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Statistical models for carbon-nitrogen film growth

F. D. A. Aarão Reis and D. F. Franceschini
Instituto de Fı´sica, Universidade Federal Fluminense, Avenida Litoraˆnea s/n, 24210-340 Nitero´i RJ, Brazil

~Received 21 July 1999!

We studied models of deposition and erosion, with two species of particles, that represent quantitatively
many features of amorphous carbon-nitrogen film grown under plasma enhanced chemical vapor deposition. In
the original model, the columns of the deposit are independent, and particles C and N are released with
probabilitiesp and 12p, respectively. An incident C particle always aggregates upon contact with the surface.
An N particle annihilates with a top C particle with probabilityq and aggregates with probability 12q. An N
particle always annihilates with a top N. A critical line separates the regimes of growth (p.q/2) and erosion
(p,q/2). For fixedq, whenp decreases towards the critical valuepc5q/2, the bulk concentration of N (xN)
increases, and the growth rater decreases. Ther 3xN curve forq50.25 agrees with data from films grown in
acetylene-nitrogen atmospheres. In order to represent the blocking of surface bonds by hydrogen atoms, we
considered a second model in which any aggregation process is accepted with probabilitya, otherwise it is
rejected. Forq50.25 anda50.3, ther 3xN curve agrees with data from films grown in methane-nitrogen and
methane-ammonia atmospheres. The fitting values ofq anda were inferred from related experiments. In order
to test the influence of lattice structure and spatial correlations, we also studied those models in simple cubic
lattices, considering that the aggregation must satisfy the restricted solid-on-solid model conditions for the
difference of heights in neighboring columns, while the erosion is random. We obtained similar results for
r 3xN curves, confirming the validity of those models to represent the kinetics of amorphous films growth. It
was also observed that the surface roughness increases withxN , which agrees qualitatively with several
experiments on carbon-nitrogen films growth with ion bombardment.

PACS number~s!: 05.40.2a, 05.70.Fh, 05.70.Ln, 68.55.2a
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I. INTRODUCTION

The study of amorphous carbon-nitrogen (a-C:N) and hy-
drogenated carbon-nitrogen@a-C(N):H# films has attracted
much interest in the last years@1#. Nitrogen incorporation
was found to have beneficial effects on electrical@2#, me-
chanical, and tribological@3–5# properties of amorphous ca
bon films. For instance, these films have improved per
mance as protective coatings compared to pure carbon fi

Most works in this field have been made using some k
of ion beam assistance. Plasma enhanced chemical v
deposition~PECVD! in a hydrocarbon-nitrogen gas atm
sphere@3,6#, ionized reactive magnetron sputter depositi
@5#, dual ion beam deposition@7#, and mass selected io
beam deposition~MSIBD! @8# should be mentioned amon
other techniques. An interesting feature of those process
the rapid decrease of deposition rate when nitrogen inco
ration increases@7,9#, which limits the nitrogen content o
the films. Depending on the deposition method, the ma
mum bulk nitrogen concentration ranges from 15 to 40
These values, however, are well below the stoichiome
fraction of the compoundb-C3N4, which was proposed to
have mechanical properties compared to the ones of the c
talline diamond@10#. Another interesting feature of thos
films is the increase of surface roughness when nitrogen
corporation increases, which was already observed in
growth with several techniques@11,12#.

In order to understand structure and properties chan
induced by nitrogen incorporation ina-C(N) anda-C(N):H
films, it is important to study the physics of the depositi
process. This is a complex task if we consider the collis
processes following ion subsurface penetration, from
PRE 611063-651X/2000/61~4!/3417~9!/$15.00
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stopping to bond formation@13#. In fact, the microscopic
properties of the growing surfaces of amorphous carb
nitrogen films are not well understood yet.

Statistical models are interesting at this point since th
may describe some aspects of the growth kinetics by re
senting the basic growth mechanisms as simple stocha
processes and neglecting the details of the microscopic in
actions. Following this reasoning, here we will prese
simple models of aggregation and erosion that desc
quantitatively some kinetic features of carbon-nitrogen fi
growth by PECVD. Instead of considering the microscop
details of the growing surfaces, these models are base
experimental information that can be treated statistica
such as deposition or etching rates and surface rough
~interface widths!. Although this approach has a limited ap
plicability, the statistical description of the competition b
tween aggregation and erosion in carbon-nitrogen fil
growth is complementary, and may even be helpful to
study of microscopic models.

In a recent paper@14#, we introduced a model of random
deposition and erosion, with two species~C and N particles!,
that represents qualitatively the growth kinetics of carbo
nitrogen films deposited by PECVD, and agrees quant
tively with results of an experiment in acetylene-nitrog
atmospheres@15#. In that model, the incidence of nitroge
ions ~each atom is represented by an N particle! is respon-
sible for the erosion processes, which describe the evolu
of CN and N2 molecules.

