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Statistical models for carbon-nitrogen film growth
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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 1 p, respectively. An incident C particle always aggregates upon contact with the surface.
An N particle annihilates with a top C particle with probabilgyand aggregates with probability-1g. An N
particle always annihilates with a top N. A critical line separates the regimes of grgwtly/@) and erosion
(p<0q/2). For fixedq, whenp decreases towards the critical valpg=q/2, the bulk concentration of Nx()
increases, and the growth ratelecreases. Thex xy curve forq=0.25 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 probattiterwise it is
rejected. Fog=0.25 anda= 0.3, ther X x curve agrees with data from films grown in methane-nitrogen and
methane-ammonia atmospheres. The fitting valuepasfd « 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 Xxy curves, confirming the validity of those models to represent the kinetics of amorphous films growth. It
was also observed that the surface roughness increasescyitivhich agrees qualitatively with several
experiments on carbon-nitrogen films growth with ion bombardment.

PACS numbgs): 05.40—a, 05.70.Fh, 05.70.Ln, 68.55a

I. INTRODUCTION stopping to bond formatiof13]. In fact, the microscopic
properties of the growing surfaces of amorphous carbon-

The study of amorphous carbon-nitrogerrC:N) and hy-  nitrogen films are not well understood yet.
drogenated carbon-nitrogga-C(N):H] films has attracted Statistical models are interesting at this point since they
much interest in the last yeaf4]. Nitrogen incorporation may describe some aspects of the growth kinetics by repre-
was found to have beneficial effects on electricg], me-  senting the basic growth mechanisms as simple stochastic
chanical, and tribologicdB-5] properties of amorphous car- processes and neglecting the details of the microscopic inter-
bon films. For instance, these films have improved perforactions. Following this reasoning, here we will present
mance as protective coatings compared to pure carbon filmsimple models of aggregation and erosion that describe

Most works in this field have been made using some kindquantitatively some kinetic features of carbon-nitrogen film
of ion beam assistance. Plasma enhanced chemical vapgrowth by PECVD. Instead of considering the microscopic
deposition(PECVD) in a hydrocarbon-nitrogen gas atmo- details of the growing surfaces, these models are based on
sphere[3,6], ionized reactive magnetron sputter depositionexperimental information that can be treated statistically,
[5], dual ion beam depositiofi7], and mass selected ion such as deposition or etching rates and surface roughness
beam depositiofMSIBD) [8] should be mentioned among (interface widths Although this approach has a limited ap-
other techniques. An interesting feature of those processes [icability, the statistical description of the competition be-
the rapid decrease of deposition rate when nitrogen incorpdween aggregation and erosion in carbon-nitrogen films
ration increase$7,9], which limits the nitrogen content of growth is complementary, and may even be helpful to the
the films. Depending on the deposition method, the maxistudy of microscopic models.
mum bulk nitrogen concentration ranges from 15 to 40%. In a recent papel4], we introduced a model of random
These values, however, are well below the stoichiometrideposition and erosion, with two speci€sand N particles
fraction of the compoungB-C3;N,, which was proposed to that represents qualitatively the growth kinetics of carbon-
have mechanical properties compared to the ones of the crysitrogen films deposited by PECVD, and agrees quantita-
talline diamond[10]. Another interesting feature of those tively with results of an experiment in acetylene-nitrogen
films is the increase of surface roughness when nitrogen inatmosphere$15]. In that model, the incidence of nitrogen
corporation increases, which was already observed in thins (each atom is represented by an N panjidterespon-

growth with several techniqué41,12. sible for the erosion processes, which describe the evolution
In order to understand structure and properties changesf CN and N, molecules.
induced by nitrogen incorporation e-C(N) anda-C(N):H The first aim of the present paper is to present the details

films, it is important to study the physics of the depositionof the solution of that model and discuss its consequences.
process. This is a complex task if we consider the collisiorHereafter we will refer to it as the original modgl4].
processes following ion subsurface penetration, from ion Our second aim is to generalize that model in order to
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represent quantitatively the growth kinetics afC(N):H
films by PECVD in different conditions. For this purpose, we P P l-p I-p
will introduce a blocking of surface sites to aggregation. It 0 -0 0 1-0
represents the effects of hydrogen atomic radicals that, as a I
main rule, saturate surface dangling bohd§], thus avoid- v v ‘; &“ v
ing the aggregation of carbon-containing radicals and nitro-

