomly or
ployed a fundamental unit consisting of cubic blocks €on-,ccording to some rules that represent the substrate structure.
taining about 1000 atoms. Each block is assigned an orieMxgeryards, more crystal orientations can be added to that
tation when it is incorporated into the film. box, and the atoms will be able to occupy sites that belong to
any of them. If an atom from a specific crystal orientation
dElectronic mail: jerg@ele.uva.es moves within a box and it reaches the border with an inactive

In order to present our computational model we will first
oduce the framework in which atoms are to be placed and
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FIG. 1. Example of a simulation cell with 12 boxes, 5 inactive and therefore
void of sites(A1—A4 and B4, and 7 active. A closed symbol corresponds to o
a lattice site that is occupied by an atom, and an open symbol to an emp&oordmatlon numbefsee Ref. &

site. The polycrystalline film has three grains that belong to different crystal

orientations. Box C1 is a bulk box inside a grain, and it has sites from just

one orientation. Boxes B2, B3 and C3 contain grain boundaries, and theraised. On the other hand, the total number of orientations that

fore sites in them belong to at least two crystal orientations. can be created during a simulation will depend on the
memory of the computer.

FIG. 2. Potential energies of aluminum atoms plotted as a function of the

box, a lattice extension with the same orientation is created » . )
in the inactive box, making it active. In this way, as can beB- Deposition and diffusion mechanisms
seen in Fig. 1, the minimum number of boxes that encom-  The timing of the simulation is controlled by an event
pass the polycrystalline film are activated, thus conservingnanager, which contains a list of all possible events in the
memory resources in the computer. system, classified according to their rate. For the simulations

In the case of a polycrystalline film, a box that containsof aluminum, only two types of events have been included in
grain boundaries will have atoms and sites belonging to moreéhe code. First, there are events with periodic occurrence,
than one orientation, whereas a box completely inside a grailike the deposition of a new atom from the vapor, which
will be filled with atoms from just one orientation. A box depend on the deposition rate. The other process currently
where all the sites are occupied by atoms belonging to jusimplemented is diffusion, which is modeled as jumps of at-
one orientation can be reconstructed very easily, so this abms to neighboring sites. Each atom has a list of possible
lows the removal of most of the information about the boxjumps. This list is updated just after each event in the system
from memory, to further conserve space. if the current atom or site is involved in it.

Sites inside a box have an array of pointers to their near- When a jump is performed, the simulation time is incre-
est neighbor sites, either in the same box or in adjacent onemented inAt=1/=n;- v;, wheren; is the number of jumps
In case there are also neighboring sites belonging to differerdf classn and »; their rate. The event manager chooses an
orientations, additional pointers are added so that the site isvent with a probability that is proportional to its rate. The
aware of all neighboring ones that are possible targets for eates of each diffusion event are calculated using
jump in diffusion. Once inserted, sites of a given orientation
Jare Fr)1ever removed from a box, even if the grientation hasno Yi~ Yo exp—[(Emg+ AE)/KT],
atoms occupying its sites as a result of grain boundary miwhereE is the migration energy that depends on the co-
gration. So, to speed up the simulation, all of the look-upordination. AE= Ej,5— Einit IS the difference between the
operations are performed just once, during site creation, inenergy of the system after and before the jump, if that dif-
stead of looking for neighbors after each event. Once théerence is positive, andE=0 if it is negative. In our case,
sites are created, they can be occupied by atoms. Each siés a quick and simple way of calculating this difference, we
has a pointer to a data structure, with information on theassume thakEy,, andE;,; just depend on coordination of the
identity of the occupant, if there is one, and on the coordijumping atom, defined as the number of its first neighbors. In
nation number that an atom would have if present. Fig. 2 the potential energy of an aluminum atom as a func-

As for the box size, if the boxes are too small, the filmtion of its coordination is showﬁ.OnIy coordination num-
profile and grain boundary evolution make it necessary tders of 3 or greater are included, since atoms on lower coor-
create new boxes almost continuously to accommodate atlinated sites are unstable and move to another site. The
oms. In this case, practically all the sites in these boxes wiltlistances and angles between atom sites inside a grain hav-
be occupied, saving memory resources but reducing effing the same crystalline orientation are assumed to be those
ciency in computation time. On the contrary, because thef a perfect fcc crystal. In this way, the rates given by the
film evolution is difficult to predict, if the boxes are big above equation can be tabulated for the different jumping
maybe an important fraction of their sites will not be usedpossibilities, thereby reducing computation time during the
afterwards. However, the box creation process is necessasymulation and making the code more efficient. However, a
only from time to time and the procedure is less time con-question arises for sites near a grain boundary. In the simu-
suming if boxes are big. In the simulations presented herdations presented in this article we chose a simple approach
cubic boxes with six lattice units on each side have beeffior calculating the energy of a site near a grain boundary: the
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coordination is the number of first neighbors in the same
grain and the energy is purely determined by this coordina-
tion. Atoms with no empty neighboring sites are not able to
contribute to mass transport, since an exchange with a neigh-
bor does not produce a net displacement of material. Such
atoms are therefore not included in the lists maintained by
the event manager. The active particles are limited to atoms
in or near the surfaces, interfaces and grain boundaries.

