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In this paper, we propose a Monte Carlo simulation model for the initial growth of polymer films by
considering only monomer surface diffusion in the vapor-deposition polymerization process. In the model,
monomers are deposited randomly on a two-dimensional square lattice with periodic boundary conditions and
are allowed to diffuse with nearest neighbor hops. Whenever monomers meet, they stop diffusing and form a
stable dimer. When a diffusing or deposited monomer encounters one of the ends of a palymér {t stops
moving and attaches to the polymer. Attachment of monomers or other polymers is allowed only at the two
ends of the polymer. We have shown that there are three distinct growth regimes for surface caefages
a low-coverage initiation regimé), a chain propagation regim@), and a saturation regime). In both
regimesl andP, the growth is similar to the molecular beam epitaxy model. We examine in detail the scaling
relations for the chain length distribution, which agree quite well with results of a rate equation. However, in
regimeS, our model gives very different kinetics. The breakdown of scaling at higher coverages is due to the
fact that long-chain polymers have partitioned the lattice with inactive sites. This inhibits further polymer
growth and enhances production of dimers, shifting the chain distribution to favor shorter polymers and driving
the average molecular weight down. The chain configuration initially is similar to a path taken in a diffusion-
limited self-avoiding walk. However, at high coverages, due to the correlation of long polymer chains, the
polymer chains tend to be compal$1063-651X99)02910-4

PACS numbes): 81.15-z, 68.55-a, 81.10.Bk

[. INTRODUCTION polymerization process in a solution, the concentration of the
monomer solution is fixed. A monomer in the solution un-
Recently there has been great technological interest idergoes random walks until it meets with another walker or
polymer thin films as candidates for a Idwndielectric inter- ~ polymer and will form a polymer or lengthen an existing
layer for microelectronic interconnedts]. The most widely ~ Polymer chain. One of the simple models for monomers in a
used coating method for polymer thin films is the spin-onsolution is the self-avoiding walkSAW), which was widely
technique. Another very attractive method for future semi-studied in the polymer communif]. A SAW is a random
conductor products is vapor depos"]@]]], which has the WaIkW|th an excluded .V0|ume C-OﬂStraint—WhiCh is a walk
advantage that it is a dry process_ Vapor deposition provide@at IS not a”OWed to Intersect |tse|f. In general, the mean
an extremely uniform coating over a very large area, and isquare end-to-end distan¢®”), and the length of the walk,
possesses superior gap-filling capability. One of the mos#: have the relation
well studied vapor-deposited polymers is Xylyldde?]. The
coating process is best described as vapor-deposition poly-
merization(VDP), in which monomers from the gas phase

condense on the substrate and react to form high m°|eCUI§rionaIityD of a SAW chain. For a two-dimensional SAW
weight, linear polyp-xylylene) (PPX), or Parylene. For ex- | _s (5] "A modified model is the diffusion-limited self-

ample, Fig. 1 shows the conventional process for producingwOidin - . ; ;

. . g walk (DLSAW), in which bifunctional monomers
EaryleneN (PAN) fllms by VDI.D using the precursor mate- diffuse from far away to the growing tip of a linear polymer
ngl di-p-xylylene (dimer). _ During the VDP process, th_e 6]. This model gives v=0.774-0.006 for a two-
dimer molecules are sublimed at 150°C and then pyrolize imensional square lattice. Meakin extended this model to

into monomers at 650 °C. The monomers condense and PRescribe the formation of multipolymer chains from solution

lymerize on a Si wafer at room temperature. As suggested bgnd foundD, = 1.23+0.03 for two dimensiong7]. For a
v=1 . .

Beachet al. [2,3)] .bOth the condensation and diffusion of VDP process, the monomers are confined to a solid substrate,
monomers occur in a VDP process. The monomers can be

consumed by two chemical reactions: initiation, in which @
2

<R2>~d2v' (1)

where the exponent is the reciprocal of the fractal dimen-

new polymer molecules are generated, and propagation, in cH -CH,
which existing polymer molecules are extended to higher ! ‘ .,_CHZQ_CHZ_..{CHZQCHZ}
molecular weight. Beach considered a general bulk growth @_CH n
model for the Parylene VDP proce$S], which Ganguli ? ’
et al. [4] later extended. However, the initial stages of the 150°C dimer
VDP process have not been well studied.