gen atoms. This second model will also be solved analyti-

cally, and will represent growth properties afC(N):H

films in methane-nitrogen and methane-ammonia atmo-
spheres. 1 2 3 4 5

Th? values of the parameters of the mpdels used to fit FIG. 1. Processes following the incidence of a partisiguares
_experlmental dat&p_arametgrsq anda) were inferred frqm at a column. The question mark indicates particles that may be C or
independent e_xperlments, in or_der to warra_nt_the CONSISteNGY the probabilities associated to a given incident partigeof
of the theoretical approach. Finally, we will introduce sur- 1-p), a top particle ¢ or 1— 6) and an erosion process or 1
face relaxation mechanisms to the aggregation processes 0fy) are also shown.
the previous models, i.e., mechanisms to avoid the formation
of huge hills or valleys at the surface. For this purpose, weHong and Turbaii21] also observed the chemical sputtering
will consider a three-dimensional lattice structure and a genof a-C:H films by low energy N* ions coming from a I
eralization of the conditions of the restricted solid-on-solidplasma. The evaporation of,Nnolecules, as a consequence
(RSOS model[17,18 to the aggregation processes, while of N-N bond formation during the growth, may also contrib-
the erosion processes will be uncorrelated. Although thesgte to the erosion process, as suggested by Matah [1].
mechanisms are very far from the real surface kinetics, they‘here is no experimenta| evidence on the presence of N-N
are helpful to analyze the effects of lattice structure and surhonds in carbon-nitrogen films, and recent molecular dynam-
face relaxation on the previous models. We will show thatics simulations of the formation of carbon-nitrogen solids
the deposition rate versus nitrogen concentration curves haye2] have shown evaporation of,Nit high nitrogen incorpo-
small differences from the corresponding uncorrelated modration rates.
els, i.e., they are weakly dependent on those mechanisms. It This scenario suggested the existence of aggregation and
gives additional support to our comparisons with experimenerosion processes in carbon-nitrogen films growth by
tal data on amorphous films. We will also show that thesePECVD and other techniques with ion beam assistance. It
models represent qualitatively the increase of surface roughmnotivated the introduction of a model for random deposition
ness with nitrogen content, as observed experimentally.  and erosion with two species, C and[]. In this model,

This work is organized as follows. In Sec. Il we will the substrate columns are independent, consequently the
present the original model for random deposition and erOSiO@Ieposition process may be ana|yzed as a Sing|e column pro-
of carbon-nitrogen films and its motivations. In Sec. Ill we cess[a (0+1)-dimensional modél The incident flux con-
review the analytic solution of that model, discuss its CoNSetains a fractionp of C partic|es and a fraction _]_p of N
quences and the comparison with PECVD experiments imyarticles. The C particles represent carbon-carrying species
acetylene-nitrogen atmospheres. In Sec. IV we will extendfast ions or slow neutral radicalthat come from the plasma
this model to include the blocking of surface sites to aggreand effectively stick to the film surface. The N particles rep-

gation and show that it describes experimental results fromesent the products of the bond breaking of Nast ions
deposition in atmospheres with methane. In Sec. V we willafter colliding with the surface.

introduce a lattice structure and surface relaxation mecha- Figure 1 shows the effects of the incidence of each par-

nisms in the aggregation processes of the original model, angtle on a column of the aggregaté C particle is deposited
analyze their effects on growth rates, concentrations of C angihatever the top particle i@rocesses 1 and.2An incident
N and surface roughness. In Sec. VI we will introduce they particle may annihilate with a top C particle with probabil-
same mechanisms in the model with blocking of surfacqty q (process B and deposits over it with probability-1q
sites. In Sec. VIl we summarize our results and conclusmnS(.proceSS 3 This annihilation(erosion process represents the
evaporation of CN molecules after the incidence of a nitro-
Il. THE ORIGINAL MODEL OF RANDOM DEPOSITION gen ion. The _probab_ilit)q is r_elated to the interactions be-
AND EROSION tween the_z incident nitrogen ions ar_wd_ the aggregated ca_lrbon
atoms. Finally, the incident N annihilates a top N particle
In amorphous carbon-nitrogen or hydrogenated carborwith probability 1 (process b It represents the evaporation
nitrogen films growth, the observed fall in deposition rateof N, and the absence of N-N bonds in the filngsis the
has been ascribed to the onset of a chemical sputtering préraction of C particles at the surfadéop of the columng
cess upon increasing nitrogen flux towards film surfacethus the probability of any particle falling ove C is 0,
[7,19. This process was studied in detail by Hammer andwhile the probability of falling over an N is % 6. If the top
Gissler [20], who measured the mass spectrum of theparticle of the column is C, then the particle below it is not
evolved molecules from a pure graphite sample submitted tknown a priori(particles labeled with a question markf
low energy N* ion bombardment. They observed that film the top particle is N, then the particle below it is certainly a
erosion occurs as a kind of chemical sputtering, which reC, because process 5 do not allow consecutive N particles in
sults in the evolution of CN molecules, with a carbon etcha column.
rate of about 0.5 C atoms per,N ion. In a recent work, The random deposition is the simplest statistical growth
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model[27,25. It has already been studied with one or two 1 I
kinds of particleqd 28] but erosion processes do not seem to

have been previously introduced. Despite its simplicity, a p
random deposition model is the first step towards correlated GROWTH
models, which give more realistic descriptions of surface 05 L
roughening and which are widely discussed in the recent
literature[23—-26|.

