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The influence of isotropically directed deposition flux on the formation of the thin film
microstructure at low temperatures is studied. For this purpose we have deposited TiO, thin films by
two different deposition techniques: reactive magnetron sputtering, in two different experimental
configurations, and plasma enhanced chemical vapor deposition. The obtained results indicate that
films grown under conditions where deposition particles do not possess a clear directionality, and in
the absence of a relevant plasma/film interaction, present similar refractive indices no matter the
deposition technique employed. The film morphology is also similar and consists of a granular
surface topography and a columnarlike structure in the bulk whose diameter increases almost
linearly with the film thickness. The deposition has been simulated by means of a Monte Carlo
model, taking into account the main processes during growth. The agreement between simulations
and experimental results indicates that the obtained microstructures are a consequence of the
incorporation of low-energy, isotropically directed, deposition particles. © 2010 American Institute

of Physics. [doi:10.1063/1.3483242]

I. INTRODUCTION

Plasma assisted deposition techniques are widely used
for the growth of thin films with different microstructures
and properties.l_3 In general, film growth involves the incor-
poration of species injected or formed in the plasma phase
onto the growing film surface, as well as the impingement of
plasma species and photons in a far from equilibrium
situation.” Diverse experiments as well as computational
models point out the importance of several fundamental
mechanisms on the formation and evolution of the film mi-
crostructure during growth, e.g., thermally activated surface
processes,” impingement of charged species on the film
surface,® short and long range interactions,’ potential
barriers,8 desorption,9 etc. On the other hand, actual experi-
mental parameters during film deposition hardly permit an
accurate control of these processes, so the coupling between
experimental conditions and the deposited thin film micro-
structure is usually based on empirical relations rather than
on predictive models (see for instance Refs. 10-12). Conse-
quently, the study and analysis of the role of these fundamen-
tal processes, as well as their experimental control, represent
an important area of research for the synthesis of tailored
thin films.

There are few theoretical models in the literature that
analyze the growth of films deposited by plasma-assisted
techniques (see for instance Ref. 13, and references therein).
Due to the amount of particles involved and the typical times
required for the film growth, the use of first principles or
molecular dynamics approaches is not recommended due to
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unaffordable computational costs. In this way, Monte Carlo
(MC) models represent an alternative theoretical tool to
study the film deposition, whereby the deposition particles
may experience different interactions that are introduced ad
hoc into the model. However, the extreme difficulty in de-
scribing the plasma/surface interaction, strongly coupled to
processes in the plasma bulk and sheath, as well as the ne-
cessity of including the film surface chemistry, have not yet
permitted the development of general models. This means
that MC models can only be used in particular situations
where certain mechanisms are known to be responsible for
the film growth, such as geometric mechanisms (surface
shadowing, different angular distribution of the arriving par-
ticles), adherence mechanisms (presence or not of overhangs,
bouncing of the arriving particles), thermal related mecha-
nisms (surface diffusion, desorption) etc.1>16

One of the key factors determining the film surface mor-
phology is the angular distribution of the particles arriving at
the substrate which, in connection with the surface shadow-
ing mechanism, was studied by us in a previous
publication.14 There, we found a strong correlation between
the directionality of the deposition particles and the critical
exponents which, stemming from a dynamic scaling
approach,13 describe the evolution of the surface topography.
This approach was also sustained in Ref. 15 where we found
a clear relation between particle directionality and the size of
the mounds formed on the surface of pulsed laser deposited
ZrO, thin films. In Ref. 15 we also studied the competition
between surface shadowing and thermally activated surface
diffusion, obtaining that, at high film temperatures and/or
low deposition rates, the influence of surface shadowing, and
through it of particle directionality, becomes less important
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when defining the surface morphology. This has also been
reported in the literature by different authors which take into
account other processes, such as re-emission of high energy
deposition particles, desorption mechanism at high tempera-
tures, potential barriers, etc. (see Refs. 5-9, 14, and 16, and
references therein).