The initial stages of a VDP process are quite different FIG. 1. Vapor-deposition polymerization process of Paryl&ine-
from the initial polymerization process in a solution. For theand its chemical structures.

650°C monomer 25°C polymer (PA-N)
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and they can move only along the substrate surface. The @ ("} «— Deposition
process would be similar to the two-dimensional DLSAW ]

except that the number of nucleation centers keeps increas- v

ing.

Monomer transport in vacuum during VDP process is
very much like the conventional physical vapor-deposition
(PVD) process or molecular beam epita®BE) process for
metals or semiconductors, in which atoms or molecules con-

dense from the gas phase onto the substrate. The differences Diffusion

between VDP and either PVD or MBE lie in the nucleation O Monomer
process after the monomers have condensed on the substrate. (b) o Polymer
In PVD or MBE processes, atoms can nucleate at the nearest Yy nitiation § Substrate

- =)

neighbors of the nucleated sites. Also there are many other
atomistic processes such as surface diffusion, edge diffusion,
step barrier effect, etc., that can affect the submonolayer
growth. Recently scaling properties have been studied for
submonolayer PVD or MBE growth through Monte Carlo
simulations by considering some simple atomistic processes
such as surface diffusiofB,9], island diffusion[10], and
edge diffusion[11]. In the simplest model, in which only
surface diffusion[8,9] was considered, it was found that,  FIG. 2. Schematic representations of the basic processes consid-
during the deposition, the cluster size and total cluster derered in the VDP modeka monomer deposition and surface diffu-
sity depend largely on the rat@=D/F, whereF is the  sion;(b) polymer initiation and propagation.

deposition rate anB is the surface diffusion coefficient for

adatoms. For low surface coverages, there exists a dynamie MODEL ASSUMPTIONS AND SIMULATION METHOD

Propagation

scaling relationship for the cluster size distributibg(t): Monomers are deposited randomly on a two-dimensional
I (2D) substrate and are allowed to diffuse with nearest neigh-
Ns(6)=6S"“f(s/S), 2) bor hops as shown in Fig. 2. Whenever monomers meet they

stop diffusing and form a stable dimer of chain length
where the surface coverage=Ft=2_,SN;, the average | —5 Thjs is the so-called initiation process according to
cluster sizeS=2¢-,SNy(6)/Zs=oNs(6) =(6—N1)/N, N1 is  Beach[3]. When a diffusing or deposited monomer encoun-
the monomer density, arfd=X-,N(6) is the total cluster  ters the end of a polymer, it stops moving and is attached to
density. Thef(x) is a scaling function. Both the average the polymer. Also, two polymers can join together when the

cluster sizeS and the total cluster density scale as ends of the two polymers meet. This is the propagation pro-
cesq 3]. Note that, for a linear polymer, only the two ends of
SxGX ¢, (3 the chain are active, and are ready for reacting with mono-
mers or ends of other polymers. Therefore the chain portion
NG X912, (4) excluding the two ends of the polymer, or chain bodynas

allowed to react with a monomer and cannot create another

where the exponent represents the scaling of the cluster active growing site.
density at a fixed coverage, and the exporeindicates the The simulations were performed on a 5212 square
scaling of the average cluster size at a fixed radioAt lattice with periodic boundary conditions. The algorithm we
higher coverages, the clusters coalesce and undergo a perased is straightforward: First, a monomer is randomly depos-
lation transition. For the VDP process, the reaction occursted on the substrate. Then all of the monomers on the sur-
only at the ends of a polymer. The other processes could biace moveD steps randomlywhereD is proportional to the
surface diffusion, intermolecular interaction, relaxation, etc.surface diffusion coefficienDg), subject to the following
The latter two processes are very different from the atomisticules. During the deposition or random walks, if a monomer
processes for PVD or MBE, and should give a distinct dy-meets another monomer, a new, immobile dimer is nucle-
namic behavior for the VDP process. ated. A monomer meeting an end of a polymer becomes