In practice, we start with a flat surface whose behavior

can be modeled as monocrySta”me’ polycrystallme or amorI_:IG. 3. Mechanism for grain boundary movement due to jumps to adjacent

phous. Atoms on the substrate are treated as a separate SR&get sites that belong to different crystal orientations. Jumping atom Al
cies from the film, so as to have the capability to model thewill choose empty site Blon an adjacent grajrio minimize energyhigher
effects of a foreign substrate on adhesion and surface diffugoordination than empty site A2

sion. Initially a deposition rate is established, which means
that periodically a new atom is added to the simulation. In ) .

our model, an atom to be deposited is placed at a randomlge Bl site and, correspondingly, the atom has a lower en-

selected point in a two-dimensional plane that represents th 9y _at B% ttr:]al;t fi‘z’ _'rthW'” tmove t% B1. Otherr\]/ws_e It .
sputter target. It is then launched towards the substrate ggmains at the site. This atom exchange mechanism 1S

normal incidence, corresponding to perfect collimation of the? lowed if the A2 and the B1 sites are close enough. In our

sputtered flux. Other angular distributions for incident par_5|mulat|onst we.hs;e Sg.t £h|s maélmltjth|sta?ctﬁ ton.t7 t|me§
ticles, such as the cosine to represent the sputter depositiotfji‘|e nearest neighor distance. Lvaiuation ot the distance IS
. pérformed just once, when the sites are created. With this

can be readily implemented. relatively simple, energy-driven atom exchange mechanism
When an atom hits a bare substrate, a new box with y PI€, 9y 9 ’

empty sites is created to accommodate the atom. The neg 2" boundary _mpvement €MErges as a “macroscopic: re-
sult of the atomistic mechanisms.

lattice tilt and rotation angles are chosen either randomly of

based on the substrate properties. If the substrate is monoc-

rystalline, the growing film orientation is that of the sub- Ill. RESULTS OF POLYCRYSTALLINE THIN FILM

strate. If the substrate is polycrystalline, regions on the subP?EPOSITION

strate can be defined for the orientation of new islands to be 14 test the code described above, we have studied the

an extension of the corresponding substrate regions. Th@flyence of the temperature, deposition rate and substrate

atom then starts jumping from site to site on the substrate. Agonditions on the microstructure of thin films. First we car-

stated above, possible target sites are only those with COOfred out a simulation of the growth and annealing of a film at

dination number of 3 or greater. The substrate below an atorg given temperature and deposition rate, and then two more

or atoms belonging to a specific orientation is assumed to bgimylations with all but one of the parameters unchanged:; in

formed by occupied sites with the same orientation. The difpne case a higher temperature is simulated, and in the other a

ference with the bulk is that the adhesion energy of an atonuwer deposition rate. All of these simulations were on a

to a substrate atom is a parameter that can be varied. Latti¢|ycrystalline substrate. Other simulations have been car-

mismatch effects between the substrate and the film are n@ibd out to examine the influence of the substrate on the

taken into account. microstructure. Here we compare different values of the ad-
If, during deposition, an atom enters an active box contesion of the film to the substrate, assuming it is amorphous.

taining empty sites, the atom travels through it until it finds Qverall, these simulations prove that the 3D models imple-

some stable site, one with a coordination of 3 or more. |fmented, a|though Simp|e7 are Capab]e of Capturing the domi-

there are several stable sites close to that one, the atom ﬂ}‘ént mechanisms involved in p0|ycrysta||ine metal deposi-

placed on one of them, which is selected randomly. Nation and annealing.

evaporation of atoms was allowed in the simulations pre-  |n the simulations, surface diffusion was reduced by us-

sented here. Between deposition events, surface or interfaggy a migration energy barrier of 0.60 eV for all surface sites.