The first aim of the present paper is to present the det
of the solution of that model and discuss its consequen
Hereafter we will refer to it as the original model@14#.

Our second aim is to generalize that model in order
3417 © 2000 The American Physical Society
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3418 PRE 61F. D. A. AARÃO REIS AND D. F. FRANCESCHINI
represent quantitatively the growth kinetics ofa-C(N):H
films by PECVD in different conditions. For this purpose, w
will introduce a blocking of surface sites to aggregation.
represents the effects of hydrogen atomic radicals that,
main rule, saturate surface dangling bonds@16#, thus avoid-
ing the aggregation of carbon-containing radicals and ni
gen atoms. This second model will also be solved anal
cally, and will represent growth properties ofa-C(N):H
films in methane-nitrogen and methane-ammonia atm
spheres.

The values of the parameters of the models used to
experimental data~parametersq anda) were inferred from
independent experiments, in order to warrant the consiste
of the theoretical approach. Finally, we will introduce su
face relaxation mechanisms to the aggregation processe
the previous models, i.e., mechanisms to avoid the forma
of huge hills or valleys at the surface. For this purpose,
will consider a three-dimensional lattice structure and a g
eralization of the conditions of the restricted solid-on-so
~RSOS! model @17,18# to the aggregation processes, wh
the erosion processes will be uncorrelated. Although th
mechanisms are very far from the real surface kinetics, t
are helpful to analyze the effects of lattice structure and s
face relaxation on the previous models. We will show th
the deposition rate versus nitrogen concentration curves h
small differences from the corresponding uncorrelated m
els, i.e., they are weakly dependent on those mechanism
gives additional support to our comparisons with experim
tal data on amorphous films. We will also show that the
models represent qualitatively the increase of surface rou
ness with nitrogen content, as observed experimentally.

This work is organized as follows. In Sec. II we wi
present the original model for random deposition and eros
of carbon-nitrogen films and its motivations. In Sec. III w
review the analytic solution of that model, discuss its con
quences and the comparison with PECVD experiments
acetylene-nitrogen atmospheres. In Sec. IV we will exte
this model to include the blocking of surface sites to agg
gation and show that it describes experimental results f
deposition in atmospheres with methane. In Sec. V we
introduce a lattice structure and surface relaxation mec
nisms in the aggregation processes of the original model,
analyze their effects on growth rates, concentrations of C
N and surface roughness. In Sec. VI we will introduce
same mechanisms in the model with blocking of surfa
sites. In Sec. VII we summarize our results and conclusio

II. THE ORIGINAL MODEL OF RANDOM DEPOSITION
AND EROSION

In amorphous carbon-nitrogen or hydrogenated carb
nitrogen films growth, the observed fall in deposition ra
has been ascribed to the onset of a chemical sputtering
cess upon increasing nitrogen flux towards film surfa
@7,19#. This process was studied in detail by Hammer a
Gissler @20#, who measured the mass spectrum of
evolved molecules from a pure graphite sample submitte
low energy N2

1 ion bombardment. They observed that fil
erosion occurs as a kind of chemical sputtering, which
sults in the evolution of CN molecules, with a carbon et
rate of about 0.5 C atoms per N2

1 ion. In a recent work,
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Hong and Turban@21# also observed the chemical sputterin
of a-C:H films by low energy N2

1 ions coming from a N2
plasma. The evaporation of N2 molecules, as a consequen
of N-N bond formation during the growth, may also contri
ute to the erosion process, as suggested by Martonet al. @1#.
There is no experimental evidence on the presence of N
bonds in carbon-nitrogen films, and recent molecular dyna
ics simulations of the formation of carbon-nitrogen soli
@22# have shown evaporation of N2 at high nitrogen incorpo-
ration rates.

This scenario suggested the existence of aggregation
erosion processes in carbon-nitrogen films growth
PECVD and other techniques with ion beam assistance
motivated the introduction of a model for random depositi
and erosion with two species, C and N@14#. In this model,
the substrate columns are independent, consequently
deposition process may be analyzed as a single column
cess@a ~011!-dimensional model#. The incident flux con-
tains a fractionp of C particles and a fraction 12p of N
particles. The C particles represent carbon-carrying spe
~fast ions or slow neutral radicals! that come from the plasma
and effectively stick to the film surface. The N particles re
resent the products of the bond breaking of N2

1 fast ions
after colliding with the surface.