In this paper, we propose a simple model for the initialincorporated into that polymer. Monomers are not allowed to
growth of polymers by considering only monomer surfacemove atop a polymer body, but are allowed to move away
diffusion in the VDP process. We consider only surface cov{from a polymer body. No multilayer growth is allowed in the
erages with6<0.5. We examine in detail the scaling rela- model, which means that steps to occupied sites are rejected.
tions of the mean square end-to-end distance, polymer siz&lso, no polymer rings are allowed to form. Only excluded
distribution (same as cluster size distributjpmotal molecu-  volume interactions are allowddo more than one monomer
lar density(same as total cluster densityand average mo- may occupy a given lattice sjteA total of 100 000 mono-
lecular weight(same as average cluster gigefined in Eqs. mers is deposited for each simulation onto a’$522 square
(1)—(4) above. We also compare our results with those of thdattice (a maximum surface coverage equal to 0)38hese
submonolayer MBE process where only surface diffusiorrestrictions ensure submonolayer growth. Data are obtained
[8,9] was consideredWhenever we mention the MBE pro- from an average of ten simulations for each value of the
cess in the text we refer to this surface diffusion progess diffusion stepD. Simulations were performed with rang-
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FIG. 3. Snapshots of the sur-
face morphology for three differ-
ent values of the ratioG=5.2

G=1.3x10’

X 10, 1.3x107, 2.6x10°  and
three different coverages
6#=0.019, 0.095, and 0.191.
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ing from 1 to 18 by fixing the deposition rat& at 1/51%  propagation regiméeP), and a saturation regin®). Figure 4

monomer per unit time per site. Therefof@=D X 512. shows plots of the average molecular weigthind the total
The overall morphology of the polymer-covered surfacePolymer densityN as a function of coverage for various val-

was checked using a box-counting metaé], from which ~ Ues of the ratioG. Here, W has the same definition as the

the fractal dimensioD; of the overall surface morphology 2average cluster size, arid has the same meaning as the
was determined. The polymer chain configuration with acluster density as defined by Ed8) and(4) (note that all
fractal dimensiorD,, was also investigated using Ed). the densities we mention below are defined as cluster number

per site. The three growth regimes, separated by dotted
lines, are labeled, P, andS respectively. Figure 5 plots the
monomer densitN; as a function of the coveraggin log-

A. Simulated surface morphology log scale. The initiation regime was a transient regime at

Throughout the simulation, snapshots of the surface wer¥ery low coverage for whichV, N andN, increase withd.
collected. Figure 3 shows the morphology of the surface forl NiS regime has been well studied in MBE groW8j. The
G=5.2x10°, 1.3x10', and 2.6<10%, each at coverages behavior in this regime was not very dlfferent from Fhat of
6=0.019, 0.095, and 0.191. For low surface coverages, isd//BE growth. In the propagation regim@/ increased withy
lated wormlike linear chains formed on the surface. Whernd peaked at a certain coveragie The peak coveragé,
the coverage increased, the chains became longer and starfégfreased with increasinG. The polymer densitN in--
to join with each other. This means that at least one site in §/€2sed, and the monomer density increased monotoni-
chain was the nearest neighbor of a site in another chairgally with 6. For 6> 6, ,W decreased whil&l increased dra-
However, these chains do not really react with each othefnatically, which means that many short-chain polymers
i.e., they are still two separated polymer chains. At highewere formed in this regime. HoweveN, still increased
coverages, the surface formed a network structure, and tHgonotonically; in fact, it increased linearly with the cover-
joined chains divided the surface into many empty subareagge. The behaviors in the latter two reginiBsandS) were
One can imagine that one monomer deposited into one diuite different from those in MBE growth.
these subareas has less of a chance to escape and has a
greater tendency to initiate new polymers when another C. Scaling behaviors in the propagation and saturation
monomer comes into the area. Variations in the evolution of regimes

surface morphology were also apparent for different values Next we concentrate on the propagation regime and the

of the ratio G. In particular, it is interesting to note that g5¢,ration regime. The solid curves in the propagation re-
surfaces grown with a higher rat® seemed to have larger ,ime of Fig. 4 are the best fits using ES) and (6)
areas partitioned by longer polymers, which is consisten%J ’

with the results of the MBE submonolayer growth model
[8,9].

