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Generalized model of irreversible multilayer deposition
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The multilayer deposition of macromolecular particles, such as colloids and proteins, is often used to form
thin film materials. We present a general model of the irreversible multilayer deposition process that accounts
for both surface screening and surface restructuring. Particles are modeled as (d11)-dimensional hard spheres
that deposit sequentially at random positions onto ad-dimensional substrate. A particle is considered irrevers-
ibly adsorbed if it lands directly on the surface. If the particle instead lands on a previously placed particle, it
will do one of three things~depending upon the extent of ‘‘overhang’’ with respect to the surface or to the
contacting particle!: adsorb, desorb, or roll towards the surface. We obtain analytical results for the time
evolution of the particle density in the first layer in one dimension when surface overhang rules are employed.
We use computer simulation to investigate the other cases. We find that the first-layer saturation density is
larger when the deposition rules favor rolling and disfavor higher-layer adsorption. The particle density above
the surface exhibits oscillations that also show a strong dependence on the deposition rules.
@S1063-651X~98!03409-6#

PACS number~s!: 81.15.Lm, 68.10.Jy, 82.20.Mj, 05.20.2y
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I. INTRODUCTION

The deposition of macromolecular building blocks, su
as colloids and proteins, from solution onto a solid substr
provides an alternative method~to vapor deposition and self
assembly techniques! of the formation of thin film materials
This route offers several potential advantages such as sim
deposition conditions, structural control over larger leng
scales, and the possibility of greater yield. Currently, min
ture multifunctional biosensors@1–3#, high-temperature su
perconducting thin film ceramic materials@4,5#, and high-
resolution cathode ray tube coatings@6–8# are all fabricated
by particle deposition techniques.

To design, optimize, and control protein and colloid dep
sition processes, a knowledge of the kinetics of the gro
process and their relation to the density and structure of
film is required. Film density and structure clearly affect t
physical properties of the resulting material. A predicti
knowledge of these properties in terms of the deposition c
ditions would allow for the rational design of alternative pr
cesses for making different materials of specific physi
properties.

For this reason, significant effort is being made to deve
simple yet realistic models of the multilayer deposition p
cess. Kardar, Parisi, and Zhang neglect the particulate na
of the deposition building blocks and model the growi
interface using a nonlinear Langevin equation@9#. This ap-
proach, although better suited to describe vapor depos
processes, is successful at predicting computer simula
results of large particle deposition@10#. Lattice models of
multilayer deposition have the advantage of accounting
particulate macromolecular building blocks and are of
simple enough to treat analytically. Privman and co-work
@11–15# and others@10,16# use exact and mean-field theo
along with simulation to determine the kinetics and scal
behavior ofk-mers adsorbing onto a linear lattice. In additio
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to the usual geometrical lattice constraints, a drawback
that overhangs resulting in surface screening are neglecte
these works. Continuum descriptions of multilayer partic
deposition include irreversible adsorption models~where
particles adhere immediately upon contacting the grow
interface! and ballistic rolling models~where particles roll to
a gravitationally stable position!. Simulation and approxi-
mate theory are used to understand the structure and kin
of these deposition processes@17–21#.

In this paper we present a general model of irreversi
multilayer macromolecular deposition that incorporates
three of the possible events that can occur when a par
contacts an interfacial region: adsorption, desorption,
rolling. The extent of overhangd of the (d11)-dimensional
spherical particle over thed-dimensional surface~surface
overhang! or over the contacting particle~particle overhang!
determines which of these events will take place. Overh
amounts are compared to an adsorption parameterd1 and to
a rolling parameterd2 (d1<d2). If d,d1 , then the particle
adsorbs irreversibly. Ifd1,d,d2 , then the particle desorbs
If d.d2 , then the particle rolls over the contacting partic
and, provided no blockage from previously placed partic
occurs, positions itself irreversibly onto the surface. If t
path is blocked by at least one other particle, the rolli
particle desorbs. These events are depicted in Fig. 1.

The rationale behind letting the extent of overhang de
mine the subsequent event is as follows. In experime
situations, particles landing directly over other particles w
likely have a greater degree of contact and thus are likely
adsorb. Similarly, those with a large overhang will have
lesser degree of contact and since deposition is often indu
by gravity or an applied field, the particle is likely to roll an
continue descending. The choice of surface or particle ov
hang rules will depend on whether particle-surface
particle-particle interactions are thought to be more imp
tant. Through careful choice ofd1 andd2 , one can perhaps
3324 © 1998 The American Physical Society
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mimic most experimental situations.
The remainder of this paper is organized as follows.

Sec. II we give a theoretical treatment of one-dimensio
~1D! deposition with surface overhang rules. We then
scribe, in Sec. III, the simulation techniques used to inve
gate multilayer deposition in higher dimensions and/or de
sition when particle overhang rules are used. Res
concerning the influence of screening and restructuring
the density and structure of the growing interface are gi
in Sec. IV and we finish with a discussion and conclusion
Sec. V.