Figure 1 shows the effects of the incidence of each p
ticle on a column of the aggregate. A C particle is deposited
whatever the top particle is~processes 1 and 2!. An incident
N particle may annihilate with a top C particle with probab
ity q ~process 3!, and deposits over it with probability 12q
~process 4!. This annihilation~erosion! process represents th
evaporation of CN molecules after the incidence of a nit
gen ion. The probabilityq is related to the interactions be
tween the incident nitrogen ions and the aggregated car
atoms. Finally, the incident N annihilates a top N partic
with probability 1 ~process 5!. It represents the evaporatio
of N2 and the absence of N-N bonds in the films.u is the
fraction of C particles at the surface~top of the columns!,
thus the probability of any particle falling over a C is u,
while the probability of falling over an N is 12u. If the top
particle of the column is C, then the particle below it is n
known a priori ~particles labeled with a question mark!. If
the top particle is N, then the particle below it is certainly
C, because process 5 do not allow consecutive N particle
a column.

The random deposition is the simplest statistical grow

FIG. 1. Processes following the incidence of a particle~squares!
at a column. The question mark indicates particles that may be
N. The probabilities associated to a given incident particle (p or
12p), a top particle (u or 12u) and an erosion process (q or 1
2q) are also shown.
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model @27,25#. It has already been studied with one or tw
kinds of particles@28# but erosion processes do not seem
have been previously introduced. Despite its simplicity
random deposition model is the first step towards correla
models, which give more realistic descriptions of surfa
roughening and which are widely discussed in the rec
literature@23–26#.

The present model and its further extensions~Secs. IV, V,
and VI! are statistical descriptions of the essential aspect
carbon-nitrogen film growth kinetics which avoid the com
plications of the microscopic interactions in the film surfac
Consequently, they do not represent properties intimately
lated to the film structure. Other important assumptions
this statistical description are discussed below.

First, we are assuming that nitrogen incorporation a
nitrogen or carbon erosion processes are carried out ma
by N2

1 ions that impinge on the growing surface and bre
into two N atoms of about half of the initial ion energy. W
are also neglecting the role of fast carbon ions in the remo
of nitrogen atoms from the film—the symmetric situation
process 4 in Fig. 1. Despite the key role played by
carbon-carrying fast ions ina-C:H film growth process@29#,
the major contribution to the growth rate has been shown
come from carbon-carrying radicals@30#, and it is expected
that these features generalize to films containing nitroge

Finally, we are also neglecting the role played by hyd
gen ions and radicals in the film growth. According to Jac
@16#, the dominant effect of hydrogen close to room tempe
ture is to decrease the number of dangling bonds at the
face. Since carbon-carrying radicals or slow nitrogen ato
~resulting from the breaking of fast N2

1 ions! may aggregate
at these dangling bonds, we are neglecting the blocking
surface sites to C and N species bonding in the orig
model. In Sec. IV, we will show that this blocking must b
considered in order to represent the growth kinetics
PECVD films in hydrogen-rich atmospheres.

III. ANALYTIC SOLUTION OF THE ORIGINAL MODEL
FOR RANDOM DEPOSITION AND EROSION

In this model, there is no correlation between differe
columns. However, C and N particles are not symmet
then the growth at a given time depends on the history of
growth process. An exact solution of the problem is difficu
except if we just consider the asymptotic behavior.

The number of deposited C particles (nC), at a given time
t, varies as

r C[
dnC

dt
5p2~12p!uq. ~1!

The first term~p! of Eq. ~1! is the contribution from pro-
cesses 1 and 2~Fig. 1!, and the second term@(12p)uq# is
the contribution from process 3. One unit of time is assign
to each attempt to aggregate or to annihilate one particle.
number of deposited N particles (nN), at a given timet,
varies as

r N[
dnN

dt
5~12p!u~12q!2~12p!~12u!. ~2!
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The first term@(12p)u(12q)# of Eq. ~2! is the contribution
from process 4 and the second term@(12p)(12u)# is the
contribution from process 5. In Eqs.~1! and~2!, u represents
the coverage at timet ~probability of a top C particle!.

Those processes may also lead to changes in the cove
u. The fraction of C particles at the surface after the ann
lation process 3~particles labeled with a question mark! is
the only unknown value in Fig. 1. The particle labeled with
question mark was at the second layer~from top to bottom!,
below a C particle, before the erosion process 3. If the
moved C particle was deposited at timet1 (t1,t), then the
probability of ‘‘?’’ being a C particle isu(t1). Thus we ob-
tain

u~ t11!5p1~12p!u~ t !qu~ t1!1~12p!@12u~ t !#.
~3!

The first term in Eq.~3! ~p! is the contribution from pro-
cesses 1 and 2, the second term@(12p)u(t)qu(t1)# is the
contribution from process 3 and the third term$(12p)@1
2u(t)#% is the contribution from process 5.

In the stationary growth regime,u(t11)5u(t)5u(t1).
Then Eq.~3! gives the asymptotic coverageu as function of
p andq:

u5
22p2A~22p!224q~12p!