Ill. RESULTS

Wec GX 2, (5)

NecG™Xg°. (6)
B. Three distinct growth regimes

There were three distinct growth regimes for surface cov-The fits of W andN as a function off gave almost constant
erage #<0.5: a low-coverage initiation regim@), a chain z and ¢ for different ratiosG:z=0.69+0.02 ande=0.31
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FIG. 4. (a) Average molecular weightV and (b) polymer den- A
sity N plotted as a function of coveragkfor various values of. <{6/0<> 0.178
The dashed lines divide the plots into three regimes: initiation ( 5 N
propagation P), and saturatioS). The solid curves in the propa- - AP 0.262
gation regime in both plots are the best fits according to scaling 0 PSSR ISR I W E—
rfl(;’:lt(i)(;ns Eqgs(5) and (6), which givez=0.69+0.02, ande =0.31 38 39 40 4 2 43 4

+0.02. The relatiors = 1— 2z held very well when describing
the behavior ofW(6#) andN(#6) for <6, .
We also investigate the effect & values onW and N.
Figure 6 plots the average molecular weigtitand polymer
densityN as a function ofG at various surface coveragés
From both plots, we obtained the same expong(y
=0.302+0.002) for #<0.2. The agreement betwe&(G)
andN(G) held for coverage®<0.2. It is interesting to note
that the value obtained foy was similar to that obtained by
Amar, Family, and Lam x=0.34) from a kinetic Monte
Carlo simulation of a MBE process with a critical cluster
sizei =1 (corresponding to a stable cluster configuration of a
dimen [9], although_our methpd is not a standard kinetic g g (a) Average molecular weightV and (b) polymer den-
Monte Carlo simulation. The simulations of VDP and MBE ity N plotted as a function of for various values o in log-log
(for i=1) were equivalent up to the formation of dimers, scale. The open symbols with dashed curves represent the propaga-
after which there is a divergence in the VDP model due tajon regime. The filled symbols and solid curves represent the satu-
restrictions imposed on monomer-polymer and polymerration regime. Note that even for higher coverages, for si@all
polymer interactions. The similarities in the physical pro-values, all the curves including both high and low coverages are
cesses of VDP and MBE have been discussed aboved Forparallel to each other with a similar slope.
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FIG. 7. (8) Unscaled polymer chain length distributidd ( 6)
and (b) scaled chain length distribution fo6=5.2x10° and
6=0.038, 0.114, 0.191, and 0.343.

FIG. 8. (a) Unscaled polymer chain length distributidv (6)
and (b) scaled chain length distribution fo6=2.6x10" and
#=0.038, 0.114, 0.191, and 0.343. Note that the scaling breaks
down for 6>0.2.

>0.2, as shown in Fig. 6, the scaling broke down for la@ge the short-chain distribution shown in Figl increases dra-
values. However, for smat values, the scaling relation can Matically with increasing coverage.

be extended to highe#, becausef,, for small G values is
larger thand,, for large G values.

One very important feature in the propagation regime is
the scaling of the polymer chain distributions. Figures 7 and In order to further understand the above result, in Fig. 10
8 show the polymer chain distributioms; (6) and rescaled We plot the density of aggregate polymer clustsgsand its
distributions forG=5.2x 10° andG=2.6x 10’ for four val-  derivativedN;/d# as a function of coveragé for various
ues of coveragd). For G=5.2x 10°, there was only one Vvalues ofG. An aggregate polymer cluster consists of a poly-
peak in the distribution, and the rescaled distributionmer and all the polymers that it is in contact with, plus all of
N, W?/ ¢ scaled very well according to Eq2) [Fig. 7(b)].  the polymers that are in contact with these polymers, and so
For G=2.6x10’, there were two peaks in each distribution on. The aggregate polymer clusters reflect the contacting
shown in Fig. 8a): one at short-chain lengths and one in Polymers and the overall morphology of the surface. Ini-
which the peak position ih increased, and the heightl() ~ tially, Ns increased as a function of coverage. Affdg
decreased, a8 increased. The height at short-chain lengthsPeakedNs decreased. This behavior is similar to that of the
increased with increasing Figure 8b) shows the data res- Ccluster density in the MBE moddB]. Note that, at high
caled according to the scaling relation, E). One can see coveragesNs decreased with different rates. There was a
that the scaling breaks down in this model fex6,. We  turning coveragef; at which the decreasing rate became a
also notice that, with a highe®, the breakdown of the scal- Minimum. In Fig. 11a) we plot the density of aggregate
ing occurred at a smaller coverage which is consistent polymer clustersNg, along with chain densitiN,_ for sev-
with that observed in Figs. 4 and 6. eral small values of (=2, 3, and 4 as a function of surface