The present model and its further extensié®scs. 1V, V,
and VI) are statistical descriptions of the essential aspects of |
carbon-nitrogen film growth kinetics which avoid the com- 0 0.5 1
plications of the microscopic interactions in the film surface. q
Consequently, they do not represent properties intimately re-
lated to the film structure. Other important assumptions of FIG. 2. Diagram of the three possible regimes of the model. At
this statistical description are discussed below. the critical line, the C and N deposition rates are zero.

First, we are assuming that nitrogen incorporation and
nitrogen or carbon erosion processes are carried out mainiyhe first tern (1—p) #(1—q)] of Eq. (2) is the contribution
by N,* ions that impinge on the growing surface and breakfrom process 4 and the second tefd—p)(1—6)] is the
into two N atoms of about half of the initial ion energy. We contribution from process 5. In Eq4l) and(2), 0 represents
are also neglecting the role of fast carbon ions in the removahe coverage at time(probability of a top C particle
of nitrogen atoms from the film—the symmetric situation to  Those processes may also lead to changes in the coverage
process 4 in Fig. 1. Despite the key role played by theg. The fraction of C particles at the surface after the annihi-
carbon-carrying fast ions ia-C:H film growth proces$29], lation process 3particles labeled with a question maris
the major contribution to the growth rate has been shown tehe only unknown value in Fig. 1. The particle labeled with a
come from carbon-carrying radicdl30], and it is expected question mark was at the second lagieom top to bottor,
that these features generalize to films containing nitrogen. belov a C particle, before the erosion process 3. If the re-

Finally, we are also neglecting the role played by hydro-moved C particle was deposited at time(t;<t), then the
gen ions and radicals in the film growth. According to Jacobprobability of “?” being a C particle isé(t;). Thus we ob-

[16], the dominant effect of hydrogen close to room temperatain
ture is to decrease the number of dangling bonds at the sur-
face. Since carbon-carrying radicals or slow nitrogen atoms 6(t+1)=p+(1—p)o(t)qo(ty)+(1—p)[1—6(1)].
(resulting from the breaking of fast,;Nl ions) may aggregate ©)
at these dangling bonds, we are neglecting the blocking of } ) _ o
surface sites to C and N species bonding in the originall € first term in Eq.(3) (p) is the contribution from pro-
model. In Sec. IV, we will show that this blocking must be ¢€sseés 1 and 2, the second tdrfth—p) 6(t)q6(t,)] is the
considered in order to represent the growth kinetics ofontribution from process 3 and the third tefifll —p)[1
PECVD films in hydrogen-rich atmospheres. —6(t)]} is the contribution from process 5.

In the stationary growth regime&j(t+1)=6(t) = 6(t,).

Then Eq.(3) gives the asymptotic coverageas function of
I1l. ANALYTIC SOLUTION OF THE ORIGINAL MODEL p andq:

FOR RANDOM DEPOSITION AND EROSION

3
o =

EROSION

In this model, there is no correlation between different 6:2—p—\/(2—p)2—4Q(1—p) @
columns. However, C and N particles are not symmetric, 2q(1-p) '
then the growth at a given time depends on the history of the
growth process. An exact solution of the problem is difficult, Substitution in Eqgs(1) and(2) gives the stationary rates
except if we just consider the asymptotic behavior.

The number of deposited C particlasd], at a given time :§ _ E ——— —
t, varies as re=5P 1+2\/(2 p)*—4q(1-p), (5)
dn (2—0q)
fe=—g; =P~ (1-P)a. ) =g [2-P—(2=p)’=4q(1-p)]-1+p. (6

There is a transition between the regimes of growth and

The first term(p) of Eqg. (1) is the contribution from pro- erosion at the critical lin@=q/2, wherer o=1 =0 (Fig. 2.

cesses 1 anq Fig. 1), and the second tgrlﬁ(;—p) fa] IS bove the critical line, the numbers of deposited particles
the contribution from process 3. One unit of time is assigne

L ; ndny increase with time. Below that line, any initial aggre-
to each attempt to aggregate or to annihilate one p?rt'c'e- Thgate will be destroyed, due to the high number of incident N
number of deposited N particle), at a given timet, '

particles and the high probability of annihilating with C par-

varies as ticles.
g In the growth regime, for fixed, the total growth ratéor
_d9nN N A B growth velocity r =r c+ry decreases gsdecreases towards
N= dt =(A=p)o(1=q)=(1=p)(1=0). @ p.=0/2. The numbers of deposited particles in the long time
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FIG. 3. (a) Growth rater versus the probabilitp of incidence of
C particles in the growth regime, fay=0.25 andq=0.5; (b) Bulk
concentratiorxy of N particles versug, for the same values af.