II. THEORY

The time evolution of the surface-contacting layer in th
model may be determined analytically in one dimens
when overhangs are measured with respect to the sur
This is done by introducing the gap density functionG(h,t),
defined such thatG(h,t)dh is the density of empty, un
shielded segments of the surface of length betweenh andh
1dh at time t. For particles of unit diameter depositing at
unit rate, the following integro-differential equation d
scribes the time evolution of the gap function forh.1:

]G~h,t !

]t
52@h1112~d12d2!#G~h,t !

12E
h

h1d1
G~h8,t !dh812E

h11

`

G~h8,t !dh8

12~12d2!G~h11,t !. ~1!

The corresponding equation forh,1 can also be obtained
but is not needed for the analysis presented here. Assum
solution of the formG(h,t)5F(t)e2@h1112(d12d2)#t, Eq. ~1!
reduces to the ordinary differential equation

F8~ t !52F~ t !F11e2t2e2d1t

t
12~12d2!e2tG ~2!

whose solution is given by

FIG. 1. ~a! Depiction of surface and particle overhangs.~b!
Schematic of the three possible events that can occur when a
coming particle contacts a previously placed particle.
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F~ t !5t2expF2~12d2!~12e2t!12E
0

t e2t82e2d1t8

t8
dt8G .

~3!

The time evolution of the number density of particles
the first layerr(t) is related to the gap density function as

]r~ t !

]t
5E

1

`

~h1122d2!G~h,t !dh. ~4!

The density of particles in the first layer is then

r~ t !5E
0

t

@11~222d2!t8#

3expF2~222d212d1!t812~12d2!~12e2t8!

12E
0

t8 e2t92e2d1t9

t9
dt9Gdt8. ~5!

We pause for a moment to consider some limiting ca
of Eq. ~5!. Whend150 andd251, the model reduces to th
simple random sequential adsorption model@22–26#. When
d15d250, we recover the simple ballistic deposition mod
@27#. When d151, we recover the irreversible multilaye
deposition model~without rolling! @28#. Whend150 and 0
,d2,1, a generalized ballistic deposition process is rec
ered. Figure 2 shows the occurrence of these limiting ca
in parameter space.

III. SIMULATION

The model presented here can be evaluated in all case
numerical simulation. In one dimension, disk-shaped p
ticles of unit diameter adsorb at a unit rate onto a line
length L5256. The line is divided into bins of unit lengt
~there are thus 256 bins!. To place a particle, a random po
sition is chosen on the line. The vertical (z) positions are
calculated of hypothetically placed particles in contact w
each of the previously placed particles that havex positions
~i! in the bin containing the chosen position or~ii ! in one of
the two neighboring bins. The particle is placed in the po
tion that is furthest from the line~i.e., the one with the high-
estz value!. Next, the surface or particle overhang is det

in-

FIG. 2. Region of available parameter space and the posit
that correspond to models introduced previously, including rand
sequential adsorption@22–26#, ballistic deposition@27#, and irre-
versible multilayer adsorption@17–19,28#.
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mined. If this is less thand1 , then the particle remains in it
position for the remainder of the run. If the extent is betwe
d1 andd2 , then the particle is removed. If it exceedsd2 , all
particles in the bin containing the chosen position and
two bins to the rolling side are checked for blocking of
vertical path to the surface. If none block this path, the p
ticle is placed on the line a unit length away from the co
tacting particle~in thex direction!. If the path is blocked, the
particle is removed. Note that in this model, rolling ov
more than one particle is not allowed.

In two dimensions, sphere-shaped particles of unit dia
eter deposit onto a plane of area 2563256. The simulation
proceeds as in the 1D case with all nearest-neighbor
checked to determine thez position of a depositing particle
and all nearest- and next-nearest-neighbor bins checked
the blocking of a rolling particle.

IV. RESULTS

In Fig. 3 we show kinetic curves for the first layer dens
in one dimension using surface overhang rules as calcul
by numerical integration of Eq.~5! for various values ofd1
and d2 . We note that saturation is reached quite rapid
usually in just a few time units. We show the saturati
values as functions of these parameters in Fig. 4. We n
that the saturation densityr~`! is larger for smaller values o
d1 and d2 . A small value ofd1 causes a reduction in th
number of overhanging particles leading to a greater num
of particles that can reach the surface. A small value ofd2

FIG. 3. Density of particles in the lowest layer as a function
time calculated via Eq.~5! at ~a! d150.25 and~b! d250.75. Depo-
sition events are dictated by surface overhang rules.
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leads to more particles reaching the surface via the balli
mechanism. This is a very efficient means of covering
surface as it does not result in gaps too small to be occu
by additional particles.

In Fig. 5 we also show the saturation surface densi
calculated using numerical simulation of our model with p
ticle overhang rules in one and two dimensions. We note
when eitherd1 or d2 is unity, both surface and particle ove
hang rules lead to the same surface densities. For other
ues, particle overhang rules yield a higher surface den
due to decreased surface screening by upper layer parti
We also note that in two dimensions, the densities~which, in
reduced units, are just the projected fractional surface co
ages! are lower due to less efficient filling.