2q~12p!
. ~4!

Substitution in Eqs.~1! and ~2! gives the stationary rates

r C5
3

2
p211

1

2
A~22p!224q~12p!, ~5!

r N5
~22q!

2q
@22p2A~22p!224q~12p!#211p. ~6!

There is a transition between the regimes of growth a
erosion at the critical linep5q/2, wherer C5r N50 ~Fig. 2!.
Above the critical line, the numbers of deposited particlesnC
andnN increase with time. Below that line, any initial aggr
gate will be destroyed, due to the high number of inciden
particles and the high probability of annihilating with C pa
ticles.

In the growth regime, for fixedq, the total growth rate~or
growth velocity! r 5r C1r N decreases asp decreases toward
pc5q/2. The numbers of deposited particles in the long tim

FIG. 2. Diagram of the three possible regimes of the model.
the critical line, the C and N deposition rates are zero.
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3420 PRE 61F. D. A. AARÃO REIS AND D. F. FRANCESCHINI
limit are nC5r Ct andnN5r Nt, and the total number of par
ticles isn5nC1nN . Then the bulk concentrations of C an
N are xC[nC/n5r C/(r C1r N) and xN[nN /n5r N /(r C
1r N).

In Fig. 3~a! we showr versusp in the growth regime for
q50.25 andq50.5, obtained from Eqs.~5! and ~6!, and in
Fig. 3~b! we show the concentrationxN for the same values
of q. We observe that, asp decreases,r decreases andxN
increases. The dependence ofr andxN on p are qualitatively
the same for allq.

xN has a maximum limiting value

xN
(c)5 lim

p→pc
1

xN5
~12q!

~322q!
~7!

as the critical point is approached. Forq50, xN
(c)51/3,

which is the maximum possible concentration of N partic
in this model. Forq50.25, xN

(c)50.3 @Fig. 3~b!#. It is inter-
esting that this maximum is attained when the annihilat
processes are more frequent and the growth is very slow
agrees with the experimental observations of decreas
deposition rate as the nitrogen incorporation increases. It
also be shown that the concentration of N particles at
surface (12u) is always larger than the concentration of
particles in the bulk.

In order to compare our model and experimental result
is convenient to plot the deposition rater versus the nitrogen
concentrationxN . In Fig. 4 we show ther 3xN curves for
q50, 0.25, 0.5, and 0.75. Forq&0.5, the downward curva
ture reproduces the behavior of the growth rate observe
experiments@6,7,15,31#.

FIG. 3. ~a! Growth rater versus the probabilityp of incidence of
C particles in the growth regime, forq50.25 andq50.5; ~b! Bulk
concentrationxN of N particles versusp, for the same values ofq.

FIG. 4. Growth rater versus bulk concentrationxN of N par-
ticles for the indicated values ofq.
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The present model describes quantitatively the results
ported by Jacobsohnet al. @15# on the growth kinetics of
hydrogenated carbon-nitrogen films grown under PECVD
acetylene-nitrogen atmospheres. In Fig. 5 we show
growth rater as a function ofxN , for q50.25, and we also
show the relative deposition rate of Ref.@15# as a function of
the concentration of nitrogen~at. %! in the films. The experi-
mental concentrations presented here were obtained from
ammounts of C and N only, excluding the hydrogen conte
which is near 10%. It is reasonable for a comparison wit
model that considers only C and N atoms, as discusse
Sec. II.

The valueq50.25 was inferred from the 0.5 C atom p
N2

1 ion removal ratio reported by Hammer and Gissler@20#.
Thus our description is consistent with data taken from in
pendent experiments and did not use arbitrary fitting para
eters.

The main limitation of this model is the absence of spa
correlations. In Sec. V, this limitation will be partly over
come with the introduction of a lattice structure and surfa
relaxation, but keeping the same probabilistic rules to se
aggregation or erosion processes. We will show that th
ingredients do not have remarkable effects on ther 3xN
curves~such as that in Fig. 5!, which confirms the validity of
our comparisons with experimental data on amorphous fil

The deposition rate curves reported for PECVD us
other hydrocarbons, such as methane, have similar shap
the q50.25 curve of this model, but the maximum ofxN

ranged from 13 to 15 at. %. These values ofxN
(c) are obtained

in the original model withq.0.75. However, the curve fo
q.0.75 ~see the trend in Fig. 4! is completely different of
the experimental ones, which always have a downward c
vature. The behavior in acetylene-nitrogen atmosphere
probably due to the less easy dissociation of acetylene in
plasma@32#. Using other hydrocarbons, the plasma dissoc
tion products, such as hydrogen radicals and ions, may
play a role in the film growth process. In Sec. IV, we w
show how the blocking of surface sites to aggregation pr
erly represent these experiments.