diffusion can take place. This value is larger than those obtained either from molecu-
It is important to model the grain boundary dynamics injar dynamics(MD) simulations or first principles methods

a realistic, but simplified way. In our model, atoms nearfor atoms with low coordination numbers, i.e., the atoms

boundaries were allowed to jump to neighboring sites, poswith the highest mobilities:'* Therefore a simulation at a

sibly changing membership from one grain to another. Regiven temperature would correspond roughly to an experi-

laxation at grain boundaries is not taken into account. Near ghent performed at a lower temperature.

grain boundary(Fig. 3) we consider that there are several )

possible target sitegA2, B1) for a jumping atom at site A1, A Polycrystalline substrates: Influence of

each belonging to a different crystal orientation. The rate fortemperature and deposition rate

this process corresponds to the jump from Al to A2, both in  First we simulated the growth of an aluminum film on

the same grain. When the atom is going to jump, it checkpolycrystalline aluminum at 80 °C and its subsequent anneal-

the energy of the nearest sit®1) in the adjacent microcrys- ing at 300°C for 0.3 s. Atoms were deposited at a rate of

tal. If the atom coordination at A2 site is lower than that at0.25 um/min. The total number of atoms deposited was
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@ (b)

FIG. 4. Cross sectiofe) and perspective vieub) of the sample deposited
at 80 °C and 0.25wm/min just after finishing deposition, and perspective
view after annealingc).

50 000 and the substrate was a square of 120 A. Ten different
crystal orientations, with the angles picked at random, were
allowed. As described above, when an isolated atom hits the
bare substrate, a new crystal orientation is selected and built
with empty sites, with one site at the current location of the
atom. When this atom starts to diffuse, jumping between
sites from this orientation, it can either find another atom and
bind together and form a small island, or find the edge of a
step and get attached to it, where it remains for a relatively
long time because of the lower potential energy. The cross
section and a perspective view of the sample as grown, along ®)
with a perspective view of the sample after annealing can be
seen in Fig. 4. FIG. 5. Sample deposited at 200 °C and Ou@B/min: perspective viewa)
Looking at the final sample structure just after deposi-and cross sectioth). Total deposition time was 1.3 s.
tion, only very small(111) and (100) faces have developed.
This is because under these conditions external grain sur- ) ) )
faces are mostly rough, due to the small mobility of atoms orPlished by 4th|s. mechanism, as expected at high
the terraces. On the other hand, we have observed that durilgmPeratures? This structure Is similar to zone Il in the
deposition little grain boundary migration takes place at thisStructure zone modéf’ . ,
temperature. Rather, it seems that grain growth is accom- ' N€ other important input parameter that determines the
plished by preferential incorporation of atoms at grains withStructure is the deposition rate. To analyze its effect, we car-
different orientations when they arrive at the top surface!i€d out a simulation at 80 °Gsame as for the first sample
This structure, which shows V-shaped graiifdg. 4a)], but using a depos_lt_lon rate four times smaller, i.e., 0.0625
would correspond to zone T in the structure zone mddél, #M/min. The mobility of the atoms is then the same, but
After deposition, the sample was annealed at 300 °C fOFeducmg the deposmon rate allows the atoms to diffuse f(_)r a
0.3 s[Fig. 4(c)]. We observe that at this temperature grainlonger time and thqs f|nd,_ to some extent, more stablc_e sites.
boundaries are mobile. Consequently, during annealing, th@S expected, the final microstructure has bigger grains on
film microstructure evolves towards bigger grains that growAVerage with broader terraces on them.
at the expense of others, until finally only a small number of
big grains survive. During the first steps of annealing, faceB. Amorphous substrates: Influence of substrate
ting appears. Flat111) facets clearly developed at the top adhesion

surface, along with som€L00) terminations to avoid sharp Finally, the role of substrate adhesion in the resultant

vertices. i . microstructure is analyzed. Two simulations were carried out
To analyze the influence of the deposition temperaturg; 55 o on an amorphous substrate, each with different sub-

O,n the film microstructure, yve carried QUt simulations at 3strate adhesion energy. To model an amorphous substrate, all
higher temperature, 200 °Eig. 5. The higher adatom mo-

bility on the substrate gives rise to bigger grains from the
beginning of deposition. After nucleation and the first stages
of growth, faceting appears, main|¥11) oriented. New ada-
toms landing on the facets wander around until they find a§
step, so incorporation of atoms to grains is mainly through
terrace growthledge displacementThis is in contrast with
the 80 °C deposition. In that case, smaller diffusion coeffi-
cients resulted in rougher terminating surfaces. To monitor ’
the evolution of the grain structure during deposition at @ (b) ©