FIG. 5. Growth rater versus bulk concentratiory of N par-
limit are nc=rt andny=ryt, and the total number of par- ticles of the original model witlg=0.25 (solid line), and experi-
ticles isn=nc+ny. Then the bulk concentrations of C and mental results for films grown in acetylene-nitrogen atmospheres
N are xc=nc/n=rc/(rc+ry) and xy=ny/n=ry/(rc (hexagons, Re{1s).

+ry). ) _ i The present model describes quantitatively the results re-
In Fig. 3(&) we showr versusp in the growth regime for  ported by Jacobsohat al. [15] on the growth kinetics of
q=0.25 andg=0.5, obtained from Eqg5) and(6), and in  hydrogenated carbon-nitrogen films grown under PECVD in
Fig. 3(b) we show the concentratiaxy, for the same values acetylene-nitrogen atmospheres. In Fig. 5 we show the
of g. We observe that, ag decreases;, decreases angy  growth rater as a function of,, for q=0.25, and we also
increases. The dependencer @ndxy on p are qualitatively  show the relative deposition rate of REE5] as a function of

the same for alby. the concentration of nitrogeiat. %9 in the films. The experi-
XN has a maximum limiting value mental concentrations presented here were obtained from the
ammounts of C and N only, excluding the hydrogen content,
©_ & (1-q) which is near 10%. It is reasonable for a comparison with a
XN = “”LMFM (7) model that considers only C and N atoms, as discussed in
p—p, Sec. Il.

The valueq=0.25 was inferred from the 0.5 C atom per
as the critical point is approached. Fqe=0, x{©=1/3, N, ion removal ratio reported by Hammer and Gis$&8].
which is the maximum possible concentration of N particlesThUS our description is consistent with data taken from inde-

in this model. Forg=0.25, X(hf)zo_:,; [Fig. 3b)]. It is inter- pendent experiments and did not use arbitrary fitting param-

esting that this maximum is attained when the annihilationeters' S . . .
g The main limitation of this model is the absence of spatial

processes are more frequent and the growth is very slow. g rrelations. In Sec. V, this limitation will be partly over-

agrees .W'th the expen_mental 'observanpns_ of decrease Zome with the introduction of a lattice structure and surface
deposition rate as the nitrogen incorporation increases. It c

ticles in the bulk ingredients do not have remarkable effects on théxy

parl Ic ez mt € bulk. del and . tal it .gurves(such as that in Fig.)5which confirms the validity of
__[norder{o compare our model and experimental resufts, i, comparisons with experimental data on amorphous films.
is convenient to plot the deposition rateersus the nitrogen The deposition rate curves reported for PECVD using

concentrationxy . In Fig. 4 we show the X x curves for other h -y
. ydrocarbons, such as methane, have similar shapes to
g=0, 0.25, 0.5, and 0.75. Fg=<0.5, the downward curva- the q=0.25 curve of this model, but the maximum wf

ture reproduces the behavior of the growth rate observed iPanged from 13 to 15 at. %. These values<k§ff are obtained

experiment46,7,15,31, in the original model withg>0.75. However, the curve for
g>0.75 (see the trend in Fig.)dis completely different of

LR UL the experimental ones, which always have a downward cur-
0.8 N — vature. The behavior in acetylene-nitrogen atmospheres is
r 06 1/2”4 N probably due to the less easy dissociation of acetylene in the
L 3/4 4 plasma[32]. Using other hydrocarbons, the plasma dissocia-
04 — tion products, such as hydrogen radicals and ions, may also
0.2 [ ] play a role in the film growth process. In Sec. IV, we will
L _ show how the blocking of surface sites to aggregation prop-
oL 1 ol erly represent these experiments.
0 0.1 02 03
XN IV. MODEL WITH BLOCKING OF SURFACE SITES
FIG. 4. Growth rater versus bulk concentratiory of N par- The original model discussed in Secs. Il and Ill is not able