As mentioned in the above discussion, the scaling relacoverage forG=5.2x10°. A plot of the first derivative of
tionship broke down fo> 6,. The different behavior for N with respect tof is presented in Fig. 1b). Initially, Ns
9> 6, is due to the fact that long-chain polymers have parincreased whileN, decreased. AfteNs peaked,Ns de-
titioned the lattice with inactive sites thus inhibiting further creased andN, increased dramatically. The number of
polymer growth and enhancing the production of dimersshorter polymers began to increase after the number of ag-
Therefore, the number and distribution of longer-chain poly-gregate polymer clusters reached a maximum. 6At6;
mers does not change too much while the excess of shortéhown as the vertical dashed line in Fig. Ni, and the rate
polymers drives the average molecular weight down. Figur®@f N, increase dramatically. This is in accord with the argu-
9 shows the long-chain distributioig) and short-chain dis- ment given above for partitioning in the mixed propagation
tributions (b) for 6>6, and G=2.6X 10’. Note that the and initiation regime. In order to see this more clearly, we
long-chain distributions shown in Fig(® have almost no plot bothé, and ¢, as a function of5 in Fig. 12. Bothé, and
change with increasing coverage, while the peak height of); had power law relations witts, with the powers 0.13 and

D. Percolation transition in the VDP growth model
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FIG. 11. (a) The density of aggregate polymer clustbksalong
with N, for several small values df (= 2, 3, and 4 as a function
of surface coverage fad="5.2x 1°. (b) A plot of the first deriva-
tives of Ng and N, with respect toé.

0.10, respectively. Considering the errors in determirdgg

and 6, , the values of the powers are close to each other.
Figure 13 shows a plot of the largest aggregate polymer

cluster versus coverage for four different valuesGfThe

decrease of the percolation threshold coverdge coverage

at which we see a dramatic increase in the size of the largest

clustey with the ratioG is supported by the fact that, for

coverages, the peak position and height of the long-chain distributarger values ofG, longer chains are creatélbnger chains

tion stay about the same, while the peak height of the short chaigre able to make contacts with more sites than the shorter
keeps on increasing.
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FIG. 10. (a) The density of aggregate polymer clustdtsg, as a
function of coverage for various values o6 and(b) their deriva-
tives with respect to coverage. The turning coverégeecreases as

G increases.

Surface Coverage 0

chaing. These data support the fact that the coverage at
which the scaling deviates from the power law decreases for
increasingG.

E. Polymer chain configuration

Finally, we investigate the properties of the polymer
chain. Figure 14 shows the relation of the mean square end-
to-end distance of the polymeiR?), as a function ot., and

slope = -0.13

,_.
<,

10

Peak Coverage ¢, and Turning Coverage 6,

FIG. 12. The log-log plot of peak coveragg and turning cov-
eraged; as a function ofG.



4316 Y.-P. ZHAO, A. R. HOPPER, G.-C. WANG, AND T.-M. LU PRE 60

H 0.90 . . .
2 —_ R | = ]
= ' ' ' 085 g m —a—G=52x10° -
g 100000F & Gos52010° A A " —v—G=26x10" ]
3 , ; 0.80 F A\ "y ]
o —a—G=13x10 L e N\ w —e—G=13x10° ]
g 80000 A G=26x10 7 3 075F \'\'\v\ . ]
2 ; /7 ] = r e oy m T
3 F —e—G=52410 / 5 070} A ]
2 60000 - £ 1 g e Wy 1
5 2 065 Ne v .
o L 4 < ) N
= [#3] L \ \' . ]
B Seg TV "
< 40000 | - 0.60 - Tt Ny ¥m g m ]
= - L \.\.\7/ \\' ]
$ i ) 0.55 See, YA
g L oo |
< 20000 - / / . 050 L
P .
= I ] 0.0 0.1 02 03 04
= A
(5 0 —Q—‘—O—QM L Surface Coverage @
> 0.0 0.1 0.2 03 0.4 ur verag

Surface Coverage 6 FIG. 15. The exponent obtained from squared end-to-end dis-

tance versus surface coveragdor G=5.2X 1P, 2.6x107, and
FIG. 13. The largest aggregate polymer cluster versus coveragke3x 10°. Note that for a fixed coverage, wh@increasesy de-
for four different values ofG: G=5.2x 10°, 1.3x 10, 2.6x 10, creases, which means lar@® results in more compact polymer
and 5. 10'. chains.