ZOO.OC’ we .ShOW a cross sef:tlon of the_ sample cut at 17.87 'éIG. 6. Time sequence of plan views at constant hei@ft9 A) showing
at different tImeE{FIg. 6). Grain boundaries are seen to move some grain boundary motion during deposition at 200 °C:(&.and 0.79 s
inside the film during deposition, so grain growth is accom-(b) and at the end of the deposition, 1.3
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In this work, within the grains that form the polycrystal-
line structure, the distances and angles between atoms are the
same as those of an aluminum fcc lattice. Different grains
have different crystalline orientations, defined by their tilt
and rotation angles. Grain boundaries appear naturally at the
borders. In order to minimize the computer memory re-
quired, the whole simulation cell is divided into regions
called boxes that can contain sites from one or more orien-
tations.

Two kinds of events can occur, deposition of new atoms
from the vapor and atom diffusion. Deposition is modeled as
FIG. 7. Top view of samples deposited onto amorphous wefiiigand ~ atoms impinging on the substrate with selected angular dis-
nonwetting(b) substrates. tributions with frequency defined by the deposition rate.
Atom diffusion is simulated by the jumping of atoms to

th bstrate sit dtob valent. i thempty neighboring sites that belong to the same crystalline
€ substrate sites are assumed o be equivalent, 1.€., eyantation, Jumps are performed with a probability propor-
have the same binding energy to the substrate on avera

This i h 2 he f hat th AVeragsnal to its rate, which depends on the migration energy and
IS Is a rough approximation to the fact that the variation Mhe difference in system energy after and before the jump.

site binding energy on an amorphous substrate is SmaIIE‘éite energies are assumed to depend on its coordination, i.e.,
than on a surface containing steps. the number of first neighbors
Depending on the substrate adhesion, we can have wet- Near a grain boundary, the target site for a jump may be

ting or nonwetting substrates. For the two simulations Pré ose to another empty site belonging to a different orienta-

ie(?tes hfere, th,:. bmdmO? energftg to Lhehsu_bstrate aret_3.8| Ai6n. In this case the atom will jump to the lower energy site.
0 €V, for wetling and nonwetting benavior, reSpecvely. ¢ y,q target site orientation is different from the initial one,

Figure 7 shows a plan view of the final microstructure of thethe jump will contribute to grain boundary motion.

tw?]ls_?mlgles o wsuah;e tbhe dlfferlent grain S']ffhthafft tr|1ey We have tested the models by studying the influence of
exnibit. |gure? ?Za)han K ) aredpan VIEWS 0 b € final e temperature, deposition rate and adhesion energy to the
microstructure for the wetting and nonwetting substrates, rég ,qate on the film microstructure. The simulations show

spectively. A.S expected,.the. weaker the bonding to the SUb[ at the higher the deposition temperature, the bigger the
strate, the bigger the grain size and the smaller the number rains in the film. Also, it has been shown that grain bound-
grains in the film. This behavior is related to the first steps Oary migration is imporfant at high temperatures

deposition. When the binding energy to the substrate is low, Simulations with different adhesion energies to the sub-

adatoms are very mobile, In_ this case, sma_ll unstable CIUSFegﬁrate were carried out to model the influence of wetting and
are observeq to fofm and c_hssolve very quickly at the begln'nonwetting substrates on the film microstructure. Weaker
ning O.f the sm_1u|at|on, pgt JUSt.a small number.of them Suc'bonding allows more atom diffusion on the substrate to oc-
ceed in reaching the critical size, and these give rise to thSur, which leads to a reduction of the number of nucleation

growt_h islands, far from each _ot.her..Due to the high ad.a}ton%ites. This behavior corresponds to a nonwetting substrate. It
diffusion, the growth of the existing islands once the critical

N . . . ives a lower density of grains and, correspondingly, larger
size is achieved is more probable than the nucleation of ne§p y ol g P g, 1arg

. L . - rain sizes than the wetting substrate.
ones. Besides, in this case it has been observed that piling In conclusion, we have presented a 3D approach to mod-

of atoms is preferred to growing in extension, because 'Eling polycrystal deposition and annealing that, although

contributes to minimization of the island energy. So when theSimple captures many of the dominant mechanisms and fea-
film thickens, it has a small density of grains. Conversely, iftures c;f grain boundaries

the binding energy of adatoms to the substrate is high, a large
number of small stable islands are observed to nucleate velWCKNOWLEDGMENTS
early in the simulation. In this case the critical island size is
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