A well known deposition technique where particle direc-
tionality plays an important role is the so-called reactive
magnetron sputtering (MS) deposition, which is one of the
most popular in the industry and in research centers due to its
reproducibility, versatility, and high deposition rates.'” Here,
a plasma, most likely argon, is maintained by injecting elec-
tromagnetic power through a solid material, the so-called
cathode or target, making positive ions from the plasma im-
pinge on it and sputter some atoms with kinetic energies in
the order of few tens of electron volt.'® In addition, a small
amount of a reactive gas is injected into the plasma, which
produces reactive species that reach the surface, thus control-
ling the film composition. Sputtered species possess high en-
ergy (typically their mean Kinetic energy is in the order of
10-20 eV) and a well defined directionality when leaving the
cathode (usually they follow a very narrow angular distribu-
tion function of the type cos® i, being i the emission angle
with respect to the normal of the cathodels). Nevertheless,
scattering processes in the plasma phase may alter both, the
kinetic energy of the sputtered particle and its
directionality.19 In this way, when the mean free path of the
sputtered particles is larger than the target-film distance (low
plasma density conditions), sputtered atoms arrive at the
growing surface with almost their original energy and mo-
mentum (ballistic flow). Conversely, when this mean free
path is smaller than the distance target-film (high plasma
density conditions), sputtered particles may experience sev-
eral collisions and lose their original directionality and ki-
netic energy. In a limit situation, these sputtered particles
may end up in thermal equilibrium with the neutral particles
of the plasma, thus following an isotropic velocity distribu-
tion function when arriving at the film surface (isotropic
flow).”” In addition to MS depositions, isotropically directed
particles are involved in the film growth when using other
deposition techniques, such as plasma enhanced chemical
vapor deposition (PECVD), for instance. In this technique,
most plasma particles approximately follow an isotropic ve-
locity distribution function when arriving at the film surface,
except those possessing electrical charge, which are acceler-
ated by the plasma sheath."

In this paper we theoretically and experimentally study
the microstructure of films grown by the incorporation of
low-energy, isotropically directed, deposition particles in the
absence of (or under a weak) plasma/surface interaction. As
we will see, films grown under these conditions develop a
characteristic microstructure, independently of the particular
deposition technique employed. For this purpose we have
deposited thin films through the PECVD and MS deposition
methods in two different experimental configurations. From
the comparison between the obtained microstructures and
with the help of a MC model we have studied and discussed
the features of the resulting films. We would like to empha-
size that we focus on the characterization of the film micro-
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structure, i.e., its bulk, and not on the film surface morphol-
ogy. The bulk of the film determines in a great extent its
optical, electrical, or mechanical properties, so its character-
ization is of relevance for the study of thin films and their
applications. Finally, although our results have a general
character, the experiments have been carried out by deposit-
ing amorphous TiO, thin films as a test material. This choice
is supported by the wide use of this material for a large
number of applications21 where a tight correlation usually
exists between microstructure and functional properties.22

This paper is organized as follows: in Sec. I we describe
the experimental setup, whereas in Sec. III we explain the
MC model developed to explain the depositions. In Sec. IV
we describe and discuss the results, and finally in Sec. V we
summarize the conclusions.

Il. EXPERIMENTAL SETUP

Amorphous TiO, thin films were grown on silicon sub-
strates by means of the reactive MS deposition technique. An
unbalanced cathode with a 2 in. diameter Ti target, powered
by a MacCo pulsed dc power supply (80 kHz pulse fre-
quency and 40% duty cycle) was used as a source of Ti
atoms. A grounded substrate holder was placed 7 cm apart
from the target in front of the center of the cathode, and
parallel to it. Argon and oxygen flows were set up at 10
SCCM and 1.3 SCCM, respectively (SCCM denotes cubic
centimeter per minute at STP) resulting into a total deposi-
tion pressure of 0.5 Pa. The electromagnetic power was set to
300 W, with a net current at the cathode of 0.6 A. Amorphous
TiO, thin films were deposited in two different configura-
tions: the first one, which we call direct deposition (d-MS),
corresponds to the typical MS configuration where the film is
placed on the side of the holder facing the cathode. The
second configuration, which we call inverse deposition (i-
MS), according to the terminology used in pulsed laser
depositions,23 corresponds to a substrate attached to the back
side of the holder, not facing the cathode (see Fig. 1). Film
temperature, monitored during the deposition, was always
below 320 K. Deposition rates of 4 nm/min and 1.3 nm/min
were determined for d-MS and i-MS depositions, respec-
tively.