ticles for the indicated values of to represent quantitatively thre< xy curves withxﬁ)wo.la
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such as those with methane in the plasma. These results sug-
gest that the abundance of hydrogen in the plasma has an
important effect on deposition rates and nitrogen incorpora-
tion, a feature that was not considered in the original model.
The higher hydrogen content in the plasma and the easier
dissociation of Cl, compared to ¢H,, increase the flux of
hydrogen ions and radicals towards film surface. As dis-
cussed in Sec. Il, the main role of hydrogen is to decrease the
number of dangling bonds at the surface, thus decreasing the
aggregation probability. Results from deposition of nitrogen-
free films are helpful at this point: it is observed that the
deposition in acetylene atmosphefa3] is remarkably faster
than the deposition in methane atmosphdi@4] for the
same bias voltage and pressure. For a large variety of growth
conditions, the ratio of deposition rates ranges approximatel
from 2 to 6[33,34]. For instance, using a 300 V self-bias,
Zou et aI._[33]_obta|ned apprOX|_n21ater the deposition r"?‘te methane-nitroger(squares, Ref[3]) and methane-ammoniri-
400 A/min with pCzH2:5'2X 10" mbar and the deposi- angles, Ref.[11]) atmospheres. Theoretical and experimental
tion rate 100 A /min forpCH4~5>< 102 mbar. growth rates were normalized to givg,,,=1 (for nitrogen-free
This scenario suggests the introduction of a blocking facfilms).
tor in the original model, in order to represent the saturation

0.2

FIG. 6. Relative growth rateversus bulk concentratiox, of N
%articles of the model with blocking of surface sites with 0.25
and o= 0.3 (solid line) and experimental results for films grown in

of surface bonds and, consequently, the decrease of the ag- o}

gregation probability in a plasma with methane. Therefore P=Pe= 21— g+ atq’ (12)
we will consider that the aggregation processes of Fig. 1

(processes 1, 2, and 4re accepted with a probability, The growth regime is obtained f@r>p.. . In this regime,

otherwise they are rejected. When rejected, neither aggregéer fixed g and «, we observe that decreases whep de-
tion nor erosion occurs. On the other hand, the erosion preereases, while increases, such as in Fig. 3.
cesses 3 and 5 are always accepted. From Egs.(8) and (9), the maximum value of in this

In the casegp=1 (only C particleg, the absolute deposi- model isa (for p=0). However, in our comparisons of the-
tion rate in this model isy times the deposition rate in the oretical and experimental deposition rates, they will be nor-
original model. The comparison above between depositiomalized to giver =1 (nitrogen-free fiimg We will con-
rates in acetylene and methane atmospheres suggeats)-  sider the same valug= 0.25 used to describe experiments in
ing between 1/6:0.17 and 1/20.5 to model deposition in acetylene atmospheréSec. 1)) and suggested by an inde-
methane atmospheres, since the original model representpeéndent wor20]. The best fit of the X xy curves of films
the deposition in acetylene atmospheres. grown in methane-nitroge[8] and methane-ammonjd 1]

In the present model, Egél) and (2) are replaced by atmospheres is obtained with= 0.3, as shown in Fig. 6. The
corresponding critical pointr&0) is atp.~0.4048 - - . The
experimental values ofy are obtained only from the am-
mounts of carbon and nitrogen in the films, as discussed
above.
and We note the good agreement between the model and the
data from two different experiments, which lay approxi-
mately in the same curve. The blocking of surface sites to
aggregation provides, at the same time, a faster decrease of
deposition rates and lower nitrogen concentrations. It is also
Equation(3) is replaced by important to stress that the value of the free parameter

=0.3 is consistent with the typical ratios of absolute deposi-
O(t+1)=po(t)+ap[1-6(1)]+(1—p)o(t)qo(t,) tion rates in methane and acetylene atmospheres, as dis-

+(1-a)(1-p)at)(1-q)+(L-p)[1-gr)], ~ Ccussedabove.

dn
re= g =P~ (1-p)0q ®

d
(=g =a(1-p)(1-q)-(1-p)(A-0). (9

(10 V. THE ORIGINAL MODEL WITH SURFACE

. RELAXATION
also witht<<t;. ©

The asymptotic conditiond(t+1)= 6(t) = 6(t,;), when The models presented in the previous sections neglected
applied to Eq(10), gives@d as function ofp, g, ande«, analo-  spatial correlations. An important point if we intend to model
gously to Eq.(4). Substitution in Eqs(8) and (9) givesr:  real films is the relevance of the three-dimensional structure
andry as functions of those parameters, analogously to Eqand of those correlations. For instance, it is important to

(5) and(6). know their effects on theX x, curves presented above, and
In the pqe space, there is a critical surface separating thehe influence of nitrogen incorporation in surface roughness.
regimes of growth i(c>0, ry>0) and erosion (<0, ry These questions motivated the introduction of some