IV. MODEL WITH BLOCKING OF SURFACE SITES

The original model discussed in Secs. II and III is not ab
to represent quantitatively ther 3xN curves withxN

(c)'0.15,

FIG. 5. Growth rater versus bulk concentrationxN of N par-
ticles of the original model withq50.25 ~solid line!, and experi-
mental results for films grown in acetylene-nitrogen atmosphe
~hexagons, Ref.@15#!.
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such as those with methane in the plasma. These results
gest that the abundance of hydrogen in the plasma ha
important effect on deposition rates and nitrogen incorpo
tion, a feature that was not considered in the original mo

The higher hydrogen content in the plasma and the ea
dissociation of CH4, compared to C2H2, increase the flux of
hydrogen ions and radicals towards film surface. As d
cussed in Sec. II, the main role of hydrogen is to decrease
number of dangling bonds at the surface, thus decreasing
aggregation probability. Results from deposition of nitroge
free films are helpful at this point: it is observed that t
deposition in acetylene atmospheres@33# is remarkably faster
than the deposition in methane atmospheres@34# for the
same bias voltage and pressure. For a large variety of gro
conditions, the ratio of deposition rates ranges approxima
from 2 to 6@33,34#. For instance, using a2300 V self-bias,
Zou et al. @33# obtained approximately the deposition ra
400 Å /min with pC2H2

55.231022 mbar and the deposi

tion rate 100 Å /min forpCH4
'531022 mbar.

This scenario suggests the introduction of a blocking f
tor in the original model, in order to represent the saturat
of surface bonds and, consequently, the decrease of the
gregation probability in a plasma with methane. Theref
we will consider that the aggregation processes of Fig
~processes 1, 2, and 4! are accepted with a probabilitya,
otherwise they are rejected. When rejected, neither aggr
tion nor erosion occurs. On the other hand, the erosion
cesses 3 and 5 are always accepted.

In the casep51 ~only C particles!, the absolute deposi
tion rate in this model isa times the deposition rate in th
original model. The comparison above between deposi
rates in acetylene and methane atmospheres suggestsa rang-
ing between 1/6'0.17 and 1/250.5 to model deposition in
methane atmospheres, since the original model represe
the deposition in acetylene atmospheres.

In the present model, Eqs.~1! and ~2! are replaced by

r C[
dnC

dt
5ap2~12p!uq ~8!

and

r N[
dnN

dt
5a~12p!u~12q!2~12p!~12u!. ~9!

Equation~3! is replaced by

u~ t11!5pu~ t !1ap@12u~ t !#1~12p!u~ t !qu~ t1!

1~12a!~12p!u~ t !~12q!1~12p!@12u~ t !#,

~10!

also with t,t1.
The asymptotic conditionu(t11)5u(t)5u(t1), when

applied to Eq.~10!, givesu as function ofp, q, anda, analo-
gously to Eq.~4!. Substitution in Eqs.~8! and ~9! gives r C
andr N as functions of those parameters, analogously to E
~5! and ~6!.

In the pqa space, there is a critical surface separating
regimes of growth (r C.0, r N.0) and erosion (r C,0, r N
,0), whose equation is
ug-
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p5pc5
q

a2~12q!1a1q
. ~11!

The growth regime is obtained forp.pc . In this regime,
for fixed q and a, we observe thatr decreases whenp de-
creases, whilexN increases, such as in Fig. 3.

From Eqs.~8! and ~9!, the maximum value ofr in this
model isa ~for p50). However, in our comparisons of the
oretical and experimental deposition rates, they will be n
malized to giver max51 ~nitrogen-free films!. We will con-
sider the same valueq50.25 used to describe experiments
acetylene atmospheres~Sec. III! and suggested by an inde
pendent work@20#. The best fit of ther 3xN curves of films
grown in methane-nitrogen@3# and methane-ammonia@11#
atmospheres is obtained witha50.3, as shown in Fig. 6. The
corresponding critical point (r 50) is atpc'0.4048••• . The
experimental values ofxN are obtained only from the am
mounts of carbon and nitrogen in the films, as discus
above.

We note the good agreement between the model and
data from two different experiments, which lay approx
mately in the same curve. The blocking of surface sites
aggregation provides, at the same time, a faster decreas
deposition rates and lower nitrogen concentrations. It is a
important to stress that the value of the free parametea
50.3 is consistent with the typical ratios of absolute depo
tion rates in methane and acetylene atmospheres, as
cussed above.