TiO, thin films were also grown on a silicon substrate by
PECVD according to a previously described experimental
pI'OtOCOl.]2 The technique uses oxygen plasma sustained by a
microwave source and a deposition system which consists of
a source of volatile precursor (i.e., titanium tetrakis isopro-
poxide) in a downstream configuration, separated from the
plasma by a grounded grid to avoid the microwave heating
of the substrates and to diminish the arrival of charged spe-
cies at the deposition region. The source was operated with a
power of 400 W and an oxygen pressure of 0.8 Pa. Film
temperature was monitored during the deposition and found
to be room temperature. A deposition rate of 2 nm/min was
obtained under these experimental conditions.

The refractive index of the films, n,, was measured in
transmission mode by ultraviolet-visible absorption spectros-
copy technique for films grown on quartz plates. Similar val-
ues were obtained for thin films grown on a silicon wafer
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FIG. 1. Scheme of the MS deposition setup in the direct (d-MS) and inverse
(i-MS) configurations. At low plasma densities, the contribution of ballistic
particles on the growth of the film in the d-MS configuration is dominant.
Conversely, in the i-MS configuration only the isotropic flow contributes to
the film growth.

measured in reflection mode. Field emission scanning elec-
tron microscopy (FESEM) images of the films were obtained
by cleaving the silicon substrates with the deposited films
(i.e., cross-section views) or by looking directly to their sur-
face (i.e., normal views).

lll. THEORETICAL MODEL

In our model we consider the deposition of effective
particles on a two-dimensional substrate that defines the x-y
plane of coordinates, whereas the z axis is defined by the
direction perpendicular to the substrate. The three dimen-
sional space is divided into a N; X N; X Ny cubic grid, each
cell representing a spatial volume of A3, whose value is 1 if
it contains a deposited effective particle and O otherwise.
Each effective particle moves toward the substrate from an
initial random position above the film and follows the direc-
tion defined by the spherical angles 6 and ¢, where 6
€ [0,7/2) is the polar angle of incidence (6=0 is the direc-
tion normal to the substrate) and ¢ € [0,27) is the azimuthal
angle. The movement of the particle continues, assuming pe-
riodic boundary conditions, until it hits the surface where it
sticks (see Fig. 2). The angles 6 and ¢ are randomly calcu-
lated for each deposition particle by defining an incident
angle distribution function per unit time and unit surface,
I(Q)), with dQ=sinfdfd ¢ the differential solid angle. When
the deposition particles are isotropically directed in the
plasma phase, this function takes the form dI({)
=dQ [ dvv?f(v)V-§xcosd(), where V is the velocity vec-
tor, v its modulus, f(v) the velocity distribution function of
the deposition particles in the gas phase (note that it only
depends on v because it is isotropic), and § a unit vector
perpendicular to the deposition surface."

From a physical point of view, each particle in the model
accounts for a Ti species that, after being deposited, instan-
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FIG. 2. Scheme of the processes taken into account in the MC model.

taneously turns into a TiO, effective block, occupying a cu-
bic volume A3. This imposes an important constrain in our
model, as the structure of amorphous TiO, is not cubic but
mainly made of deformed octahedra, with average distances
between Ti atoms between 3 and 4 A.* Conversely, by
knowing the typical distances in the material we can estimate
the value of A: we approximate A as the actual average dis-
tance between two Ti atoms in the amorphous network, i.e.,
A~3.5 A.In the MC model we have not introduced neither
surface diffusion nor desorption mechanisms, due to the low
temperature of the film during growth. Moreover, in agree-
ment with in Ref. 25, the low-energy of the deposition par-
ticles made us neglect any re-emission of deposition par-
ticles. Finally, no Schwoebel potential barrier has been
considered, as there are not well-defined atomic steps on an
amorphous surface.”®

Simulations have been carried out for increasing values
of N; (up to N;=2000) to avoid finite size effects on the
solutions. Particles were accumulated until the maximum
height of the simulated film was close to that of the experi-
mental values (assuming A~3.5 A).