<0), whose equation is simple mechanisms of surface smoothing to the aggregation
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processes presented above. The simplification of the film
structure and of the mechanisms of surface roughening, as I;I
well as the previous approximations of the uncorrelated (|
models, indicate that we cannot expect more than qualitative !
information in addition to the results presented before. Quan- ' B
titative mformgﬂon on ;urface roughness, for instance, EH] R FFFH‘I
would be possible only if the amorphous structure of the EEEEE
films and the details of the interactions between the plasma
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, and
that the aggregation and erosion processes have the same I;I q"
probabilities of Fig. 1(parameterg andq). The substrates _ —
are square latticesxf plane of widths L=16, 32, and 64. i ']
Periodic boundaries are adopted in thandy directions.
We will generalize the well-known restricted solid-on- ! PN
solid (RSOS model[17,18 to the aggregation processes of — — —
Fig. 1 (processes 1, 2, and.4t forbids the formation of hills O A 11
or valleys of heights larger than one lattice parameter. More '
precisely, we will consider a version of this model that re- © (d)
sembles the modified RSOS model of Kieh al. [18]. The
incident particle(C or N) and the aggregation or erosion  FIG. 7. Examples of aggregation of particles in the models with
process(1 to 5 are selected with the same probabilitigs surface relaxatiofitwo-dimensional version Solid arrows indicate
andq, as described in Sec. (Fig. 2), considering only the the steps of the incident particle when it is choosing a column to
top particle of the column of incidence. If it is decided to aggregate. Dashed arrows indicate the deposits that may be ob-
aggregate the incident partiglerocesses 1, 2, onAwe look tgined afte( the aggregation of the incident parti¢gieo possible
at the four neighboring columns to find whether their heightginal deposits in case®) and (d)].
are larger than or equal to the height of the column of inci-
dence. In the positive case, the aggregation process is agstimate of the deposition rate For instance, fop=0.25
cepted. Otherwise, a neighboring column is randomly choand q=0.6 (Fig. 8), the final estimate isr=0.65945
sen, the test of neighboring columns’ heights is performedt0.00010. Similar extrapolation procedure is used to calcu-
and, if it is positive, the aggregation is accepted. This procelate the asymptotic fraction of N particleg .
dure is repeated until it is found a column where the aggre- In Fig. 9 we showr versusxy for the present model and
gation is accepted. Figure 7 shows examples of aggregatidhe curve for the original model, both witi= 0.25. The data
processes in a two-dimensional version of the model. of Ref. [15] for a-C(N):H films grown under PECVD in
On the other hand, when an erosion process is chosexcetylene-nitrogen atmospher¢same as Fig. 6is also
(according to the probabilities of the original modéhe top  shown in Fig. 9.
particle of the column of incidence is removed. Thus the We note that the introduction of surface smoothing
erosion may form hills or valleys of heights larger than one,mechanisms do not change remarkably the deposition rates
while the aggregation tends to keep the surface locallyand concentrations when compared to the random model for
smooth. This is reasonable as a first approximation, althougky<<0.25. Simulations for other values gfconfirm this be-
the actual sputtering processes may lead to the formation dfavior. The differentiated behavior for largey is expected
patterns at the surface that are described by much more corhecause, in the present model, it is possible the deposition of

(a) (b)

plex modelq 35]. consecutive N particles in a certain column; it occurs when

We simulated the deposition of films up tox&0° par-
ticles. This number is sufficient to attain the regime of rough- 0.6598 T
ness saturation in lattices with=16 andL=32. For fixed C
g=0.25, we simulated the deposition for several valueg, of 0.6596 - 7
with intervalsAp=0.1. A total of 2< 10° deposits were gen- 1"0 6594 3 ]
erated for each paimp(q) and each lattice width. ’ C -]

In Fig. 8 we show the deposition rateversus inverse 0.6592 | ]
time 1 (one unit time is assigned to each attempt to deposit E ]
or to remove one particlefor q=0.25 andp=0.6, in the 0.659 |- .
three lattices. Note the small range of the vertical axis in Fig. E ]
8, which provides very accurate estimates of asymptotic 0.6588 ; [0t 2x10  Bx10-8
deposition rates. The asymptotic deposition rate for lattice 1/t

width L, r_, is obtained from extrapolations to—c« (1/t

—0). This extrapolation method was previously applied 1o FiG. 8. Deposition rate versus inverse growth timetl/in the
the original model and the results agree with the analytiGriginal model with surface relaxation, faj=0.25, p=0.6 and
solution with a very high accuradpearly 1 partin 18). The  three lattice widths:L=16 (squarey L=32 (triangles, and L
estimateg | are then extrapolated lo—o to give the final =64 (crosses
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FIG. 10. Scaling plot of the interface widW versus average