. . that, for a given coverage, whea increasedy decreased,
the values fov andD,, obtained at different coverages at a ,ich means that a larg& gives more compact chains
. _ 7 . . . -
fixed G=1.3x10". Values for the fractal dimensionalify; Also, for a givenG, as @ increasedy decreased because the

obtained by box counting for a short length scale are als‘bolymer chains became longer and more compact.
given (note that for a large length scale the fractal dimension

obtained from the box-counting method is Rlote that for

IV. DISCUSSION AND CONCLUSION
low coveragesp, and D; were almost the same, but at

higher coverage&9>0.2), D, is greater tha; . Due to the A. Comparison of the VDP growth model with the MBE
partitioning in the saturation regime, the valueofis ex- growth model

2 . .
pected to drop whegR“) drops, which causeB, to in- In the early stage of MBE growth model8—11], nucle-

crease. Thus, as our chains got longer, we did not obtain o, takes piace easily and the cluster density increases rap-
converging value ob, . TheD; became less accurate as the |y This essentially occurs in our VDP model because the
surface coverage increased due to a progressive limitation igin product of a nucleation or initiation is a dimer. How-
the size of the counting boxes resulting in fewer data pointsever, for a MBE system, when the number of clusters in-
We also plot in Fig. 15 the exponentversus surface cov-  creases, newly deposited atoms are more likely to join exist-
eraged for G=5.2x1(P, 2.6x10’, and 1.3<10°. We note  ing clusters than to meet another atom and initiate new
clusters. Therefore the main effect of deposition at this stage
is to increase the size of an existing cluster, and the cluster

10°F 5=0.019

a0 ] . ; :
oF 20=1732005 G=13x10 3 density remains constant. However, in the VDP process, be-
10 ' D,=116,D,= 119 : ! cause only two ends of a polymer can react with a monomer,
10°§ 1 a monomer has almost the same probability of reacting with

a polymer as reacting with another monomer. Therefore, the
initiation and propagation processes occur in parallel, and the
polymer density and the average chain length continue to
increase. In the MBE process, as the cluster size becomes
larger, the clusters start contacting each other and form larger
L clusters. When this happens, the cluster density decreases.
] But throughout the whole process, the average cluster size
keeps on increasing with time. In the VDP process, even
- when two polymers come into contact with each other, they
) usually do not react with each other. In this case those con-
nected polymers form local rings, and a monomer deposited

103: A+ -+ +—— -
10°F 9=0.191 . 1

o[ 2v=1352001
E D = 1.48, D, =1.45
10°F

—_
f=]

r 1

SO
NG

F 6=0381
[ 2v=116+0.02
E D,=172D=154 g

e

w

Mean Square End-to-end Distance <R”>
=y

10°F .1 into one of these rings can neither react with existing long-
10'k 1 chain polymers nor escape from the ring. Therefore, the
100: . " chain initiations dominate the growth process, and the small
10° 10" 10° 10° chain polymer density increases dramatically while the long-
Chain Length I chain polymer distribution remains unchanged. Thus the av-

erage chain length or weight decreases due to the formation
FIG. 14. The mean squared end-to-end distance of the polymedf a large amount of short-chain polymers. However, in the
(R?) versus chain length for three coverage8=0.019, 0.191, and limit G—0, both the VDP model and MBE model become
0.381. The slope gives the value of 2 random deposition.
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B. Rate equations of polymerization in the VDP growth model gxoch(I/Z*V)/[ZV*ZVHZ* v (13