IV. RESULTS AND DISCUSSION

In Figs. 3(a) and 4(a) we show, respectively, the cross-
sectional and top view FESEM images of a film deposited in
the d-MS configuration. It is apparent in these images that
the film (about 230 nm thick) grows compact, developing an
almost flat surface topography with some mounds. In Figs.
3(b) and 4(b) we show the FESEM images of, respectively,
the cross-sectional and top views of the film deposited by
i-MS: film thickness is about 110 nm, and, in this case, a
very different microstructure is grown. Figure 4(b) shows a
granular surface topography, whereas Fig. 3(b) depicts non-
regular columnlike structures whose diameters increase as
we move apart from the substrate. By using standard tech-
niques of image treatment, such as those employed in granu-
lometry, we have been able to determine the average width
of these structures at a given height. These results are shown
in Fig. 5, where it can be seen that the width of the column-
like structures seems to increase almost linearly as we move
apart from the substrate. It is also noticeable in this figure the
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FIG. 3. Cross-sectional images of films obtained by (a) the d-MS experi-
mental configuration, (b) the i-MS experimental configuration, (c) the
PECVD technique, and (d) the MC model. FESEM technique was used for
(a), (b), and (c).

fairly good agreement between the width of the motives for
the maximum height and the average diameter of the surface
mounds shown in Fig. 4(b).

It is well established in the literature that the growth of
MS deposited metal-oxide thin films involves the incorpora-
tion of sputtered atoms, typically with a sticking probability
close to 1, whose free bonds quickly saturate with oxygen
species arriving from the gas/plasma phase (see for instance
Ref. 27). In this way, the microstructural differences found
between d- and i-MS deposited films can be attributed to the
different directionality and energy of the titanium atoms, as
well as to the interaction with the plasma: in Ref. 20 we
derived the ratio of the sputtering rate, @, and the deposition
rate, r, as a function of the deposition conditions: when the
temperature of the heavy particles in the plasma can be taken
as constant in the discharge, this relation yields
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FIG. 4. Top view images of films obtained by (a) the d-MS experimental
configuration, (b) the i-MS experimental configuration, (c) the PECVD tech-
nique, and (d) the MC model. FESEM technique was used for (a), (b), and

(c).
r )\T ( L>:|
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where L is the distance between the target and the film, and
A the so-called thermalization mean free path. The funda-
mental assumption made in this model is that a ballistic sput-
tered particle is effectively thermalized in one collision with
a neutral background gas particle. Since this assumption is
not realistic for sputtered atoms heavier than the sputtering
gas atoms, we introduced an effective elastic scattering
cross-section, o7, which takes into account that more than
one collision might be necessary to transfer an atom from the
ballistic to the isotropic flow. Thus A;=(No;)~!, where N is
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FIG. 5. Average width of the columnlike structures in the bulk of the films
deposited by i-MS and PECVD, together with that of the MC simulated thin
film.

the density of heavy particles in the plasma. Despite the fact
that this is a very simplistic description, Eq. (1) has proven
adequate to describe the deposition of many films, finding
the relation o=~ o,/ v, with v being the average number of
collisions required for the thermalization of a sputtered par-
ticle and o, the geometrical cross-section for an elastic scat-
tering of a sputtered particle on a plasma heavy particle.28 In
order to evaluate the proportion of ballistic and isotropic
flows toward the film in our d-MS configuration, we have
used data appearing in Ref. 28: the geometrical cross-section
for an elastic scattering of a Ti atom on an Ar atom is o,
=5X 1072 m2, whereas the thermalization cross-section is
o7~2X 1072 m?. The relative ballistic contribution to di-
rect growth is estimated as ® exp(—L/\y)/r, which under
our experimental conditions, gives that approximately 90%
of the titanium species reach the holder with high energy and
well defined directionality, whereas about 10% of them were
previously thermalized in the plasma phase.