We show the density of particles in higher layers as
function of time in two dimensions in Fig. 6. We note th
presence of peaks that correspond to particles in distinct
ers. Whend15d251, all particles adsorb irreversibly upo
contacting the growing interface. In this case, the den
oscillations dampen for distances greater than about four
ticle diameters.~This special case was previously studied
Ref. @19#.! If d1 is reduced to 0.75, meaning that overhan
greater than this value will result in desorption, more p
nounced oscillations result that persist to distances gre
than eight particle diameters. This is due to particles stack
more or less on top of each other. This should also lead

f FIG. 4. Saturation density of particles in the lowest layer a
function of ~a! d1 and ~b! d2 as calculated by Eq.~5!. Deposition
events are dictated by surface overhang rules. Also shown in~b! are
lines representing the saturation density of random sequentia
sorption ~dotted line! @22# and ballistic deposition~dashed line!
@27#.
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lower asymptotic density. Most importantly, this shows th
relatively small changes in the parameters of this model
lead to greatly differing interfacial structures.

V. DISCUSSION

Two important features of any multilayer deposition pr
cess are screening and restructuring. Screening is the sh
ing of empty ~available! surface by particles in the uppe
nonsurface contacting layers@see Fig. 1~a!#. A high value of
the parameterd1 in our model promotes screening by in
creasing the extent to which a particle may overhang ano
particle; this is seen to decrease the number of particles
reach the surface. Restructuring is the movement of parti
following contact with the growing interface. In our mode
restructuring is limited to the period of time immediate
following contact and occurs only if a vertical path is op
for deposition directly onto the surface. A lower value ofd2
in our model promotes restructuring; this is seen to incre
the number of particles that reach the surface.

The generalized multilayer deposition model presen
here reduces to previously studied models for certain va
of the parametersd1 andd2 . Whend15d250, all deposit-
ing particles either roll to the surface or, if space is unav
able, desorb. This is just the monolayer ballistic deposit
model introduced by Talbot and Ricci@27#. Whend150 and
d251, all particles that do not directly contact the surface
removed and the monolayer random sequential adsorp
model is recovered@22–26#. By keepingd150 and letting

FIG. 5. Saturation density of particles in the lowest layer a
function of ~a! d1 and~b! d2 as calculated by Monte Carlo simula
tion. Deposition events are dictated by particle overhang rules. O
and two-dimensional results are shown.
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d2 vary between 0 and 1, one obtains a generalized mo
layer deposition model that allows for ballistic rolling fo
superthreshold overhangs.

When d1.0, multilayer deposition becomes possible.
the case ofd15d251, all particles adsorb irreversibly upo
contacting the growing interface. This model has been c
sidered previously@17–19# and is especially significant be
cause an analytical solution is available even in higher
mensions @28#. By keeping d251 and letting d1 vary
between 0 and 1, one recovers the multilayer deposi
model reported recently by Van Tassel and Viot@28#. Fi-
nally, when d15d2 , one has the generalized model
multilayer adsorption with rolling. These special cases
shown in Fig. 2. We further note that whent!1/d1 , the
density evolves as if the deposition process would be
monolayer process@see Eq.~5!#. Thus it is only after a suf-
ficiently long time that the two processes can be dist
guished from one another. Consequently, experiments w
multilayer formation is weak may accurately be modeled
ing a monolayer approach up to a considerable length
time.

In this work we report primarily data on the lowest~sur-
face contacting! layer, for which, in certain cases, an analy
cal treatment is possible. This layer is especially import
because~i! it may be the most strongly adsorbed and the
fore survive a subsequent rinsing step and~ii ! it surely influ-
ences the structure and density of higher layers. For exam
whend1< 1

2 , only one particle may adsorb onto a given pr
viously placed particle. In this case, we find the structure
the interface to be chainlike, with each nonsurface contac

a

e-

FIG. 6. Density of higher-layer particles as a function of heig
above the surface in two dimensions for different values ofd1 and
d2 . Deposition events are dictated by particle overhang rules.
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particle contacting one particle from below and at most o
from above. The average density above the surface ca
approximated by the average separation in thez ~vertical!
direction of two contacting particles. One can show that t
density is 2d1 /@sin21 d11d1(12d1

2)1/2# times the surface
density in one dimension and 3d1

2/@222(12d1
2)3/2# times

the surface density in two dimensions~for unit diameter par-
ticles!. This amounts to an upper bound on the actual den
since for a finite height above the surface, some of the ch
will have terminated due to crossing by other~longer!
chains. Further analysis of the structure of an interface gr
ing via these deposition models will be the subject of a fut
work.

VI. CONCLUSION

In this paper we present a generalized irreversi
multilayer deposition model with two different overhan
c

r,
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rules that allow for the possibility of adsorption, desorptio
and ballistic rolling. In the case of one dimension and surfa
overhang rules, the density of particles in the lowest laye
calculated analytically. Numerical simulation is used in oth
cases and to determine the density of particles above
surface. Previous monolayer deposition models, such as
dom sequential adsorption, ballistic deposition, and mu
layer irreversible adsorption are special cases of this ge
alized model.
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