V. THE ORIGINAL MODEL WITH SURFACE
RELAXATION

The models presented in the previous sections negle
spatial correlations. An important point if we intend to mod
real films is the relevance of the three-dimensional struct
and of those correlations. For instance, it is important
know their effects on ther 3xN curves presented above, an
the influence of nitrogen incorporation in surface roughne

These questions motivated the introduction of so
simple mechanisms of surface smoothing to the aggrega

FIG. 6. Relative growth rater versus bulk concentrationxN of N
particles of the model with blocking of surface sites withq50.25
anda50.3 ~solid line! and experimental results for films grown i
methane-nitrogen~squares, Ref.@3#! and methane-ammonia~tri-
angles, Ref. @11#! atmospheres. Theoretical and experimen
growth rates were normalized to giver max51 ~for nitrogen-free
films!.
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3422 PRE 61F. D. A. AARÃO REIS AND D. F. FRANCESCHINI
processes presented above. The simplification of the
structure and of the mechanisms of surface roughening
well as the previous approximations of the uncorrela
models, indicate that we cannot expect more than qualita
information in addition to the results presented before. Qu
titative information on surface roughness, for instan
would be possible only if the amorphous structure of
films and the details of the interactions between the plas
and the films’ surfaces were taken into account.

In our first model with surface relaxation, we will con
sider that the deposit has a simple cubic lattice structure,
that the aggregation and erosion processes have the
probabilities of Fig. 1~parametersp and q). The substrates
are square lattices (xy plane! of widths L516, 32, and 64.
Periodic boundaries are adopted in thex andy directions.

We will generalize the well-known restricted solid-o
solid ~RSOS! model @17,18# to the aggregation processes
Fig. 1 ~processes 1, 2, and 4!. It forbids the formation of hills
or valleys of heights larger than one lattice parameter. M
precisely, we will consider a version of this model that r
sembles the modified RSOS model of Kimet al. @18#. The
incident particle~C or N! and the aggregation or erosio
process~1 to 5! are selected with the same probabilitiesp
andq, as described in Sec. II~Fig. 2!, considering only the
top particle of the column of incidence. If it is decided
aggregate the incident particle~processes 1, 2, or 4!, we look
at the four neighboring columns to find whether their heig
are larger than or equal to the height of the column of in
dence. In the positive case, the aggregation process is
cepted. Otherwise, a neighboring column is randomly c
sen, the test of neighboring columns’ heights is perform
and, if it is positive, the aggregation is accepted. This pro
dure is repeated until it is found a column where the agg
gation is accepted. Figure 7 shows examples of aggrega
processes in a two-dimensional version of the model.

On the other hand, when an erosion process is cho
~according to the probabilities of the original model!, the top
particle of the column of incidence is removed. Thus t
erosion may form hills or valleys of heights larger than on
while the aggregation tends to keep the surface loc
smooth. This is reasonable as a first approximation, altho
the actual sputtering processes may lead to the formatio
patterns at the surface that are described by much more c
plex models@35#.

We simulated the deposition of films up to 53106 par-
ticles. This number is sufficient to attain the regime of roug
ness saturation in lattices withL516 andL532. For fixed
q50.25, we simulated the deposition for several values op,
with intervalsDp50.1. A total of 23103 deposits were gen
erated for each pair (p,q) and each lattice widthL.

In Fig. 8 we show the deposition rater versus inverse
time 1/t ~one unit time is assigned to each attempt to dep
or to remove one particle!, for q50.25 andp50.6, in the
three lattices. Note the small range of the vertical axis in F
8, which provides very accurate estimates of asympt
deposition rates. The asymptotic deposition rate for lat
width L, r L , is obtained from extrapolations tot→` (1/t
→0). This extrapolation method was previously applied
the original model and the results agree with the anal
solution with a very high accuracy~nearly 1 part in 105). The
estimatesr L are then extrapolated toL→` to give the final
m
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estimate of the deposition rater. For instance, forp50.25
and q50.6 ~Fig. 8!, the final estimate isr 50.65945
60.00010. Similar extrapolation procedure is used to cal
late the asymptotic fraction of N particlesxN .

In Fig. 9 we showr versusxN for the present model and
the curve for the original model, both withq50.25. The data
of Ref. @15# for a-C(N):H films grown under PECVD in
acetylene-nitrogen atmospheres~same as Fig. 6! is also
shown in Fig. 9.

We note that the introduction of surface smoothi
mechanisms do not change remarkably the deposition r
and concentrations when compared to the random mode
xN,0.25. Simulations for other values ofq confirm this be-
havior. The differentiated behavior for largerxN is expected
because, in the present model, it is possible the depositio
consecutive N particles in a certain column; it occurs wh

FIG. 7. Examples of aggregation of particles in the models w
surface relaxation~two-dimensional version!. Solid arrows indicate
the steps of the incident particle when it is choosing a column
aggregate. Dashed arrows indicate the deposits that may be
tained after the aggregation of the incident particle@two possible
final deposits in cases~b! and ~d!#.