Neglecting the direct capture of deposited monomers by
polymers, the rate equation would have the following exact
form (6<6,) [9,11]: so that DLSAW behavior will only be seen faf<6,.
dN Therefore, at low coverages, for which the monomer can
M 2_ walk randomly and freely, we obtained an exponeritom
dt =FkalNy lez KN @ our simulations which is close to the value obtained from the
DLSAW model and the scaling for the polymer chain distri-
N, bution. This agrees reasonably well with Fig. 14 for which
Wle(kL—lNL—l_kLNL)' L>1, ®  DLSAW behavior is only seen fo#=0.019-0.191. Since
v~0.774,x~3, andz~$%, the exponent in Eq13) is nega-
wherek, is the reaction rate of a monomer with a polymer oftive, which meansd, decreases whe@ increases. This is
chain lengthL(L=1,2,...). In our PVD modelk, =D is a  consistent with our results observed in Figs. 6—8. Lastly,
constant. Sincée=1/512Z, the solution has the following DLSAW will occur when the nucleation rate is small com-
scaling forms: pared to the attachment rate. This will happen if the mono-
mer density is less than the polymer density, which again
W~GY39?S, ©) requires smalb. However, a¥ increases, the excluded vol-
ume principle confines the random walks. The monomer can
only move in a small area, and keeps on interacting with
ie. y=1 andz=2. These results are consistent with ourIong-chain polymers. This modifies the DLSAW process and
o S s eventually makes the polymer chain compact. Meakin's

Monte Carlo simulation resulty=0.3020.002 andz : .
—0.69+0.02. In contrast, in MBE processes, the rate Con_model extended DLSAW to describe the formation of mul-

stantk will closely depend on the cluster sig@]. Therefore, t|polym(_ar cha}lns from a .solutlo.EV]. In his model, only one
in a certain regime, MBE processes result in different scalinq‘/al,ker is active unless it terminates at the boundary of the
exponents as compared to those of the VDP prof@iss attice or re_qcts with an active site of the polymer. _There is
For higher coveragesi(- 6,), because of the formation no competition betyveen the dep_osmpn and diffusion. This
of the network structurek, is no longer constant. Rather, it Model can approximately describe linear polymers grown
is a variable depending on both the coverage and the surfadeom very dilute solutions, for which the diffusion limits all
spatial correlation[13,14. Therefore the scaling breaks Of the kinetic processes. The growing long-chain polymers
down. However, the explicit form fok, in this case is un- can shadow short-chain polymers due to this diffusion-

N~ Gl/301/3, (10)

1

known. limited process. One longest chain will keep on growing and
other short chains cease growth. Thus after a long time, this

C. Comparison of the VDP growth model with DLSAW growth model becomes DLSAW. However, in our VDP
and Meakin’s models model, there exist both deposition and diffusion processes.

The competition of these two processes will give different

The relation between the DLSAW model and our VDP gynamic behaviors. The chain configuration changes with
model is the same as the relation between the diffusionge ratioG as well as with the deposition time. At low sur-

limited aggregatioiDLA) model and the MBE modgl. The tace coverages, the chain distribution shows a certain chain
DLSAW model will apply in the following cases: First, |ength selection(peaks in the distribution while at high
when the polymer chains are very long, from the above disgqyerages, small chains emerge rapidly with coverage due to

cussionW=G*, the growth is close to the DLSAW model. he confinement caused by long-chain polymers. The longer-

DLSAW model. Second, if the distan¢detween polymers In this simple VDP model, we did not consider the effects
is large compared to the polymer end-to-end distaRce  of interpolymer interactions or polymer relaxation. Those ef-
DLSAW will occur. This requires small coveragksince the  fects are similar to the effects of edge diffusion and step
average distance between polymerddsi/yN whereN is  parrier in MBE growth, and one would expect that those
the polymer density. The average length of the polymer isffects tend to make the morphologies and chain configura-
L=6/N. From Eq.(1), we obtain the ratio of the average tions very different. For example, the attractive intermolecu-
polymer end-to-end distand® to the average distandebe-  lar force tends to make polymer chains more compact, while
tween polymers as the repulsive intermolecular force extends the chains. We
hope the present simulation work will stimulate more studies

0 \
R/':(Nl) NI2 @y  of VOP growth.
Substituting Eq(4) into Eq.(11), we have ACKNOWLEDGMENTS
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