When the deposition is performed using the i-MS con-
figuration of the experimental setup, we can assume that no
ballistic particles arrive at the film surface. We neglect, there-
fore, the ballistic Ti atoms that have been backscattered by
other plasma particles and reach the back side of the holder
with clear directionality. This has been done because the
probability that these particles reach the film surface is very
low (indeed, few collisions are required to thermalize the
titanium atoms in the argon plasma, v~2.5 in this casezg).
Moreover, we consider that the influence of ions, high energy
photons or species from the plasma in metastable excited
states, present in the d-MS configuration, are negligible in
the i-MS deposition. This assumption is supported by the
experimental observation that no plasma glow during depo-
sition develops at the back side of the substrate holder. In
this way, by studying films deposited in the i-MS configura-
tion we can study the growth of the film when low-energy,
isotropically directed deposition particles incorporate to the
film in the absence of plasma/surface interaction.

Amorphous TiO, thin films were deposited by PECVD
according to the procedure described in Sec. II. In Ref. 12 we
showed that, in this case, the film grows due to the incorpo-
ration of Ti species from the plasma phase that, after landing
on the film surface, react with plasma species forming
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O-Ti—O bonds in the material. Moreover, due to the charac-
teristics of the deposition technique and the experimental
configuration utilized, the Ti species arrive at the film surface
with an isotropic velocity distribution function, remaining on
the surface with a low mobility due to the low film
temperature.29 The remote plasma configuration as well as
the presence of the grounded grid between the plasma and
the substrate holder makes us neglect the influence of ions on
the film growth. In Figs. 3(c) and 4(c) we show FESEM
images of, respectively, the cross-sectional and top views of
a TiO, thin film deposited by PECVD, which are similar to
those in Ref. 12. At a glance, it is clear that these images
present many common features with those obtained for i-MS
deposited TiO, thin films [Figs. 3(b) and 4(b)], being their
microstructure and surface morphology very alike. In Fig.
3(c), the columnlike structures grow perpendicular to the
substrate and increase in width as the film grows. To stress
this correspondence, we have also depicted the width of
these structures as a function of height in Fig. 5, finding a
good match with that of the i-MS deposited thin film. Re-
garding the width at the maximum height in Fig. 5, we find
that the size of the surface mounds correlates well for similar
heights, although their shape is more rounded than those in
Fig. 4(b).

The measured refractive index for the d-MS deposited
thin film is n,=2.40, which agrees with typical values for
TiO, thin films at room temperature deposited in this
conﬁguration.30 On the other hand, the measured refractive
index of the i-MS deposited thin film was n,=1.92, which
agrees quite well with the measured index of the films grown
by the PECVD technique at low temperatures (n,~ 1.93).*
The strong connection between the value of the refractive
index and the particular microstructure of a given material
has been extensively studied in the literature. To a first ap-
proximation, provided that the materials do not present quite
different pore size distributions and connectivity, the refrac-
tive index and relative pore volume are two related proper-
ties (see for instance Ref. 22). Therefore, the good corre-
spondence between the values of n, obtained for the TiO,
films deposited by i-MS and PECVD suggests possible mi-
crostructural similarities. The film deposited in the d-MS
configuration, on the other hand, possess a higher refractive
index indicating a higher degree of compactness and a dif-
ferent microstructure.