FIG. 8. Deposition rater versus inverse growth time 1/t, in the
original model with surface relaxation, forq50.25, p50.6 and
three lattice widths:L516 ~squares!, L532 ~triangles!, and L
564 ~crosses!.
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the upper N did not incide at that column, but aggregated
it ~as shown in Fig. 7!. WhenxN is small, this event has a
very low probability.

We conclude that the essential ingredients of the mo
give deposition rates and concentrations that weakly dep
on the lattice structure and the surface relaxation mec
nisms forx&0.25. These results give additional support
our comparisons with experimental data from amorph
films, whose structure and deposition mechanisms are m
more complex. It proves that the model captured the relev
statistical properties of the film growth kinetics, avoiding t
complexities of the microscopic interactions.

On the other hand, the surface morphology certainly
pends on lattice structure and surface relaxation mechani
Although these ingredients are very far from the real one
plasma deposition, it is interesting to study the surface m
phology because it gives qualitative information on t
variation of surface roughness with the conditions of de
sition and also to provide a more complete analysis of
theoretical model.

The interface width, which measures surface roughnes
defined as

W5F 1

L2 (
i

~^hi
2&2^hi&

2!G1/2

, ~12!

wherehi is the height of columni.
For fixed p and q, we expect thatW obeys the scaling

relation

W'Lx f ~Lh21/z!, ~13!

wheref is a scaling function andh is the mean height of the
deposit@h5(nC1nN)/L2#. When erosion is absent,h is a
measure of the deposition time per substrate site. When
sion processes work, scaling plots are useful to compare
surface roughness of films with the same mean he
~which, however, need different times to attain that heigh!.

In Fig. 10 we showW/Lx versus ln(hL2z), using x
50.55 andz53.1, for (q50.25, p50.9) and (q50.25, p

FIG. 9. Growth rater versus bulk concentrationxN of N par-
ticles. Empty squares are results of simulations of the orig
model with surface relaxation, withq50.25, and the solid curve is
a fit of those data. The dashed curve is the analytic result of
original model~uncorrelated! with q50.25. Full hexagons are ex
perimental results for films grown in acetylene-nitrogen atm
spheres~Ref. @15#!.
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50.5). The corresponding deposition rates arer'0.94 and
r'0.54~Fig. 9!. The exponentsx andz provide the best data
collapse for the three lattice widthsL.

It is clear that the roughness increases whenp decreases
and xN increases, if films with the same mean heighth are
compared. The uncorrelated erosion processes, which
more frequent when the N flux increases, are responsible
this feature. However, it is interesting to note that the dom
nant aggregation processes lead to a saturation of the i
face width, such as in the correlated models without eros

VI. MODEL WITH BLOCKING OF SURFACE SITES AND
SURFACE RELAXATION

Now we generalize the model presented in Sec. IV, c
sidering the blocking of surface sites to aggregation and
face relaxation mechanisms. The attempts to aggregate a
ticle ~processes 1, 2, and 4! are accepted with probabilitya,
otherwise they are rejected. The aggregation, when accep
obeys the same~RSOS like! conditions presented in Sec. V
with the same procedure to choose the column for the ag
gation ~Fig. 7!. The erosion is random and is always a
cepted, such as in the previous models.

We simulated the present model in lattices with widt
L516, 32, and 64, forq50.25 anda50.3. In Fig. 11 we
show r versusxN for this model (r was normalized to give
r max51). We also show the same data of Fig. 6: the cu
for the uncorrelated model with blocking of surface sit
~Sec. IV! and the data froma-C(N):H films grown under
PECVD in methane-nitrogen@3# and methane-ammonia@11#
atmospheres. We observe that the introduction of a lat
structure and surface smoothing mechanisms do not cha
remarkably ther 3xN curves up toxN'0.12. It reinforces
our comparisons with experimental data in amorphous film
The differentiated behavior for largerxN is explained as in
the previous model.

In Fig. 12 we showW/Lx versushL2z, using x50.55
and z53.1, for (q50.25, a50.3, p51) and (q50.25,a
50.3, p50.6). The absolute deposition rates arer 50.3 and
r'0.11, respectively~relative deposition ratesr 51 and r
'0.37 - Fig. 11!.

The exponentsx50.55 andx53.1 give the best data col

l

e

-

FIG. 10. Scaling plot of the interface widthW versus average
film height h of the original model with surface relaxation, withq
50.25 and the values ofp indicated. Critical exponents arex
50.55 andz53.1. Lattice widths areL516 ~up and down tri-
angles!, L532 ~crosses and stars!, and L564 ~squares and hexa
gons!. The N particle concentration increases whenp decreases.
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lapse forp51 ~films with no N particle!. The best data col-
lapse forp50.6 is obtained with slightly different values o
x and z. It is probably an effect of corrections to scalin
since the aggregation and the erosion mechanisms belon
different universality classes. It is also interesting to note t
the exponents do not change with the introduction of
blocking of surface sites to aggregation.