FIG. 9. Growth rater versus bulk concentratiory of N par- film height h of the original merI with su.n.‘ace relaxation, with
ticles. Empty squares are results of simulations of the original~0-25 and the values op indicated. Critical exponents arg
model with surface relaxation, withh=0.25, and the solid curve is =0.55 andz=3.1. Lattice widths ard.=16 (up and down tri-

a fit of those data. The dashed curve is the analytic result of th@n9le$, L=32 (crosses and starsandL =64 (squares and hexa-

original model(uncorrelatefiwith g=0.25. Full hexagons are ex- gons. The N particle concentration increases wigedlecreases.

perimental results for films grown in acetylene-nitrogen atmo-

sphereqRef.[15)). =0.5). The corresponding deposition rates e«€0.94 and
r~0.54(Fig. 9). The exponenty andz provide the best data

the upper N did not incide at that column, but aggregated ir¢ollapse for the three lattice widths

it (as shown in Fig. ¥ Whenxy is small, this event has a It is clear that the roughness increases wheatecreases

very low probability. andxy increases, if films with the same mean heibtare

We conclude that the essential ingredients of the modetompared. The uncorrelated erosion processes, which are
give deposition rates and concentrations that weakly depenore frequent when the N flux increases, are responsible for
on the lattice structure and the surface relaxation mechahis feature. However, it is interesting to note that the domi-
nisms forx=<0.25. These results give additional support tonant aggregation processes lead to a saturation of the inter-
our comparisons with experimental data from amorphougace width, such as in the correlated models without erosion.
films, whose structure and deposition mechanisms are much
more pomplex. It proves thqt the model 'cap'tured the .relevant\,L MODEL WITH BLOCKING OF SURFACE SITES AND
statistical properties of the film growth kinetics, avoiding the SURFACE RELAXATION
complexities of the microscopic interactions.

On the other hand, the surface morphology certainly de- Now we generalize the model presented in Sec. IV, con-
pends on lattice structure and surface relaxation mechanismgidering the blocking of surface sites to aggregation and sur-
Although these ingredients are very far from the real ones iface relaxation mechanisms. The attempts to aggregate a par-
plasma deposition, it is interesting to study the surface morticle (processes 1, 2, and dre accepted with probability,
phology because it gives qualitative information on theotherwise they are rejected. The aggregation, when accepted,
variation of surface roughness with the conditions of depoobeys the saméRSOS like conditions presented in Sec. V,
sition and also to provide a more complete analysis of thavith the same procedure to choose the column for the aggre-

theoretical model. gation (Fig. 7). The erosion is random and is always ac-
The interface width, which measures surface roughness, gepted, such as in the previous models.
defined as We simulated the present model in lattices with widths
L=16, 32, and 64, fog=0.25 ande=0.3. In Fig. 11 we
1 h2 \2 12 showr versusxy for this model ¢ was normalized to give
W= L2 Z hi) =) | (12 rma—1). We also show the same data of Fig. 6: the curve
for the uncorrelated model with blocking of surface sites
whereh; is the height of column. (Sec. IV and the data frona-C(N):H films grown under
For fixed p and g, we expect thaW obeys the scaling PECVD in methane-nitrogef8] and methane-ammonja1]
relation atmospheres. We observe that the introduction of a lattice
structure and surface smoothing mechanisms do not change
W=~LXf(Lh™1#), (13)  remarkably ther Xxy curves up toxy~0.12. It reinforces

our comparisons with experimental data in amorphous films.

wheref is a scaling function and is the mean height of the The differentiated behavior for larges, is explained as in
deposit[h=(nc+ny)/L?]. When erosion is absertt, is a  the previous model.

measure of the deposition time per substrate site. When ero- In Fig. 12 we showW/LX versushL™?, using y=0.55
sion processes work, scaling plots are useful to compare thend z=3.1, for (Q=0.25, «=0.3,p=1) and Q=0.25,«
surface roughness of films with the same mean height0.3, p=0.6). The absolute deposition rates are0.3 and
(which, however, need different times to attain that height r~0.11, respectively(relative deposition rates=1 andr

In Fig. 10 we showW/LX versus InfiL™?, using x ~0.37 - Fig. 13.
=0.55 andz=3.1, for (q=0.25,p=0.9) and =0.25,p The exponenty = 0.55 andy= 3.1 give the best data col-



3424 F. D. A. AARAO REIS AND D. F. FRANCESCHINI PRE 61

In our model, the interface width increases by a smaller
factor (nearly 25% from p=1 to p=0.6. The uncorrelated
. erosion processes, that become more frequent when the ni-
1 trogen concentration increases, are responsible for the in-
. crease of surface roughness. Since the lattice structure of our
1 model is very distant from the real films structure and the
T surface smoothing mechanisms are somewhat artificial, we
1 do not expect more than a qualitative agreement. A quanti-
. tative comparison would require a much more sophisticated
1 model, taking into account the complex geometry of the de-
posit and the interactions with the plasma, which is far from