We have, therefore, shown that not only the refractive
indexes in the PECVD and i-MS TiO, deposited thin films
are similar but also the geometrical motives in the bulk, and
their size. This similarity could be understood by analyzing
both depositions methods: a common feature in both cases is
that the film growth is governed by the deposition of low-
energy Ti species from the plasma phase that arrive at the
growing surface with an isotropic velocity distribution func-
tion. Moreover, although the surface processes experienced
by these titanium species are very different, they eventually
become fully oxidized, being their incorporation to the ma-
terial controlled by a similar shadowing mechanism. In order
to account for the abovementioned deposition mechanisms,
we have developed the MC model described in Sec. III: in
Figs. 3(d) and 4(d) we depict the simulated cross-sectional
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and top views of the films, respectively. In these figures we
can see that the simulated microstructure agrees fairly well
with the experimental ones [shown in Figs. 3(b), 3(c), 4(b),
and 4(c)]: they develop a similar columnlike microstructure,
with increasing diameters as we move apart from the sub-
strate, as well as a granular surface morphology with motives
of similar relative size. In Fig. 5 we have also depicted the
average diameters of the columns of the simulated film as a
function of height, showing a good agreement with the
equivalent representation made for the films deposited by
i-MS and PECVD. Regarding the width of the calculated
motives for the maximum height (i.e., the average size of the
calculated surface grains) we also conclude that our model
reproduces well surface features of both films, shown in
Figs. 3(b), 3(c), 4(b), and 4(c), and explains why the micro-
structures of the films deposited by the i-MS and the PECVD
techniques are similar. Nevertheless, the MC model does not
explain the existing shape discrepancies between surface
grains in Figs. 4(b) and 4(c), which we attribute to the dif-
ferent surface chemistry involved in PECVD and i-MS depo-
sitions, which has not been taken into account in our model.
Our results also illustrate the importance of analyzing the
bulk features, and not only the surface morphology, when
studying the growth of thin films and their properties.

The complexity of the several possible mechanisms in-
volved in the d-MS deposition of thin films makes the de-
scription of the film growth rather difficult in this case. For
instance, the relatively high kinetic energy of a ballistic par-
ticle when arriving at the film surface may induce the so-
called re-emission process, implying that the deposition par-
ticle may “bounce off” on the film surface until it sticks to
the material or it is desorbed, generating a net downhill cur-
rent of deposition particles toward the substrate.”’ Further-
more, the impingement of ions, photons, and other species
from the plasma on the film surface produce diverse effects,
such as the increase in the compactness of the material and
the rise of the film temperature, and thus higher efficiency of
the thermally activated surface diffusion mechanisms. The
development of a MC model describing the film growth un-
der these conditions is far from the scope of this paper. Nev-
ertheless, some qualitative conclusions can be achieved re-
garding the higher refractive index for the d-MS thin film in
comparison with those obtained for PECVD and i-MS thin
films, as well as by comparing Figs. 3(a) and 3(b): d-MS
deposited thin films are more compact and without clear mo-
tives on the bulk, features that agree with the deposition of
high energy particles in a strong plasma/surface interaction
environment (most likely under a relevant ion impingement
on the film surface during growth). Nevertheless these ob-
tained features for d-MS depositions depend on the plasma
conditions and, therefore, they do not represent a general
result within the plasma-assisted thin film deposition re-
search.

V. CONCLUSIONS

In this paper we have studied the growth and microstruc-
ture of films deposited by the MS technique in two different
configurations, and by the PECVD technique at low tempera-
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ture in a remote configuration. Thin films deposited by MS
when the substrate holder was facing the cathode possess a
compact bulk structure with a granular surface topography
and a relatively high refractive index. Meanwhile, films de-
posited when the substrate holder was not facing the cathode
develop a microstructure similar to that of TiO, thin films
deposited by the PECVD technique: they possess a clear
columnlike structure, granular surface morphology and simi-
lar refractive index. In addition, we have developed a MC
simulation of the film growth that takes into account the
deposition and shadowing of particles that follow an isotro-
pic velocity distribution function. This model explains the
main microstructural features of the films deposited by
PECVD and MS when the film is not facing the cathode,
indicating the importance of isotropic deposition particles in
the formation of the microstructure in plasma-assisted depo-
sition of thin films. Our results are, therefore, relevant to
understand the role of the different plasma/gas species in the
formation of the film microstructure.
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