In this model, we also observe the increase of roughn
whenp decreases andxN increases. It agrees with the resu
of Priolli et al. @11#, who measured the surface texture
films grown in methane-ammonia atmospheres with ato
force microscopy techniques. In that experiment, the surf
width doubles (0.13→0.26 nm) when the relative depos
tion rate falls from 1 ~nitrogen-free films! to 0.41 (xN
'0.135, considering only the ammounts of carbon and ni
gen!. Films with the same thickness~about 35 nm! were
analyzed.

FIG. 11. Relative growth rater versus bulk concentrationxN of
N particles. Empty squares are results of simulations of the mo
with blocking of surface sites and surface relaxation, withq
50.25 anda50.3, and the solid curve is a fit of those data. T
dashed curve is the analytic result of the uncorrelated model
blocking of surface sites, with the same values ofq and a. Full
squares and triangles are experimental results for films grow
methane-nitrogen~Ref. @3#! and methane-ammonia~Ref. @11#! at-
mospheres, respectively. Growth rates are normalized to giver max

51.

FIG. 12. Scaling plot of the interface widthW versus average
film heighth of the model with blocking of surface sites and surfa
relaxation, withq50.25, a50.3, and the values ofp indicated.
Critical exponents arex50.55 andz53.1. Lattice widths areL
516 ~up and down triangles!, L532 ~crosses and stars! and L
564 ~squares and hexagons!. The N particle concentration in
creases whenp decreases.
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In our model, the interface width increases by a sma
factor ~nearly 25%! from p51 to p50.6. The uncorrelated
erosion processes, that become more frequent when th
trogen concentration increases, are responsible for the
crease of surface roughness. Since the lattice structure o
model is very distant from the real films structure and t
surface smoothing mechanisms are somewhat artificial,
do not expect more than a qualitative agreement. A qua
tative comparison would require a much more sophistica
model, taking into account the complex geometry of the
posit and the interactions with the plasma, which is far fro
the present knowledge of those deposition processes.

VII. SUMMARY AND CONCLUSION

We presented models of deposition and erosion, with t
species~C and N!, which represent many features of plasm
deposited amorphous carbon-nitrogen films. In these mod
the incidence of N particles is responsible for the erosion
the original version of the model@14#, the probability of
incidence of a C particle isp and the probability of an inci-
dent N particle annihilating an aggregated C particle isq. In
the second version, there is a probabilitya of accepting the
aggregation attempt (a51 in the original model!. It repre-
sents the blocking of surface sites to the aggregation, wh
is typical of hydrogen-rich plasmas. We also studied th
models including surface smoothing mechanisms~generali-
zations of the RSOS model@17#! in the aggregation pro-
cesses.

For the random deposition and erosion models, we ca
lated analytically the deposition rates and C and N conc
trations as functions ofp, q anda. The r 3xN curve of the
original model withq50.25 agrees with experimental da
from amorphous carbon-nitrogen films grown in acetylen
nitrogen atmospheres. Ther 3xN curve of the model with
blocking of surface sites, withq50.25 anda50.3, agrees
with the data from films grown in methane-nitrogen a
methane-ammonia atmospheres. Those values ofq anda are
consistent with independent experiments on growth or e
sion of nitrogen-free films@20,33,34#. The models with sur-
face relaxation were studied using numerical simulatio
The r 3xN curves of these models have small differenc
from the corresponding curves of the uncorrelated model
the range ofxN that agrees with experimental data. It prov
that those curves are weakly dependent on lattice struc
and surface relaxation mechanisms, which supports our c
parisons with data from amorphous films.

The models with surface relaxation mechanisms for
aggregation have also shown an increase of surface ro
ness when the nitrogen concentration increased. It is a c
sequence of the absence of correlations in the erosion
cesses, which become more frequent when the N
increases and, consequently,xN increases. These features a
also observed in real films deposited by different techniq
with ion bombardment.

Although our models do not consider the microscopic d
tails of film growth, the statistical point of view may b
useful for the interpretation of related experiments wh
deposition and erosion simultaneously occur. For instan
transitions between the growth and erosion regimes are
served in other thin film growth problems, such asa-C:H
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films @16# when the substrate temperature increases. Fro
theoretical point of view, it would also be interesting th
investigation of the points where aggregation and erosion
balanced out (r 50), when these processes belong to diff
ent universality classes. Thus we consider that further stu
of models of deposition and erosion may be motivated by
present work. Moreover, we hope that our models will h
future studies focusing on the microscopic properties
. B
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amorphous carbon or carbon-nitrogen films deposited
plasma.
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