2 "
0 the present knowledge of those deposition processes.
FIG. 11. Relative growth rate versus bulk concentratioxy of VIl. SUMMARY AND CONCLUSION
N particles. Empty squares are results of simulations of the model » ) )
with blocking of surface sites and surface relaxation, with We presented models of deposition and erosion, with two

=0.25 anda=0.3, and the solid curve is a fit of those data. The SpecieSC and N, which represent many features of plasma
dashed curve is the analytic result of the uncorrelated model wittfleposited amorphous carbon-nitrogen films. In these models,
blocking of surface sites, with the same valuesqodnd «. Full  the incidence of N particles is responsible for the erosion. In
squares and triangles are experimental results for films grown ithe original version of the moddll4], the probability of
methane-nitrogeriRef. [3]) and methane-ammoni@ef. [11]) at-  incidence da C particle isp and the probability of an inci-
mospheres, respectively. Growth rates are normalized torgiye  dent N particle annihilating an aggregated C particlg. it
=1 the second version, there is a probabilityof accepting the
aggregation attempta(=1 in the original model It repre-
lapse forp=1 (films with no N particlg. The best data col- sents the blocking of surface sites to the aggregation, which
lapse forp=0.6 is obtained with slightly different values of is typical of hydrogen-rich plasmas. We also studied these
x andz It is probably an effect of corrections to scaling, models including surface smoothing mechanidigsnerali-
since the aggregation and the erosion mechanisms belong tations of the RSOS mod¢lL7]) in the aggregation pro-
different universality classes. It is also interesting to note thatesses.
the exponents do not change with the introduction of the For the random deposition and erosion models, we calcu-
blocking of surface sites to aggregation. lated analytically the deposition rates and C and N concen-

In this model, we also observe the increase of roughnessations as functions of, g and a. Ther X xy curve of the
whenp decreases arxj, increases. It agrees with the results original model withq=0.25 agrees with experimental data
of Priolli etal. [11], who measured the surface texture of from amorphous carbon-nitrogen films grown in acetylene-
films grown in methane-ammonia atmospheres with atomigitrogen atmospheres. Thexxy curve of the model with
force microscopy techniques. In that experiment, the surfacBlocking of surface sites, witlh=0.25 anda=0.3, agrees
width doubles (0.13-0.26 nm) when the relative deposi- with the data from films grown in methane-nitrogen and
tion rate falls from 1 (nitrogen-free filmg to 0.41 Ky  methane-ammonia atmospheres. Those valugsaofia are
~0.135, considering only the ammounts of carbon and nitroeonsistent with independent experiments on growth or ero-
gen. Films with the same thicknes@bout 35 nm were  sion of nitrogen-free film$20,33,34. The models with sur-
analyzed. face relaxation were studied using numerical simulations.

The r Xxy curves of these models have small differences
0.35 o T from the corresponding curves of the uncorrelated models in
the range oky that agrees with experimental data. It proves
that those curves are weakly dependent on lattice structure
and surface relaxation mechanisms, which supports our com-
parisons with data from amorphous films.

The models with surface relaxation mechanisms for the
aggregation have also shown an increase of surface rough-
ness when the nitrogen concentration increased. It is a con-
AT Y sequence of the absence of correlations in the erosion pro-
0-8 -6 -4 -2 0 2 cesses, which become more frequent when the N flux

ln(hL‘z) increases and,_conseq_uenbt)q,mcr_eases. These features_ are
also observed in real films deposited by different techniques

FIG. 12. Scaling plot of the interface widW versus average With ion bombardment. _ . _
film heighth of the model with blocking of surface sites and surface _Although our models do not consider the microscopic de-
relaxation, withq=0.25, =0.3, and the values of indicated.  tails of film growth, the statistical point of view may be
Critical exponents are=0.55 andz=3.1. Lattice widths are. useful for the interpretation of related experiments where
=16 (up and down triangl@s L =32 (crosses and starand L deposition and erosion simultaneously occur. For instance,
=64 (squares and hexagonsThe N particle concentration in- transitions between the growth and erosion regimes are ob-
creases whep decreases. served in other thin film growth problems, such &<:H
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films [16] when the substrate temperature increases. From amorphous carbon or carbon-nitrogen films deposited by
theoretical point of view, it would also be interesting the plasma.

investigation of the points where aggregation and erosion are

balanced out{(=0), when these processes belong to differ-

ent universality classes. Thus we consider that further studies ACKNOWLEDGMENTS

of models of deposition and erosion may be motivated by the

present work. Moreover, we hope that our models will help  This work was partially supported by CNPqg and FINEP
future studies focusing on the microscopic properties ofBrazilian agencies
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